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The outbreak of the COVID-19 pandemic represents an ongoing healthcare emergency responsible for more than 3.4 million
deaths worldwide. COVID-19 is the disease caused by SARS-CoV-2, a virus that targets not only the lungs but also the
cardiovascular system. COVID-19 can manifest with a wide range of clinical manifestations, from mild symptoms to severe
forms of the disease, characterized by respiratory failure due to severe alveolar damage. Several studies investigated the
underlying mechanisms of the severe lung damage associated with SARS-CoV-2 infection and revealed that the respiratory
failure associated with COVID-19 is the consequence not only of acute respiratory distress syndrome but also of macro- and
microvascular involvement. New observations show that COVID-19 is an endothelial disease, and the consequent
endotheliopathy is responsible for inflammation, cytokine storm, oxidative stress, and coagulopathy. In this review, we show the
central role of endothelial dysfunction, inflammation, and oxidative stress in the COVID-19 pathogenesis and present the
therapeutic targets deriving from this endotheliopathy.

1. Introduction

The SARS-CoV-2 virus, responsible for COVID-19 disease,
can evolve with a wide range of clinical manifestations, from
mild forms manifesting as fever, dyspnea, cough, and loss of
smell and taste to severe forms, especially in the elderly with
comorbidities, characterized by respiratory failure due to
severe alveolar damage [1]. In the extremely severe forms

of the disease, rapidly progressive multiple organ failure
occurs, which manifests through complications such as
shock, acute cardiac injury, acute respiratory distress
syndrome (ARDS), disseminated intravascular coagulopathy
(DIC), and acute kidney injury, which may ultimately prove
fatal [2]. Recent studies have demonstrated that respiratory
failure occurring in COVID-19 is due not only to acute
respiratory distress syndrome but also to macro- and
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microvascular involvement [3–5], a particular role being
played by vascular endothelial damage [6, 7]. New observa-
tions show that COVID-19 is an endothelial disease [8]
and that endotheliopathy is responsible for inflammation,
cytokine storm, oxidative stress, and coagulopathy. An argu-
ment of this theory is the fact that patients who have endo-
thelial dysfunction due to various comorbidities (obesity,
hypertension, and diabetes) develop more severe forms of
COVID-19, explained by an additional alteration of the
already dysfunctional vascular endothelium [7].

In this review, we show the central role of endothelial
dysfunction, inflammation, and oxidative stress in the devel-
opment of complications of SARS-CoV-2 infection and their
pathophysiological consequences, and examine the main
therapeutic targets deriving from this endotheliopathy.

The endothelium, one of the largest organs of the human
body, is capable of producing a wide variety of molecules,
with effects that are often contradictory, with a role in
maintaining homeostasis, such as vasodilator and vasocon-
strictor, procoagulant and anticoagulant, inflammatory and
anti-inflammatory, fibrinolytic and antifibrinolytic, and oxi-
dant and antioxidant substances [9].

The normal endothelium regulates vascular homeostasis
through six major functions: (1) modulation of vascular
permeability, (2) modulation of vasomotor tone, (3) mod-

ulation of coagulation homeostasis, (4) regulation of
inflammation and immunity, (5) regulation of cell growth,
and (6) oxidation of LDL cholesterol (Figure 1). These
functions are achieved through numerous mediators, of
which the most studied is nitric oxide (NO) [9].

Nitric oxide is the most important vasodilator substance
produced by endothelial cells. NO also has an antithrom-
botic action, inhibiting the fibrotic properties of angiotensin
II and endothelin I by downregulating the receptors for these
molecules. NO is synthesized in endothelial cells from L-
arginin under the action of the endothelial NO synthase
(eNOS) [10]. This reaction requires the presence of molecu-
lar oxygen and certain cofactors, including calmodulin,
tetrahydrobiopterin (THB4), NADPH (adenine dinucleotide
phosphate), flavin adenine dinucleotide, and flavin mononu-
cleotide. From this reaction, L-citrulline as a by-product
results [11].

Endothelial dysfunction is defined as a reduction in the
bioavailability of vasodilator substances, especially NO, and
an increase in vasoconstrictor substances.

The reduction of NO bioavailability can be due to a
decrease in eNOS production (lack of cofactors necessary
for eNOS synthesis) on the one hand, and to an increase in
excessive NO degradation or inactivation by reactive oxygen
species (ROS), on the other hand [12]. The increase in the
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Figure 1: Functions of vascular endothelium. Endothelium cells produced some vascular mediators/factors that accomplished the six major
functions of normal endothelium (modulation of vascular permeability and vasomotor tone modulation, coagulation homeostasis,
inflammation and immunity regulation, cell growth regulation, and oxidation of LDL cholesterol) by which the vascular homeostasis is
maintained (adapted after [9]).
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production of ROS, such as superoxide anion (O2
-), hydro-

gen peroxide (H2O2), hydroxyl radical (HO•), hypochlorous
acid (HOCl), and lipid superoxide radical, represents the
main cause of the decrease in NO bioavailability in car-
diovascular diseases [13]. Under physiological conditions,
ROS production is controlled by an effective system of
antioxidants, molecules that are capable of neutralizing
ROS, thus preventing oxidative stress. In tissues, natural
enzymatic antioxidants, such as superoxide dismutase
(SOD), glutathione peroxidase, and catalase, play an impor-
tant role in the conversion of ROS to oxygen and water. In
pathological conditions, ROS can be present in excess rela-
tively to the existing antioxidant capacity. This alteration of
the balance in favor of oxidation termed “oxidative stress”
may have negative effects on cell and tissue function [9].

Endothelial cells (EC) possess a number of mecha-
nisms that reduce local oxidative stress. When subjected
to shear stress, the endothelium produces SOD, which
eliminates ROS [14]. The endothelial cell can also express
glutathione peroxidase, which can mitigate oxidative stress
[15]. Similarly, haem-oxygenase provides another mecha-
nism by which the endothelial cell can resist to local oxi-
dative stress [16, 17].

In contrast, proinflammatory cytokines can stimulate
endothelial cells to mobilize NADPH-oxidase that generates
superoxide anions, amplifying local oxidative stress [18, 19].

2. COVID-19-Associated Endotheliopathy and
Oxidative Stress

Endothelial dysfunction or endotheliopathy is an important
pathological characteristic in COVID-19 [20]. Electron
microscopy of blood vessels in autopsy samples from
patients with COVID-19 revealed the presence of endothe-
lial cell degradation and apoptosis [21, 22]. Endothelial
dysfunction biomarkers, such as thrombomodulin, von
Willebrand factor (vWF), angiopoietin 2, and PAI-1, are fre-
quently increased in patients with COVID-19 compared to
healthy persons and seem to have prognostic significance,
being associated with more severe forms of the disease and
high mortality [23, 24]. Endothelial dysfunction is an impor-
tant factor in the pathophysiology of thrombotic complica-
tions associated with COVID-19, including myocardial
infarction and stroke [23, 24].

At present, it is uncertain whether endotheliopathy asso-
ciated with COVID-19 is the result of direct endothelial cell
viral infection, as reported in some autopsy studies [21, 25]
or is a consequence of the inflammatory response induced
by the virus.

Many pathophysiological mechanisms have been described
which explain the implication of endothelial dysfunction in
the occurrence of microvascular involvement in COVID-19
infection. Microvascular cerebral involvement in COVID-
19 as a result of age-related endothelial dysfunction is an
important challenge for research [20]. Overactivation of
poly-(ADP-ribose) polymerase 1, as can be observed in viral
infections, can lead to NAD+ depletion and subsequent
endothelial dysfunction [26, 27]. In addition, the dysfunc-
tion of the nuclear factor erythroid 2-related factor 2

(NRF2) antioxidant defense pathway in endothelial cells
might also play a role in the COVID-19 associated endothe-
liopathy [28]. The pharmacological activators of NRF2 were
proposed as potential treatment options for COVID-19
[29]. NRF2 has strong anti-inflammatory and antiapoptotic
effects in endothelial cells. It should be noted that NRF2
dysfunction exacerbates the deleterious effect of hyperten-
sion and diabetes on the endothelium, conditions known
for the increase in the COVID-19-related risk of death [29].

Oxidative stress is generated by high Ang II concentra-
tions and low Ang 1-7 concentrations (Figure 2). These
ROS can oxidize cysteine residues in the peptidase domain
of receptors ACE2 and RBD of proteins SARS-CoV and
SARS-CoV-2, maintaining them in oxidized forms (disul-
fide), unlike reduced forms (thiol) [30]. It is possible that
oxidation of these thiols to disulfides, through an oxidative
stress mechanism, may increase the affinity of proteins
SARS-CoV and SARS-CoV-2 S for ACE2 receptors and,
consequently, increase the severity of COVID-19 infec-
tion [31].

The relationship between Ang II and NADPH-oxidase
was investigated using murine smooth vascular muscle cells.
When the cells were exposed to Ang II, the researchers
observed an increased activity of NADPH-oxidase, as well
as an increased production of superoxide anions. The exact
mechanisms for the stimulation of NADPH-oxidase are
complex, genetically mediated, at transcriptional and post-
transcriptional level, and involve numerous signaling mole-
cules and scaffolding proteins/platforms [32]. Inactive
NADPH-oxidase contains two subunits: glycoprotein (gp)
91phox and p22phox. In the presence of Ang II, NADPH-
oxidase is activated through the involvement of additional
subunits p67phox, p47phox, p40phox, and Rac1. Activated
NADPH-oxidase can generate superoxide anions. Studies
in mice have shown that increased NADPH-oxidase activity
can be found even in the absence of ACE2 [33, 34]. Since
binding of SARS-CoV-2 to ACE2 receptor inhibits the
catalytic activity of the enzyme, i.e., the conversion of Ang
II to Ang 1-7, the activity of NADPH-oxidase increases in
patients with SARS-CoV-2, subsequently leading to an
increase in oxidative stress [35].

In a recently published study [36], the long-term effects
of SARS-CoV-2 virus on oxidative stress and vascular
endothelium were discussed. Thus, it was proposed that
SARS-CoV-2, by inducing mitochondrial dysfunction and
oxidative stress, can initiate a feedback loop promoting a
chronic state of inflammation and endothelial dysfunction
even after the viral particles have been eliminated from the
body. In this proposed mechanism, SARS-CoV-2 first
induces activation of NADPH-oxidase, which produces
superoxide (O2

–), a ROS that is involved in reactions which
deteriorate the electron transport chain (ETC) [32, 37].

Increased oxidative stress and inflammation resulting
from this mitochondrial dysfunction subsequently initiate a
feedback loop that perpetuates NADPH-oxidase activation,
mitochondrial dysfunction, inflammatory cytokine produc-
tion and loss of identity of EC [36]. Considering these hypo-
thetical long-term consequences of SARS-CoV-2 infection
on blood vessels, the treatment of chronic oxidative stress
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and inflammation in EC can be essential in preventing
future complications among millions of persons currently
diagnosed with COVID-19 [38].

3. COVID-19 Endotheliitis

Numerous postmortem histopathological examinations in
patients who died of COVID-19 not only revealed the
presence of endotheliitis in the key organs affected by
SARS-CoV-2, but also demonstrated the presence of viral
structures within the endothelial cells by electron micros-
copy [21, 25, 39, 40]. By analyzing samples from the trans-
planted kidney in a COVID-19 patient who developed
multiorgan failure, Varga et al. [25] demonstrated the capac-
ity of the virus to invade endothelial cells. In the same
patient, histological findings showed the inflammatory infil-
trate of the endothelium and the morphological changes that
occur during apoptosis in the heart, small bowel, and lungs.
Furthermore, they proved the presence of endotheliitis in the
lung, heart, kidney, liver, and small intestine of two other
COVID-19 patients by postmortem analysis [25]. The wide
distribution of ACE2 receptor in endothelial cells explains
the multiorgan affinity of the virus, confirmed once more
in a study by Puelles et al. The presence of viral particles
in the pharynx, lungs, heart, blood, liver, kidneys, and brain
was established despite the level of viral load [39].

The electron microscopy studies performed by Ackermann
et al. [21] proved the presence of SARS-CoV-2 within the
endothelial cells and in the extracellular space; further-
more, ultrastructural injury of the endothelium was also

present. The authors of the aforementioned study com-
pared the histological changes that occur in the lungs of
SARS-CoV-2 patients with those occurring in acute respi-
ratory distress syndrome caused by influenza A (H1N1)
and ten uninfected control lungs. The results revealed that
the lungs of COVID-19 patients presented disseminated
alveolar injury associated with necrosis, lymphocytic
inflammation, and microthrombosis. In addition, the
expression of angiotensin-converting enzyme 2 (ACE2)
investigated by immunohistochemical analysis was present
in lymphocytes only in the COVID-19 and influenza
groups [21].

The postmortem electron microscopy analysis of the
kidney tissue of 26 patients with COVID-19 from China
revealed the presence of coronavirus-like particles in the
renal tissue. Furthermore, the SARS-CoV-2 receptor ACE2
was upregulated in these patients. This study conducted by
Su et al. confirms once more the virus tropism for kidney
tissue [40].

Menter et al. identified in patients who died with
COVID-19 the presence of capillaritis and microthrombi
in the lungs, and showed diffuse vascular damage in other
organs highly suggestive of vascular dysfunction [41].

Cutaneous biopsies from the skin lesions associated with
SARS-CoV-2 were also performed. The optical microscopy
findings of a biopsy from a chilblain-like lesion in a 23-
year-old patient diagnosed with coronavirus disease revealed
the presence of inflammatory infiltrate, consisting espe-
cially of lymphocytes, which were “tightly cuffing the
vessels” [42]. Kanitakis et al. accomplished histological,
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Pancreatic 𝛽-cells damage

Hyperglycemia
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Hyperinflammation
Endotelial dysfunction
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Figure 2: SARS-CoV-2 enters the human body by binding to ACE2. Activation of RAAS produced a cytokine storm, resulting in the
secretion of proinflammatory cytokines/chemokines such as interleukins (ILs), interferon-gamma (IFN-γ), monocyte chemoattractant
protein-1 (MCP1), and tumor necrosis factor-alpha (TNF-α). This storm produces a pleiades of phenomena which is associated with
preexistent comorbidities that lead to an increase in disease severity (adapted after [31]).
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immunofluorescence, and immunohistochemical studies in
seventeen cases of acral chilblain-like skin lesions in patients
with suspected, but not confirmed, coronavirus disease, and
endotheliitis was present in 65% of cases [43]. The association
of COVID-19 with chilblain-like skin lesions is still conflict-
ing. Initially, acral lesions were thought to be related to
SARS-CoV-2 infection, but more recent case studies could
not sustain an association between them [43, 44].

All data collected from the autopsies indicate that
changes in the endothelium are not limited to the lungs
and suggest that COVID-19 is a whole-body disease.

Numerous symptoms of SARS-CoV-2-positive patients
could be assigned to multiorgan endotheliitis and subse-
quent endothelial dysfunction.

As mentioned above, tropism for the kidneys, lungs, and
cardiovascular system of the novel coronavirus was demon-
strated. This explains the respiratory and cardiocirculatory
events associated with the disease. Several hypotheses were
proposed in order to explain other organ specific symptoms.
The early neurological manifestations (hyposmia, anosmia,
dysgeusia, or hypogeusia) which have been frequently
described in these patients together with life threatening
events such as stroke and intracerebral or subarachnoid
hemorrhage could represent a consequence of endotheliitis
[45]. In a short communication, Benger et al. made a
detailed analysis of 5 patients with COVID-19 and intracere-
bral hemorrhage. They suggest that endothelial damage and
endotheliitis along with a prothrombotic state and proin-
flammatory cytokine production are responsible for intrace-
rebral hemorrhage, which occurred in younger individuals.
Hemorrhage affected the anterior cerebral circulation [46].

In addition to the detrimental effect on blood vessels, the
heart also represents a target for SARS-CoV-2. The main car-
diovascular manifestations of COVID-19 are cardiac arrhyth-
mias, caused by the inflammation of the myocardium and
metabolic dysregulation [47]. It has been suggested that both
direct and indirect viral injury is responsible for COVID-19-
associated myocarditis [48].

The emerging evidence recognizes the endothelium as a
key factor in the pathophysiological chain in COVID-19
[49]. Therefore, arterial and venous thrombosis, pulmonary
embolism [49], central nervous system acute hemorrhagic
events, and multiorgan failure associated with SARS-CoV-2
infection [50] might be the aftermath of subsequent endothe-
liitis and endothelial dysfunction associated with a procoagu-
lant state. Endothelial cell damage together with endotheliitis
also explains the predisposition for severe manifestations of
the disease in patients with preexisting endothelial dysfunc-
tion caused by chronic pathologies such as hypertension [47].

While the major role of endothelial cells in the patho-
physiology of COVID-19 is a compelling subject for ongoing
research projects, the hypothesis according to which the
endothelium could represent a therapeutic target in critically
ill patients is intensely analyzed [49].

4. COVID-19-Renin-Angiotensin System

The role of the renin-angiotensin-aldosterone system
(RAAS) in COVID-19 infection has been taken into consid-

eration from the beginning of the pandemic, since one of the
first known facts was that ACE2 (angiotensin-converting
enzyme 2) is the receptor that allows SARS-CoV-2 to enter
human cells.

RAAS is a natural protective mechanism for maintaining
circulatory volume. Renal hypoperfusion stimulates renin
release from the juxtaglomerular apparatus. Renin cleaves
angiotensinogen to angiotensinogen I, and ACE hydrolyzes
Ang I to Ang II. Ang II binds to angiotensin II type 1 recep-
tor (AT1R) and promotes aldosterone production, leading to
sodium retention, water reabsorption, and vasoconstriction.
On the other arm of the cascade, ACE2 is maintaining the
equilibrium by converting Ang II to angiotensin 1-7. Angio-
tensin 1-7 binds to the Mas receptor and mediates anti-
inflammatory, antioxidative, and vasodilatory effects. In the
case of insufficient ACE2, Ang II binding AT1R prevails
and exerts vasoconstrictive and proinflammatory effects [51].

Angiotensin-converting enzyme 2 (ACE2) is expressed
in the human vascular endothelium, respiratory epithelium,
and other types of cells, and represents a primary mecha-
nism for the entry and infection of SARS-CoV-2 virus. In a
physiological state, ACE2 through the activity of carboxy-
peptidase generates angiotensin fragments (Ang 1-9 and
Ang 1-7) and plays an essential role in the renin-
angiotensin system (RAS), which is an important regulator
of cardiovascular homeostasis. SARS-CoV-2 through its sur-
face glycoprotein interacts with ACE2 and invades the host
cells.

For SARS-CoV-2 infection, in addition to ACE2, one or
more proteases including transmembrane protease serine 2
(TMPRSS2), basigin (also known as CD147), and potentially
cathepsin B or cathepsin L are required [52].

ACE2 is expressed as a transmembrane protein whose
active site is exposed at the extracellular surface and resides
in the lung alveolar epithelial cells, heart, kidneys, vessels,
and gastrointestinal system [53]. ACE2 can be cleaved and
circulates in small amounts in the blood stream, but its role
is uncertain [54–57].

While ACE2 is clearly responsible for facilitating cell
insertion, it may also be the cause of individual variation
in disease severity. The polymorphism of ACE2 in the pop-
ulation could impact the affinity for the virus’s spike protein
and make the infection more likely or more severe [57].
Also, the ACE2 gene is X-linked, and this could explain
the slight protective effect in the female sex observed in
COVID-19. Besides these genetic variations, ACE2 gene
expression is increased in diabetes, CVD, and hypertension
[58]. Several researches indicate that RAAS-modulating
drugs could also modulate ACE2 expression and activity
in various ways. Animal model studies have shown that
ACE inhibitors (ACEIs) and angiotensin II receptor
blockers (ARBs) upregulate ACE2 cell expression, and
ARBs and mineralocorticoid receptor antagonists (MRA)
increase ACE2 activity, [59, 60]. However, simultaneously,
ACEIs reduce Ang II synthesis, and consequently, in the
absence of excess Ang II, AT1R is thought to interact with
ACE2 [61]. This interaction could reduce the affinity of
COVID S protein to ACE2 and then reduce COVID-19
viral entry [61].
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SARS-CoV-2 spike protein binding to ACE2 in alveolar
epithelial cells downregulates ACE2 expression. Without
ACE2 to lead Ang II to angiotensin 1-7, Ang II binds to
AT1R, leading to a hyperaldosteronism state, materialized
as hypokalemia in severe cases of COVID-19 infection
[62], vasoconstriction, fibrosis, and inflammatory cell prolif-
eration [63]. Murine studies proved that loss of ACE2
expression enhances vascular permeability, increases lung
edema and neutrophil accumulation, and hence worsening
lung function [64].

One of the earliest researches of Chinese scientists
empowers the theory that excessive Ang II leads to a bad
outcome. Liu et al. observed in a small cohort of COVID-
19 patients that the plasma concentrations of Ang II were
significantly higher than in healthy individuals and also that
Ang II levels in COVID-19 patients were correlated with
viral load and lung injury [65].

Besides exacerbated inflammation and hypoxemia
through vasoconstriction in small pulmonary vessels, Ang
II induces plasminogen activator inhibitor-1 (PAI-1) expres-
sion in endothelial cells via the AT1 receptor. PAI-1 leads to
unresolved fibrin deposits in the alveoli of patients with both
SARS and COVID-19 infection [51]. Also, excessive Ang II
can be metabolized to angiotensin IV [66], which enhances
thrombosis development [67, 68]; since hypercoagulability
has been noticed in many severe cases, it can be hypothe-
sized that a reduction in ACE2 contributes to increasing
thrombotic risk.

Since ACE2 has been recognized as the gate of SARS-
CoV-2, worldwide medical boards raised the question if
RAAS modulators—ACEIs and ARBs—increase the risk of
developing severe forms of COVID-19 infection. The ratio-
nale behind this concern was based on some experimental
animal models which have shown increasing numbers of
ACE2 after intravenous infusion of ACEIs and ARBs [59].

In order to establish whether RAAS modulators are
harmful or not, scientists firstly compared the outcomes of
COVID-19 patients with arterial hypertension and different
treatments. Shyh et al. found that those on ARBs are signif-
icantly less likely to develop COVID-19, while ACEIs did
not show a similar effect, considering that they do not
directly affect ACE2 activity [69]. On the other hand,
patients taking calcium channel-blockers (CCBs) had a
significantly increased risk of manifesting symptoms of
COVID-19.

Several other retrospective multicenter studies [63, 70]
looked for an association between in-hospital use of ACEIs/
ARBs and all-cause mortality of COVID-19 among patients
with hypertension. Their results show that COVID-19 hyper-
tensive patients treated with ACEIs/ARBs had a better
outcome than COVID-19 patients without ACEIs/ARBs or
treated with a different class of other antihypertensive agents.
On a molecular basis, they identified that patients on ACEIs/
ARBs had lower levels of IL-6, decreased cytokine produc-
tion, and decreased viral load during hospitalization, and
peripheral T cells were significantly higher than in the non-
ACEI/ARB group [70].

Researchers’ restless work not only offered substantial
information about the role of ACE2 in COVID-19 infection,

but also brought up several potential therapeutic approaches:
spike protein-based vaccine, inhibition of transmembrane
protease serine 2 (TMPRSS2-human proteinase which facili-
tates viral spike protein binding to ACE2) activity, blocking
ACE2 receptor, and delivering an excessive soluble form of
ACE2 [71]. It was postulated that delivering excessive soluble
ACE2 would capture most of the viral load, restricting their
fixation on cell membrane ACE2, and therefore limit the
infection and also keep the balance of the 2 RAAS arms, pre-
venting severe inflammatory tissue lesions [72, 73]. Most of
these theories are based on animal model or in vitro studies
and, needless to say, require extensive research and trials
before becoming available therapies.

5. Cytokine Storm Associated with
SARS-CoV-2 Infection

About 5% of the patients infected with SARS-CoV-2 develop
critical disease forms manifesting by respiratory failure,
shock, or multiple organ failure [74]. The presence of these
disease forms does not seem to be correlated with viral load.
Although these patients have a high viral load, the same load
is found in patients having mild forms of the disease and
even in asymptomatic persons [75]. Thus, the hypothesis
was advanced that abnormal immune response, manifesting
as a “cytokine storm,” is the main determining factor of dis-
ease severity [76].

Cytokine storm associated with COVID-19 is similar to
other clinical entities, such as cytokine release syndrome
observed following CAR-T cell therapy [77], primary or sec-
ondary hemophagocytic lymphohistiocytosis (HLH), sepsis
caused by Herpesviridae and other pathogens [78], and mac-
rophage activation syndrome that occurs in various autoim-
mune diseases [79].

This progressive systemic inflammation leads to the loss
of vascular tone clinically manifesting by a decrease in blood
pressure, vasodilatory shock, and progressive organ failure.
In the context of cytokine storms associated with highly
pathogenic viruses such as SARS-CoV-2, SARS-CoV, and
MERS-CoV, the greatest impact is on the lungs, where acute
respiratory distress syndrome (ARDS) occurs which is the
main cause of death. The effects are not limited to the lungs;
cardiac, renal, and central nervous system damage is also
involved [80].

After receptor binding and complex internalization, the
viral RNA is released into the cell cytosol, replicated, and
finally removed by exocytosis.

Intracellular viral RNA is identified by the recognition
mechanisms of the innate immune response through specific
receptors: PRRs (pattern recognition receptors), TLRs
(toll-like receptors), and NLRs (NOD-like receptors). The
recognition of viral RNA by these receptors determines
the activation of intracellular signaling pathways, such as
NF-κB and IRF 3/7. NF-κB stimulates the transcription of
proinflammatory cytokines such as TNF-alpha, IL-6, and
IL-1 and activates the immune response mediated by T
helper 1 and 17 lymphocytes. IRF 3/7 stimulates the produc-
tion of type 1 IFN, which induces activation of the JAK1/
TYK2-STAT1/2 pathway, the effect being the transcription
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of interferon-stimulated genes (ISG), with a role in the secre-
tion of cytokines and the activation of other immune system
components to stop viral replication [81, 82].

Previous studies have shown that in some cases, corona-
viruses can delay type I IFN response through various mech-
anisms, the result being a more severe form of the disease
caused by ineffective viral replication control and paradoxi-
cal hyperinflammation caused by type I IFN. In the case of
SARS-CoV-2, an altered response of type I IFN seems to
occur. A study showed that serum IFN activity was signifi-
cantly lower in patients with severe or critical forms of the
disease compared to those with mild-moderate forms. More-
over, serum ISG and type I IFN values in patients who sub-
sequently developed ARDS with the need for invasive
ventilation indicated that a mitigated type I IFN response
precedes clinical deterioration [83].

This abnormal response of interferon leads to a massive
inflow of neutrophils and monocytes, which are a major
source of proinflammatory cytokines, apoptosis of T lym-
phocytes, and epithelial and endothelial cells [81].

Lymphopenia occurs in about 80% of the patients
infected with SARS-CoV-2 and is more marked in the severe
forms of the disease. There are many causal hypotheses
explaining this process. Firstly, the virus can directly infect
T lymphocytes but cannot replicate inside these, thus leading
to cell death through apoptosis, necrosis, or pyroptosis. Sec-
ondly, the first wave of cytokines released, described above,
includes anti-inflammatory cytokines such as TNF-alpha
and IL-10, which cause apoptosis, exhaustion, and inhibition
of TL proliferation. Not the least, lymphopenia could be
the result of redistribution in the lungs and lymphoid
organs [81, 84].

In the most severe disease cases, a sudden and rapid clin-
ical deterioration occurs, which is associated with increased
levels of acute phase reactants, coagulopathy, and cell lysis,
and high proinflammatory cytokine levels, suggesting a sec-
ond wave of cytokines, responsible for the so-called cytokine
storm [81].

The triggering factor of the cytokine storm seems to be
immunodeficiency caused by the decrease in the number
and the dysfunction of T lymphocytes. Although other
innate immunity hyperactivation mechanisms are supposed
to be responsible, the cytokine storm is much more likely to
occur as a result of a delayed response of innate immunity,
followed by persistent hypercytokinemia and an abnormal
response of the acquired immune system through T lympho-
cytes. The result is the failure to eliminate apoptotic cells or
macrophages migrated to the site of inflammation and con-
tinuous antigenic stimulation by failure of viral clearance.
These cells will continue to secrete proinflammatory cyto-
kines, of which the most important are IL-18 and IFN-γ,
which restimulate macrophage activation. Thus, a vicious
circle is created which culminates in cytokine secretion,
hemophagocytosis, coagulopathy, and ARDS [82, 85].

5.1. Cytokines and the Correlation with the Severity of the
Disease. The first evidence of this correlation comes from
the study conducted by Huang et al. in a sample of 41
patients who had the plasma levels of several cytokines and

chemokines measured. The authors observed that the initial
plasma levels of IL-1B, IL-1RA, IL-7, IL-8, IL-9, IL-10, FGF,
GCSF, GMCSF, IFN-γ, IP-10, MCP1, MIP1A, MIP1B,
PDGF, TNF-α, and VEGF were higher in all COVID-19
patients compared to healthy persons, the plasma concentra-
tions of IL-5, IL-12p70, IL-15, eotaxin, and RANTES were
similar in patients infected with SARS-CoV-2 and healthy
persons, and the levels of IL-2, IL-7, IL-10, GCSF, IP-10,
MCP1, MIP1A, and TNF-α were significantly higher in
patients with severe forms of the disease requiring intensive
therapy compared to those with mild or moderate forms
[86]. Since then, many studies have been conducted in the
attempt to elucidate the pathogenic mechanisms of the exac-
erbated immune response associated with SARS-CoV-2
infection and in the attempt to identify laboratory markers
that correlate with the severity and prognosis of the disease
in order to achieve a stratification of patients for adequate
management based on early therapeutic intervention.

A recently published meta-analysis of 50 studies showed
statistically significantly higher values of IL-2, IL-2R, IL-4,
IL-6, IL-8, IL-10, TNF-α, and INF-γ in patients with severe
forms of the disease compared to the others. In contrast,
there were no significant differences between IL-17 and IL-
1β values. As it can be seen, in some cases, there is an
excessive production of proinflammatory as well as anti-
inflammatory cytokines (IL-2R, IL-10), which highlights
the dual pathogenic mechanism responsible for the occur-
rence of the cytokine storm [87]. Another meta-analysis
and extensive systematic analysis shows that in patients with
severe forms of the disease, lymphocytopenia (decreased
CD3, CD4, and CD8 T lymphocytes), leukocytosis, high
values of ESR, procalcitonin, LDH, and ALT occur more
frequently. The levels of inflammatory cytokines, especially
IL-6, 8, 10, and 2R and TNF-alpha, were significantly
increased [88].

Regarding the profile of leukocytes, both meta-
analyses evidenced a significant decrease in CD4 and
CD8 T lymphocytes in the group of patients with severe
disease forms [87, 88].

The most studied interleukin is perhaps IL-6, given that
tocilizumab, a monoclonal antibody directed against the IL-
6 receptor, can be used as therapy for COVID-19 patients
who present signs of hyperinflammation. Mojtabavi et al.
show in their analysis of 11 studies that IL-6 values are
significantly higher in patients with severe forms of
COVID-19 compared to those with mild or moderate forms
[89]. Furthermore, Laguna-Goya et al. elaborated a model
for predicting the risk of mortality in hospitalized COVID-
19 patients based on IL-6 values. This includes 5 parameters:
FiO2/SatO2 ratio, neutrophil/lymphocyte ratio, IL-6 value,
LDH value, and age. This model might help to stratify
patients into more uniform groups from a clinical and bio-
logical point of view before their inclusion in randomized
clinical trials evaluating the efficacy of tocilizumab or other
drugs. Until completion of clinical trials, this model could
be used to select patients that would benefit the most from
immunomodulatory therapy [90].

The prognostic value of IL-6 was also demonstrated
in another study, where it was incorporated along with
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CD8+ TL into a prognostic model. The authors of the
study showed that IL − 6 values > 20 pg/mL and CD8 + TL
values < 165 cells/μL are correlated with mortality, being a
better indicator of in-hospital mortality than the CURB-65
score [91].

Other cytokines were studied in the attempt to identify
the prognostic factors of disease severity and prove their use-
fulness. An example is represented by IL-2R, included in
several prognostic models such as the IL-2R/lymphocyte
ratio, as demonstrated in the study conducted by Hou
et al. [92], or the model developed by another group which
incorporates IL-2R, the values of neutrophils, lymphocytes,
and thrombocytes [93]. Another study proposes to monitor
IP-10 and MCP-3 values early during the course of the
disease in order to identify patients at risk for hyperin-
flammation and implicitly for more severe forms of the
disease [94].

6. Therapeutic Targets for the
Treatment of COVID-19

Numerous therapeutic targets (Figure 3) have been proposed
taking into consideration the various mechanisms of action
of SARS-CoV-2 on the endothelium. Regarding the key role
of oxidative stress, endotheliopathy, and inflammatory
mediators in the COVID-19 pathogenesis [8], we will fur-
ther present the therapies that counteract the SARS-CoV-
2-induced disturbances.

6.1. Interleukin-6 Inhibitors. As shown above, IL-6 plays an
extremely important role in the occurrence and maintenance
of the cytokine storm associated with COVID-19 and is cor-
related with disease severity, and thus it is an important
therapeutic target. In addition, the inhibitors of IL-6 or its
receptor proved to be effective in the treatment of other
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Figure 3: Mechanisms of endothelial dysfunction, inflammation, oxidative stress, and therapeutic targets in SARS-CoV-2 infection.
SARS-CoV-2 infection begins when its peak proteins are proteolytically prepared by TMPRSS2, allowing them to bind to ACE2 and
initiate viral endocytosis in the EC. This increases the amount of binding of Ang II to AT1R, which in turn activates NADPH-oxidase and
subsequently induces an increased production of ROS. These excess ROS mediate signaling pathways that increase the production of
inflammatory cytokines (such as IL-1β, IL-6, and TNF), decrease the bioavailability of NO and PGI2, and induce endothelial cell
apoptosis, leading to endothelial damage and dysfunction. Furthermore, the release of proinflammatory and prothrombotic factors can
lead to vascular inflammation, platelet aggregation, and thrombosis. These interactions increase the risk of thrombosis and lung damage
in people infected with SARS-CoV-2. ROS also induce an overflow of NETs. There may be several positive feedback loops between
cytokines (TNF-α, IL-1β) and ROS production as well as between cytokines (TNF-α, IL-1β) and NET formation. ROS, NETs, and
proteolytic enzymes released by activated neutrophils also contribute to organ damage and clotting in vessels. Therapeutic targets address
SARS-CoV-2-induced feedback loops in EC. Although there have been many therapies proposed to stop the spread of the coronavirus
pandemic, those described here address feedback loops involving endothelial dysfunction, oxidative stress, and inflammation. TMPRSS2:
transmembrane protease, serine 2; ACE2: angiotensin-converting enzyme 2; AT1R: angiotensin type 1 receptor; ROS: reactive oxygen
species; c-Src: protooncogene tyrosine-protein kinase Src; PKC: protein kinase C; IL: interleukin; TNF: tissue necrosis factor; NO: nitric
oxide; PGI2: prostaglandin I2 (also known as prostacyclin).
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similar syndromes such as HLH associated with Still’s dis-
ease [95] or in the cytokine storm secondary to CAR-T cell
therapy [96]. Regarding their use in COVID-19 patients,
only data from case-control studies or case reports are cur-
rently available. It should be taken into consideration that
these studies were extremely heterogeneous, performed on
small samples, with divergent results concerning the moni-
tored indicators (e.g., the need for invasive ventilation and
the length of hospital stay). With respect to mortality, the
majority showed an increase in survival or at least a favor-
able trend. Currently, many clinical trials are in progress to
evaluate the efficacy and safety of using IL-6 inhibitors
in this context. Experimental studies have shown that IL-
6 can have a dual effect, both facilitating and suppressing
viral replication [23], so that the optimal time of adminis-
tration is another question that these clinical trials should
answer [82, 97–100].

Tocilizumab, sarilumab, and siltuximab are Food and
Drug Administration- (FDA-) approved IL-6 inhibitors
evaluated for the management of patients with COVID-19
who have systemic inflammation. Tocilizumab is a recombi-
nant humanized anti-IL-6 receptor monoclonal antibody
that is approved by the FDA for use in patients with rheu-
matologic disorders and cytokine release syndrome (CRS)
induced by chimeric antigen receptor T cell (CAR-T cell)
therapy. Tocilizumab in combination with dexamethasone
are indicated in certain hospitalized patients who are exhi-
biting rapid respiratory decompensation due to COVID-19
[101]. Further findings from REMAP-CAP and the RECOV-
ERY study justify the use of tocilizumab in certain hospital-
ized patients with rapid respiratory decompensation due to
COVID-19 [102].

Sarilumab is a recombinant humanized anti-IL-6 receptor
monoclonal antibody that is approved by the FDA for use in
patients with rheumatoid arthritis. It is available as an SQ for-
mulation and is not approved for the treatment of CRS [101].
Preliminary efficacy results from REMAP-CAP for sarilumab
were similar to those for tocilizumab. Compared to placebo,
sarilumab reduced both mortality and time to ICU discharge,
and increased the number of organ support-free days; how-
ever, the number of participants who received sarilumab in
this trial was relatively small, limiting the conclusions and
implications of these findings [102].

Siltuximab is a recombinant human-mouse chimeric
monoclonal antibody that binds IL-6 and is approved by
the FDA for use in patients with multicentric Castleman’s
disease. Siltuximab prevents the binding of IL-6 to both sol-
uble and membrane-bound IL-6 receptors, inhibiting IL-6
signaling. Siltuximab is dosed as an IV infusion [103]. There
are limited data describing the efficacy of siltuximab in
patients with COVID-19 [104].

6.2. Interleukin-1 Inhibitors. Anakinra is a recombinant IL-1
receptor antagonist, currently approved in the treatment of a
number of autoimmune diseases induced by excessive IL-1
secretion, with the aim of reducing inflammation and com-
plications such as ARDS [105].

Starting from the data obtained from the use of anakinra
in other similar syndromes such as secondary HLH or mac-

rophage activation syndrome [105] and taking into consid-
eration the high values of this interleukin reported in
persons infected with SARS-CoV-2, it was supposed that
IL-1 could be an important target in the management of
the cytokine storm associated with SARS-CoV-2 as well. A
retrospective study showed a clinical improvement in 72%
of COVID-19 and ARDS patients treated with this drug
[106]. Several randomized clinical trials that test anakinra
in COVID-19 patients are underway.

Aside from anakinra, canakinumab, a high-affinity human
monoclonal antibody [101], and rilonacept, a soluble IL-1
trap, represent therapeutic options for IL-1 inhibition [107].

Canakinumab counteracts the activity of IL-1 by block-
ing the interaction between IL-1β and its receptor [108].
The beneficial effect of canakinumab for COVID-19 patients
results from the improvement of clinical status and reduc-
tion of invasive mechanical ventilation needed in these
patients together with a prompt amelioration and mainte-
nance in oxygenation levels [109, 110]. Furthermore, canaki-
numab ameliorates the prognosis of COVID-19 patients and
prevents the clinical degradation by blocking the cytokine
storm [110].

6.3. Anti-TNF-α. TNF-α is another cytokine with important
inflammatory effects, whose increased serum values were
also demonstrated in COVID-19 patients. Opinions diverge
on the usefulness of anti-TNF-α monoclonal antibodies in
this context. Infliximab, adalimumab, etanercept, certolizu-
mab, and golimumab are the 5 most commonly prescribed
TNFs inhibitors. On the one hand, TNF-α inhibition
decreases IL-6 and IL-1 concentrations and reduces capillary
permeability [111], and studies on animals have shown that
the inhibition of this cytokine confers protection against
SARS-CoV-2 infection. On the other hand, studies in which
TNF-α inhibitors were used in syndromes similar to the
cytokine storm have reported divergent results, some of
them even demonstrating an aggravation of the disease [112].

6.4. Type I IFN. Considering the key role of IFN in antiviral
response and its immunomodulatory effect, type I IFN
seems to be an important potential therapeutic target. Type
I IFN was studied both in vivo and in vitro, as monotherapy
or in combination with antiviral drugs, in the treatment of
SARS-CoV and MERS-CoV infection. Although interferon
treatment was demonstrated to be efficient in vitro and in
some studies on animals, in human studies the results were
divergent. These results can be explained by the limited
number of patients included and the heterogeneity of the
studies, by the different inhibition mechanisms of the IFN
signaling pathway used by the two viruses, as well as by
the difficulty in assessing whether the clinical benefit
observed was due to IFN or to the drugs with which it was
used as part of combined therapy [113].

Another explanation for these results could be the
subtype of IFN used as a therapeutic target. Compared to
IFN-α, IFN-β seems to be a much more potent inhibitor
of coronaviruses [114]. The time of administration seems
to be an important element. Early administration was
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associated with favorable results, while late administration
was associated with significant adverse reactions without
an effect on viral replication [115]. In addition, in vitro
studies report viral replication inhibition by administration
of prophylactic IFN in the case of SARS-CoV-2, while the
same strategy is ineffective in the case of SARS-CoV and
MERS-CoV [116–118]. A prospective study conducted in
China on a sample of 2944 persons working in the health
care system showed that interferon administered as a nasal
spray is effective in the prophylaxis of SARS-CoV-2 infec-
tion [119].

Starting from the information obtained from previous
studies on SARS-CoV and MERS-CoV and from the data
regarding the pathology of SARS-CoV-2 infection, a number
of clinical trials are in progress to test the efficacy of type I
IFN in patients infected with SARS-CoV-2.

6.5. Inhibitor of Synthetic Serine Protease. Transmembrane
protease serine 2 (TMPRSS2) represents the cornerstone in
the SARS-CoV-2 S protein interaction with the endothelial
cell [120]. TMPRSS2 is a protease that proved its capacity
of preventing the cell invasion by SARS-CoV-2 in vitro [52].

Camostat mesylate, an inhibitor of synthetic serine
protease infection, could block SARS-CoV-2 spreading in
human tissue [120]. Taking into consideration the desirable
effects in COVID-19 patients, TMPRSS2 has been approved
for clinical use [52].

6.6. Recombinant Human ACE2 Protein (rhACE2). Taking
into consideration that SARS-CoV-2 infection induces the
depletion of ACE2 receptors, which contributes to systemic
and especially pulmonary inflammation, the hypothesis
was advanced that administration of recombinant human
ACE2 protein can represent a therapeutic target. The causal
mechanisms of immune dysfunction and hyperinflamma-
tion are multiple, so that the use of rhACE2 as monotherapy
is probably insufficient, as demonstrated in patients infected
with SARS-CoV in 2017 [76]. There is currently a clinical
trial that studies the therapeutic efficacy of this molecule in
COVID-19 patients.

6.7. JAK Inhibitors. The activated type I IFN JAK1/TYK2-
STAT1/2 intracellular signaling pathway plays an important
role in cytokine production, so that its inhibition might have
a therapeutic effect in the cytokine storm associated with
SARS-CoV-2.

Baricitinib is an inhibitor of JAK kinase currently used in
the treatment of rheumatoid arthritis, which by selective and
reversible binding to JAK receptors disrupts the transduc-
tion of the intracellular signal mediated by cytokines and
thus attenuates the inflammatory response [121]. In addi-
tion, this compound is supposed to inhibit AAK1 receptor,
required for viral endocytosis, also inhibiting in this way
the entrance of the virus into the host cell [122].

At present, there are several ongoing clinical trials that
investigate the efficacy of different JAK inhibitors in
COVID-19 patients. An important aspect should be taken
into account: the fact that SARS-CoV-2 infection predis-
poses to coagulopathy and formation of thrombi, and treat-

ment with JAK inhibitors has been associated with an
increase in thromboembolic risk [123].

6.8. Nitric Oxide. Inhaled nitric oxide (NO) proved its anti-
viral effects against various coronavirus strains together with
the pulmonary vasodilation activity. Of great interest is the
ability of NO in the prevention of the development of severe
forms of the disease, if administrated at the proper time, at
the early stage of COVID-19 [101].

6.9. Iloprost. The prostacyclin (PGI2) analogue, iloprost,
showed beneficial effects in COVID-19 patients. Iloprost
might represent a valuable therapeutic option for respiratory
performance improvement [124]. Synthesized in the vascu-
lar endothelium, PGI2 plays a role not only in the endothe-
lial barrier homeostasis and platelet aggregation, but it also
has anti-inflammatory and vasodilatory effects. [125, 126].

In COVID-19 patients, iloprost could prevent the associ-
ated thrombotic events through its protective effects on the
endothelium and the antithrombotic activity [124].

6.10. The Glycosaminoglycans. Another valuable therapeutic
approach is represented by the glycosaminoglycans (GAGs),
taking into consideration the double role they play in
COVID-19 pathogenesis, their interaction with the chemo-
kines, and the SARS-CoV-2 coreceptor function. Thus, the
chemokine interaction with GAGs together with SARS-
CoV-2 GAG-mediated cell entry might represent important
targets in COVID-19 therapy [127].

6.11. Chemokine Receptor 5 Antagonism. The chemokine
receptor 5 (CCR5) is a transmembrane structure expressed
by several cells, including the endothelial cells [128], and it
might be implicated in the SARS-CoV-2 invasion of the
endothelial cells. By preventing the SARS-CoV-2 from enter-
ing the cell, the CCR5 antagonism could represent a valuable
tool in preventing the severe inflammatory response charac-
teristic for COVID-19-associated acute respiratory distress
syndrome (ARDS) [127]. CCR5 antagonists proved their effi-
ciency for preventing HIV-1 entry into the cells [129]. Mara-
viroc, a CCR5 antagonist, blocks the SARS-CoV-2 fusion
with other cells (via S protein) and prevents its multiplication
[130]. Leronlimab is a monoclonal IgG4 antibody which also
has CCR5 as a therapeutic target. Leronlimab successfully
reduced the IL-6 levels in patients with severe COVID 19
manifestations [131]. Taking into consideration the role of
CCR5 in the COVID-19 pathogenesis and their expression
by the endothelial cells, the CCR5 antagonismmight represent
a therapeutic option in the treatment of SARS-CoV-2-induced
endotheliopathy.

6.12. The CXCL-8 Pathway. CXCL-8/IL-8 is an inflamma-
tory chemokine that promotes the angiogenesis on endothe-
lial cells via VEGF [132, 133]. The implication of the CXCL-
8 pathway in SARS-CoV-2 infection pathogenesis results
from its increased circulating levels identified in COVID-
19 patients [134]. CXCL-8 is a powerful neutrophil chemo-
tactic factor [135] and its high serum levels in COVID-19
patients might explain the associated neutrophilia. The
neutralizing IL-8 antibody therapy and CXCL-8 receptor
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(CXCR-2) antagonists might represent a therapeutic option
for hospitalized COVID-19 patients [127].

7. Conclusions

This review summarized the relationship between COVID-
19, endothelial dysfunction, inflammation, and oxidative
stress. The implication of endothelium in SARS-CoV-2
pathogenesis remains a subject of interest which is intensely
researched in current studies. Even though several studies
place the endothelial dysfunction and oxidative stress as
the main factors responsible for microvascular COVID-19-
associated complications, the direct invasion of endothelial
cells by SARS-CoV-2 remains disputable. An explanation
for the severe COVID-19 manifestations in patients suffer-
ing from cardiovascular and metabolic comorbidities might
be the endothelial dysfunction associated with the aforemen-
tioned conditions; thus, those patients are at high risk for
developing pulmonary and extrapulmonary complications.
The central role of endothelium in the COVID-19 pathogen-
esis remains of great interest particularly for its role as a
valuable therapeutic target for the prevention and/or treat-
ment of vascular complications in SARS-CoV-2 patients.
With a plethora of physiopathological mechanisms, the
SARS-CoV-2-induced endotheliopathy appears to play a
central role in COVID-19 pathogenesis.
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Abstract 
This study assessed for the first time, the enzyme inhibitory properties of the Origanum vulgare ssp. vulgare extract. The 
main compounds were analysed chromatographically and spectrophotometrically. The enzymatic inhibitory potential was 
evaluated in vitro, against enzymes that play key roles in different diseases: acetylcholinesterase, urease, tyrosinase, trypsin 
and xanthine oxidase. A specific phenolic profile was evidenced, with large amounts of rosmarinic acid and luteolin 7-O- 
glucuronide; two phenolic diterpenes (rosmanol and rosmadial) were identified for the first time in this species. The oregano 
extract exhibited significant urease, tyrosinase and xanthine oxidase inhibitory effects, in line with the phenolic content. As a 
result of this study, new potential biological activities have been described for Origanum vulgare extract, which can be 
further studied and used in the pharmaceutical field. 
 
Rezumat 

În acest studiu se evaluează pentru prima dată potenţialul inhibitor enzimatic al extractului de Origanum vulgare ssp. vulgare 
(șovârf). Principalii compuşi chimici au fost analizaţi prin metode cromatografice şi spectrofotometrice. Capacitatea 
inhibitorie a fost evaluată in vitro, asupra unor enzime implicate în anumite afecţiuni: acetilcolinesteraza, ureaza, tirozinaza, 
tripsina şi xantin-oxidaza. În ceea ce priveşte profilul fenolic al extractului, s-au pus în evidenţă cantităţi mari de acid 
rozmarinic şi luteolin-7-O-glucuronidă; două diterpene fenolice (rosmanol şi rosmadial) au fost identificate pentru prima dată 
în această specie. Extractul de șovârf a inhibat semnificativ ureaza, tirozinaza şi xantin-oxidaza, în concordanţă cu conţinutul 
mare de compuşi polifenolici. Prin acest studiu s-au semnalat noi activităţi biologice potenţiale ale extractului de Origanum 

vulgare, care deschid noi perspective de interes ştiinţific în domeniul farmaceutic. 
 
Keywords: Origanum vulgare ssp. vulgare, polyphenols, enzyme inhibition 
 
Introduction 

Origanum vulgare L. (Lamiaceae family) is used 
worldwide for its flavour as a spice, having a long 
history of use in gastronomy and traditional medicine 
[10, 28]. At the same time, oregano is considered a 
medicinal plant due to its complex chemical composition 
which includes: essential oil, polyphenols, diterpenoids, 
triperpenoids. It is known as antimicrobial, antiviral, 
hepatoprotective, antidiabetic, antiinflammatory, anti-
oxidant, antispasmodic, antiurolithic, antiproliferative, 
neuroprotective agent, to mention some of the 
scientifically proven therapeutic actions [6-8, 11, 23, 
25, 26]. Natural herbal products are increasingly used 
in many fields: pharmaceutical, food and cosmetics. 
In recent years, interest in this plant, as well as the 
enzymatic activities of plant extracts involved in 
the protection of human health, have increased. The 
purpose of this study was to analyse the chemical 
composition and to evaluate the enzymatic inhibition 

of O. vulgare ssp. vulgaris ethanolic extract, in order 
to be used in the design of new formulations with 
therapeutic applications in Alzheimer's disease, ulcer, 
gout, or hyperpigmentation. 
 
Materials and Methods 

The aerial parts of O. vulgare ssp. vulgare were 
harvested from Beliș (Cluj, Romania), during the 
blooming period (July 2018) and a voucher specimen 
(no. 96) was deposited in the Herbarium of the Department 
of Pharmacognosy, Faculty of Pharmacy, Cluj-Napoca, 
Romania. The extract was prepared in 70% vol. ethanol 
and the ratio between the vegetal material and the 
solvent was 1:10 (m/v) [2, 5, 32].  
Chemicals, HPLC chromatographic conditions and 

quantitative analysis 

Chemicals were obtained from Merck, Alfa-Aesar 
and Roth (Germany). 
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The HPLC analysis was performed using an Agilent 
HPLC system series 1200 with quaternary pump, 
solvent degassing system, auto-sampler, DAD spectro-
photometric detector and single quadruple MS detector 
type Agilent 6110 (Agilent Technologies, CA, USA). 
The separation was performed on an Eclipse XDB 
C18 column, 4.6 x 150 mm with particles of 5 µm 
(Agilent Technologies, USA), at 25°C, in gradient 
elution. The mobile phases were water: 0.1% acetic 
acid in acetonitrile (99:1) (solvent A) and 0.1% acetic 
acid in acetonitrile (solvent B) at a flow of 0.5 mL/ 
min. The gradient applied was as follows: % B = 5% 
(0 - 2 min), from 5% to 40% (2 - 18 min), from 
40% to 90% (18 - 20 min), then isocratic 4 min and 
decrease from 90% to 5% (24 - 25 min). The MS 
was used in ESI positive mode, in the following 
scanning conditions: capillary voltage at 3.000 V, 
temperature at 300°C, nitrogen flow at 8 L/min, m/z 
ranges from 100 to 1000, full-scan mode. The DAD 
spectrophotometric detection was performed at 340 nm. 
The data acquisition and the results processing were 
performed using ChemStation software from Agilent 
Technologies, USA. The identification was performed 
by comparison of obtained MS spectra with the ones 
from the library, meanwhile for the quantitative 
determination was used the DAD detection [3].  
Determination of total polyphenols content 
The total polyphenols content (TPC) was determined 
using the Folin-Ciocalteu method, with a calibration 
curve of gallic acid (R2 = 0.999), and the results were 
expressed as mg of gallic acid equivalents (GAE)/g 
dry plant material [2, 4, 14, 32].  
Enzyme inhibitory activity 

Urease inhibition assay. This assay is based on 
ammonia quantification after urea hydrolysis in the 
presence of urease. Briefly, 0.2 mL urease (0.1 mg/ 
mL) were treated with 4 mL Tris-HCl acid buffer 
(pH 8), 0.2 mL urea (60 mM) and 0.02 mL extract. 
The mixture was incubated at 30°C, for 20 min and 
then the reaction was stopped by addition of 1mL 
10% trichloroacetic acid. The ammonia content was 
evaluated by using 0.5 mL Nessler reagent. Absorbance 
was determined at 436 nm. Thiourea (200 µg/mL) 
was used as a standard inhibitor [24].  
Tyrosinase inhibition assay. The activity of this enzyme 
was spectrometrically evaluated using L-DOPA as a 
substrate. To 0.4 mL tyrosinase (250 UI/mL), 7.4 mL 
phosphate buffer (pH 7) and 0.04 mL extract were 
added; then the mixture was incubated 15 minutes at 
30ºC. At the end 0.2 mL 10 mM L-DOPA was added. 
Absorbance was determined at 475 nm and the ascorbic 
acid (340 µg/mL) was used as standard [13, 20]. 
Acetylcholinesterase inhibition assay. The extract 
(1 µL) was treated with 6 mL Tris-HCl buffer (pH 8) 
and with 0.05 mL acetylcholinesterase (6 UI/mL), 
then the mixture was incubated 15 minutes at 30°C. 
Subsequently, 0.1 mL 5,5-dithiobis-2-nitrobenzoic 
acid (3 mM) and 0.1 mL acetylthiocholine iodide 

(15 mM) were added. The hydrolysis of the substrate 
was monitored by the formation of 5-thio-2-nitro-
benzoate anion as the result of the reaction of 5.5-di-
thiobis-2-nitrobenzoic acid with thiocholine, released 
by enzymatic hydrolysis of acetyl thiocholine iodide. 
Absorbance was measured at 405 nm and galantamine 
(1.5 mg/mL) was used as a standard [20, 30, 31]. 
Trypsin inhibition assay. The assay was based on the 
spectrophotometric evaluation of trypsin inhibition 
using bovine serum albumin as a sub-substrate. To 
0.1 mL extract, 0.2 mL trypsin (0.05%) were added 
and the mixture was incubated at 37°C, for 20 min. 
Then, 2 mL bovine serum albumin (10 mg/mL) and 
4 mL phosphate buffer (pH 7.6) were added. The 
reaction was stopped by adding 2 mL trichloroacetic 
acid (10%). The mixture was treated with 1 mL alkaline 
cupric reagent and 0.1 mL phosphomolybdenic reagent. 
The absorbance was measured at 750 nm. Salicylic acid 
(5 mg/mL) was used as standard [12, 16, 21, 29]. 
Xanthine oxidase inhibition assay. To 0.15 mL extract, 
3.9 mL phosphate buffer (pH 7.4) and 0.6 mL xanthine 
oxidase (0.2 UI/mL) were added and then the mixture 
was incubated 10 minutes at 25°C. Finally, 4.5 mL 
0.15 mM xanthine was added and this was followed 
by 30 min incubation at 250C. Allopurinol (0.3 mg/mL) 
was used as standard [1, 18, 22].   
For all assays the standards and the control samples 
were prepared in the same manner. The inhibition 
potency (I%) was calculated in all cases with the 
following formula: 

I% = [1 - Asample/Acontrol] x100, 

where Asample is the absorbance for sample (with the 
extract or standard) and Acontrol is the absorbance for 
control (without the extract or standard). 
Statistical analysis. The samples were analysed in 
triplicate; the average and the relative SD were 
calculated using the Excel software package. 
 
Results and Discussion 

In the Origanum ethanolic extract a high content of 
total polyphenols (89.21± 2.79 mg GAE/g dry plant 
material) was determined. The results were similar 
to those previously obtained [6, 23]. 
With respect to HPLC analysis, Table I and Figure 1 
show the phenolic compounds found in the ethanolic 
extract of O. vulgare ssp. vulgare, meaning 8 main 
phenolic compounds: 5 flavonoids of which 3 glycosides: 
of quercetin (rutin form), luteolin (glucuronide form) 
and kaempferol (glucoside form), and 2 free aglycons 
(luteolin and kaempferol). Rosmarinic acid was found 
in a large quantity, in accordance with similar results 
presented by other authors [6, 23, 28]. Two phenolic 
lactones diterpenes, rosmanol and rosmadial, were 
determined for the first time in the oregano extract. 
These antioxidant diterpenic compounds have been 
also identified in rosemary [9, 27].  
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Table I 
HPLC analysis of the phenolic compounds from O. vulgare ssp. vulgare 

Compounds m/z 

value 

Rt 

(min) 

Peak 

No. 

Concentration 

(mg/g plant product) 

Rutin (quercetin-3-O-rutinoside) 611 15.42 1 0.67 ± 0.02 
Luteolin 7-O-glucuronide 463 16.03 2 15.20 ± 0.70 
Kaempferol-O-glucoside 448 18.07 3 2.58 ± 0.42 
Rosmarinic acid 361 18.55 4 16.89 ± 0.11 
Rosmanol 347 20.39 5 1.79 ± 0.02 
Luteolin 287 21.57 6 0.55 ± 0.06 
Rosmadial 345 22.98 7 0.45 ± 0.04 
Kaempferol 287 23.49 8 0.62 ± 0.08 

 

 
Figure 1. 

HPLC chromatograms for Origanum vulgare extract 
Chromatographic conditions were as given in the Material and Methods section. The identified compounds: 1. Rutin; 

2. luteolin 7-O-glucuronide; 3. kaempferol-O-glucoside; 4. rosmarinic acid; 5. Rosmanol; 6. Luteolin; 7. Rosmadial; 8. kaempferol 
 
In order to determine the enzyme inhibitory activity, 
our extract was tested against urease, tyrosinase, 
acetylcholinesterase, trypsin and xanthine oxidase 
(Table II).  
There were correlated the total polyphenols content 
with the individual polyphenols concentrations. The 
Figure 2 shows that the main identified polyphenols 
are the rosmarinic acid respectively the luteoline-7-

O-glucuronide, representing 18.9 respectively 17 % 
from the total polyphenols content, while the others 
have less than 3 %. These polyphenols induce to the 
O. vulgare extract more antioxidant effect, that lead us 
to foresee mostly an inhibition on oxidative enzymes, 
like xanthinoxidase or tyrosinase, and less inhibition 
on hydrolytic enzymes, like acetylcholinesterase or 
trypsin. 

Table II 
Enzyme inhibition activity of O. vulgare ssp. vulgare extract 

Sample 
URE  

inhibition (%) 

TYRE  

inhibition (%) 

AChE 

inhibition (%) 

TRY  

inhibition (%) 

XO  

inhibitory (%) 

O. vulgare extract 90.47 ± 6.07 58.63 ± 8.60 40.67 ± 3.00 17.1 ± 0.09 85.19 ± 5.10 

Standards 
Thi 

93.26 ± 5.85 
Aa 

96.53 ± 5.14 
Ga 

99.83 ± 1.52 
Sa 

90.2 ± 0.13 
Al 

91.05 ± 2.35 
Each value is the mean ± SD of three independent measurements. URE: urease; α-CHYM: α-chymotrypsin; TYRE: tyrosinase; AChE: 
acetylcholinesterase; TRY: trypsin; XO: xanthine oxidase. Thi: thiourea; Aa: ascorbic acid; Ga: galantamine; Sa: salicylic acid; Al: 
allopurinol 
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Figure 2. 

Percentage distribution of individual polyphenols from total polyphenol content 
 
Data on the enzymatic inhibitory properties of the 
ethanolic extract obtained from spontaneous O. vulgare 
ssp. vulgare are limited. Our results confirm the 
foresee upon the phytochemical profile, a better 
inhibition being obtained on oxidative enzymes, 
xanthinoxidase and tyrosinase, 85.19 respectively 
58.63 %. 
Urease is a Ni-containing enzyme related to gastro-
duodenal diseases (gastric and peptic ulcers). It catalyses 
the hydrolysis of urea to ammonia and carbonic acid, 
and allows bacteria like Helicobacter pylori to survive 
at low pH values of the stomach [19, 24]. The results 
of this study suggest that at the tested dose, O. 

vulgare extract revealed a strong in vitro urease 
inhibitory activity (90.47%), very close to inhibition 
of the standard (Thi: 93.26% at 200 µg/mL). So, the 
oregano extract can be a potential anti-ulcer agent 
because of the polyphenolic compounds that are 
involved in the inhibition of Helicobacter pylori 
[19, 24].  
Tyrosinase is an oxidase that converts L-tyrosine to 
L-DOPA and oxidizes DOPA to dopaquinone, which 
induces melanin biosynthesis. Tyrosinase inhibitors 
can control the melanin synthesis and could be useful 
in therapy (in hyperpigmentation, age spots etc.). In 
addition, polyphenols structurally similar to DOPA 
and tyrosine could block the synthesis of melanin. In 
the same time the lack of dopamine, obtained from L-
DOPA, is involved in the pathogenesis of Parkinson’s 
disease. Recently the tyrosinase inhibitors were tested 
to prevent or lower the evolution of this neuro-
degenerative disease [17]. The tested extract of O. 

vulgare ssp. vulgare showed moderate tyrosinase 
inhibition activity (58.63%). Other authors have reported 

similar anti-tyrosinase activity and rosmarinic acid is 
probably involved in this effect [13, 15]. 
Cholinesterase inhibition has become the most widely 
employed clinical approach for treating the symptoms 
of Alzheimer's disease [31]. In our study, the O. 

vulgare extract had a moderate inhibition activity on 
AChE (40.67%). Other authors have achieved 
comparable results [15].  
Trypsin plays an important role in the virulence of 
many human, plant and insect pathogens. The trypsin 
inhibitors of plant origin have been reported widely 
from many plant species. O. vulgare extract exhibited 
low trypsin inhibition activity (17.1%). Naturally 
occurring trypsin inhibitors are proteins and this could 
explain the low activity of the ethanolic extract [12]. 
A good xanthine oxidase inhibition effect may be 
associated with a decrease in the production of uric 
acid. Our extract showed a good xanthine oxidase 
inhibitory activity (85.19%), so O. vulgare extract can 
provide encouraging premise for new anti-hyperuricemic 
natural products [18]. 
 
Conclusions 

This study is the first attempt to evaluate the inhibitory 
action of ethanolic extracts of the indigenous species 
Origanum vulgare ssp. vulgare on some key enzymes 
involved in chronic diseases. A specific phenolic profile 
was highlighted by the presence of rosmarinic acid 
and luteolin-7-O-glucuronide, as well as rosmanol 
and rosmadial, two phenolic diterpenes, which are 
reported for the first time. Our results showed that 
O. vulgare extract revealed a good urease, xanthine 
oxidase and tyrosinase in vitro inhibitory activity. 
These preliminary results could be useful for future 
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experimental studies, in order to define the efficiency 
of the O. vulgare extract in the treatment of different 
diseases. 
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Schiff bases (SBs) are chemical compounds displaying a significant pharmacological potential. They are able to modulate the activity
of many enzymes involved in metabolism and are found among antibacterial, antifungal, anti-inflammatory, antioxidant, and
antiproliferative drugs. A new thiazolyl-triazole SB was obtained and characterized by elemental and spectral analysis. The
antibacterial and antifungal ability of the SB was evaluated against Gram-positive and Gram-negative bacteria and against three
Candida strains. SB showed good antibacterial activity against L. monocytogenes and P. aeruginosa; it was two times more active
than ciprofloxacin. Anti-Candida activity was twofold higher compared with that of fluconazole. The effect of the SB on cell
viability was evaluated by colorimetric measurement on cell cultures exposed to various SB concentrations. The ability of the SB
to modulate oxidative stress was assessed by measuring MDA, TNF-α, SOD1, COX2, and NOS2 levels in vitro, using human
endothelial cell cultures exposed to a glucose-enriched medium. SB did not change the morphology of the cells. Experimental
findings indicate that the newly synthetized Schiff base has antibacterial activity, especially on the Gram-negative P. aeruginosa,
and antifungal activity. SB also showed antioxidant and anti-inflammatory activities.

1. Introduction

Aerobic organisms have antioxidant defense systems against
reactive oxygen species- (ROS-) induced damage produced
in various stress conditions. ROS are also involved in the
innate immune system and have an important role in the
inflammatory response; they attract cells, by chemotaxis, to
the inflammation site. Nitric oxide (NO) is another impor-
tant intracellular and intercellular signaling molecule
involved in the regulation of multiple physiological and path-
ophysiological mechanisms. It acts as a biological modulator.

NO is able to regulate vascular tone and can function as a
host defense effector. Also, it can act as a cytotoxic agent in
inflammatory disorders. NO synthase (NOS) enzyme family
catalyzes NO production. Inhibition of inducible NOS
(iNOS) might be beneficial in the course of treatment of cer-
tain inflammatory diseases [1]. The reactions between NO
and ROS, such as superoxide radicals (O2

⋅−), lead to the pro-
duction of a potent prooxidant radical (peroxynitrite), thus
inducing endothelial and mitochondrial dysfunction. The
major cellular defense against peroxide and peroxynitrite
radicals are the superoxide dismutases (SODs) that catalyzes
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the transformation of peroxide radicals into hydrogen perox-
ide (H2O2), which is further transformed by catalase into
water and molecular oxygen. Also, SODs play an important
role in preventing peroxynitrite formation [2]. All isoforms
have in their catalytic site a transition metal, such as copper
and manganese [3].

Recent studies showed that exogenous NO, produced by
bacterial NOS, protects Gram-positive and Gram-negative
bacteria (Pseudomonas aeruginosa, Staphylococcus aureus,
etc.) against oxidative stress and increases bacterial resistance
to a broad spectrum of antibiotics [4]. Fungal resistance to
antimycotic treatment is one of the consequences of the
emergence of resistant strains, but more and more, in the last
years, fungal resistance is due to the capacity of fungal strains
to form biofilms, which are considered critical in invasive
fungal infections, associated with high mortality. Certain
studies showed that only a few antimycotics are effective
against fungal biofilms. All of them have the capacity to
induce ROS formation in fungal biofilm cells [5]. In this
context, finding bioactive substances capable to reduce NO
synthesis in bacteria or able to induce ROS synthesis in
fungal biofilms could represent new directions in the devel-
opment of new antimicrobial drugs. Thiazoles, triazoles,
and their derivatives are found among antibacterial and
anti-inflammatory drugs [6–9].

Schiff bases (SBs) are chemical structures that have a
significant pharmacological potential. SBs contain an
azomethine group obtained through the condensation of
primary amines with carbonyl compounds [10]. The phar-
macophore potential of this group is due to their ability to
form complex compounds with bivalent and trivalent metals
located in the active center of numerous enzymes involved in
metabolic reactions. The relationship between a chemical
structure and biological activity (SAR) underlines the impor-
tance of the azomethine group for the synthesis of new com-
pounds with antibacterial, antifungal, and even antitumor
activities [11–13].

Multiple studies showed the ability of SBs to act as
antiproliferative and antitumoral agents [14–16]. The azo-
methine pharmacophore is used in developing new bioactive
molecules [17]. The discovery of selective cytotoxic drugs
influenced oncological therapy. However, completely satis-
factory answers for metastasis onset have not yet been found.
Due to the increased prevalence of neoplasia and to the exis-
tence of various cellular tumor lines resistant to cytotoxic
therapy, the research of new active agents is justified [18, 19].

The current study is aimed at testing a newly synthetized
heterocyclic SB in terms of antimicrobial activity against
Gram-positive and Gram-negative bacteria and antifungal

effects against Candida strains [20, 21], as well as to evaluate
the biocompatibility of the SB in vitro on human endothelial
cells and the ability of this SB to modulate oxidative stress, by
assessing enzymes involved in cellular antioxidant defense.

2. Materials and Methods

2.1. Synthesis of the Schiff Base.All reagents and solvents used
were purchased from Sigma-Aldrich and were used without
further purification. The starting compound was previously
reported and was synthesized by us according to methodolo-
gies described in the literature [21].

The synthesis of Schiff base (SB) 4-(3-bromobenzylidenea-
mino)-5-(4-methyl-2-phenylthiazol-5-yl)-4H-1,2,4-triazole-3-
thiol was made using a general procedure (Scheme 1) [21].
2mmol (0.578g) of 4-amino-5-(4-methyl-2-phenylthiazol-5-
yl)-4H-1,2,4-triazole-3-thiol was suspended in 10mL of abso-
lute ethanol. The resulting suspension was added with an
alcoholic solution of 2mmol of 3-bromobenzaldehyde in
5mL of absolute ethanol and 2-3 drops of concentrated
H2SO4, as a catalyst. The reaction mixture was refluxed for
6h. The obtained precipitate was filtered hot and washed
with absolute ethanol, and then, it was dried and recrystal-
lized from dimethyl sulfoxide (DMSO).

2.2. In Vitro Antibacterial and Antifungal Screening

2.2.1. Preparation of Sample Solution. SB was dissolved in
DMSO, at a final concentration of 100 μg/mL. Sample solu-
tion was stored at 4°C [22, 23].

2.2.2. Inhibition Zone Diameter Measurements. Antimicro-
bial activity was tested in vitro using the agar disk diffusion
method through the measurement of the inhibition zone
diameters. Agar plates were inoculated with a standardized
inoculum of the test microorganisms: two Gram-negative
bacterial strains—Salmonella enteritidis ATCC 14028 and
Escherichia coli ATCC 25922, two Gram-positive bacterial
strains—Listeria monocytogenes ATCC 19115 and Staphylo-
coccus aureus ATCC 49444, and a fungal strain—Candida
albicans ATCC 10231. Petri plates with Mueller Hinton Agar
(20.0mL) were used for all bacterial tests. Mueller-Hinton
medium supplemented with 2% glucose (providing adequate
growth of yeasts) and 0.5 g/L methylene blue (providing a
better definition of the inhibition zone diameter) was used
for antifungal testing. Each paper disk was impregnated with
10 μL of solution (100μg compound/disk). The filter paper
disks were placed on Petri dishes previously seeded “in layer”
with the tested bacterial strain inoculums. Then, Petri dishes
were maintained at room temperature to ensure the equal
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Scheme 1: Synthesis of the Schiff base (SB).
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diffusion of the compound in the medium, and afterwards,
the dishes were incubated at 37°C for 24 hours. Inhibition
zones were measured after 24 hours of incubation. Assess-
ment of the antimicrobial effect was realized by measuring
the diameter of the growth inhibition zone. Ciprofloxacin
(10 μg/well) and fluconazole (25μg/well) were used as
standard antibacterial and antifungal drugs. DMSO was used
for comparison, as a negative control, for all experiments,
and it did not inhibit the growth of microorganisms
(diameter = 6mm). The clear halos with a diameter larger
than 10mm were considered positive results [22, 23]. Tests
were performed in triplicate, and values are presented as
the average value ± standard deviation.

2.2.3. Determination of Minimum Inhibitory Concentrations
(MICs), Minimum Bactericidal Concentrations (MBCs), and
Minimum Fungicidal Concentrations (MFCs). Minimum
inhibitory concentrations (MICs), minimum bactericidal
concentrations (MBCs), and minimum fungicidal concentra-
tions (MFCs) were determined by an agar dilution method.
Strains of microorganisms used were as follows: Salmonella
enteritidis ATCC 14028, Escherichia coli ATCC 25922,
Listeria monocytogenes ATCC 19115, Staphylococcus aureus
ATCC 49444, Candida albicans ATCC 10231, Candida
albicans (ATCC 18804), and Candida krusei (ATCC 6258)
[22–26]. For the experiment, 100 μL nutrient broths were
placed in a 96-well plate, and sample solution at high con-
centration (100μg/mL) was added into the first rows of the
microplates. 10μL of culture suspensions was inoculated
into all the wells. The plates were incubated at 37°C for
16-24 hours (48 hours for fungi). The reference drugs,
ciprofloxacin and fluconazole, were used in the same
concentrations.

2.3. Determination of Antioxidant Activity by DPPH (2,2-
Diphenyl-1-picrylhydrazyl) Bleaching Assay. The DPPH
antioxidant activity assay was done as previously
described, with minor modification. SB was dissolved
in DMSO (1mg/mL). DPPH∙ radical was dissolved in
methanol (0.25mM). Equal volumes (1.0mL) of metha-
nolic DPPH solution and sample solution (or standard)
in methanol at different concentrations have been used.
The mixtures were incubated for 30min at 40°C in a
thermostatic bath; absorbance was measured at 517nm.
The percent DPPH scavenging ability was calculated as
follows: DPPH scavenging ability = ðAcontrol − AsampleÞ/

Acontrol × 100, where Acontrol is the absorbance of DPPH
radical and methanol (containing all reagents, except
the sample) and Asample is the absorbance of the mixture
of DPPH radical and sample. A curve of % DPPH scavenging
ability versus concentration was plotted, and IC50 values were
calculated. The IC50 value is the sample concentration
required to scavenge 50% of DPPH free radicals. The lesser
the IC50 value, the stronger the antioxidant capacity. Thus,
if IC50 ≤ 50 μg/mL, the sample shows a high antioxidant
capacity; if 50μg/mL < IC50 ≤ 200 μg/mL, the sample has a
moderate antioxidant capacity; if IC50 > 200 μg/mL, the sam-
ple has poor or no activity. BHT (butylated hydroxytoluene)

and trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-car-
boxylic acid) were used as positive controls [20, 27–30].

2.4. Assessment of the Ability of the SB to Modulate
Inflammatory Response and Oxidative Stress on Cell Cultures

2.4.1. Cell Source. Human umbilical vein endothelial cells
(HUVECs, Promocell, Hamburg, Germany) were used. The
cells were grown in RPMI medium supplemented with 5%
fetal calf serum, 50 μg/mL gentamycin, and 5ng/mL ampho-
tericin (Biochrom Ag, Berlin, Germany). Cell cultures in the
13rd to 15th passages were used. SB was diluted in DMSO
(Biochrom Ag, Berlin, Germany) to obtain a stock solution
of 1mg/mL. The stock solution was used to make further
dilutions in complete cell growth medium, immediately prior
to the experiments. The final DMSO concentration was lower
than 0.05%, a nontoxic concentration for the cells [31].

2.4.2. Cell Viability Testing. Cells cultured at a density of
104/well on ELISA 96-well plaques (TPP, Switzerland) were
settled for 24 hours, then exposed to different concentrations
of the substance ranging from 0.001 to 200 μg/mL. Viability
was measured by the colorimetric measurement of a colored
compound—formazan, generated by viable cells using the
CellTiter 96® AQueous Non-Radioactive Cell Proliferation
Assay (Promega Corporation, Madison, USA). Readings
were done at 540 nm, using an ELISA plate reader (Tecan,
Mannedorf, Austria). Results were presented as OD540. All
experiments were performed in triplicate. Untreated cultures
were used as controls [32].

2.4.3. Experimental Design. Four groups were made: (1) con-
trol cells treated only with medium, (2) cells exposed to a
high-glucose (4.5 g/L) medium, (3) cells treated with SB
0.001 μg/mL, and (4) cells concomitantly exposed to high
glucose and SB (0.001μg/mL). All groups were treated for
24 hours. Afterwards, cells were used for the assessment of
cytoskeleton modifications—phalloidin staining (fluores-
cence microscopy), oxidative stress (Western blot measure-
ment of SOD1, COX2, and inducible NOS2 and
spectrophotometric measurement of MDA), and inflamma-
tion (ELISA measurement of TNF-α).

2.4.4. Cell Lysis. The cell lysates used in the following exper-
iments were prepared as previously described [33]. Protein
concentrations were determined by the Bradford method,
according to the manufacturer’s specifications (Bio-Rad,
Hercules, California, USA) and using bovine serum albumin
as standard. For all assays, the lysates were corrected by total
protein concentration.

2.4.5. Oxidative Stress and Inflammation Assessment.
Quantification of malondialdehyde (MDA) a marker for
the peroxidation of membrane lipids was performed by
spectrophotometry, as previously described [34]. All reagents
were purchased from Sigma-Aldrich. Data were expressed
as nM/mg protein [35]. Following viability testing and
following the assessment of the MDA level, cells used in
further experiments were treated with a concentration of
0.001 μg/mL.
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TNF-α ELISA Immunoassay kit from R&D Systems, Inc.
(Minneapolis, USA) was used. Cell supernatants were treated
according to the manufacturer’s instructions; readings were
done at 450 nm with correction wavelength set at 540nm,
using an ELISA plate reader (Tecan) [33].

Lysates (20 μg protein/lane) were separated by electropho-
resis on SDS PAGE gels and transferred to polyvinylidene
difluoride membranes, using a Bio-Rad Miniprotean system
(Bio-Rad). Blots were blocked and then incubated with anti-
bodies against superoxide dismutase 1 (SOD1), cyclooxygen-
ase 2 (COX2), and inducible nitric oxide synthase 2 (NOS2),
then further washed and incubated with corresponding
secondary peroxidase-linked antibodies. All antibodies were
acquired from Santa Cruz Biotechnology. Proteins were
detected using Supersignal West Femto Chemiluminescent
substrate (Thermo Fisher Scientific, Rockford IL, USA) and
a Gel Doc Imaging system equipped with a XRS camera
and Quantity One analysis software (Bio-Rad). Glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH, Trevigen Bio-
technology, Gaithersburg, MD (Maryland), USA) was
used as a protein loading control.

Phalloidin-FITC 50 μg/mL (Sigma-Aldrich, St. Louis,
MO, USA) a marker for actin myofilaments (green) was used,
according to the manufacturer’s instructions. Cells were
seeded in chamber slides at a density of 5 × 104/chamber,
allowed to settle for 24 hours, and then exposed to high
glucose and SB as described above. Treated cells were then
stained with phalloidin-FITC. Images of cells were
documented at a magnification of 20x, using an inverted
microscope Olympus BX40 equipped with an Olympus
CKX-RFA fluorescent lamp and an E330 camera (Olympus,
Hamburg, Germany).

2.5. Statistical Analysis. The statistical significance of the dif-
ferences between the control group and the treated groups
was assessed with the nonparametric Kruskal-Wallis test for
multiple groups, followed by a post hoc analysis using the
Conover test. Correlation coefficients between parameters
have been calculated using Spearman’s correlation coefficient
for ranks (rho). Statistical tests were performed using Med-
Calc version 18.11.3 and GraphPad Prism Software version
8.0.2. The results were considered statistical significant at
p < 0:05.

3. Results

3.1. Chemical Characterization of the SB. The SB structure
was confirmed by elemental analysis and on the basis of its
mass spectrum (MS), infrared spectrum (IR), and nuclear
magnetic resonance (1H NMR and 13C NMR) spectra [21].

4-(3-Bromobenzylideneamino)-5-(4-methyl-2-phenylthia-
zol-5-yl)-4H-1,2,4-triazole-3-thiol. Yield 80.3% (0.366 g);
m.p. 268-270°C; light yellow powder; Anal. Calcd for
C19H14BrN5S2 (456.38): C, 49.89; H, 3.06; N, 15.33; S,
14.02; Found: C, 50.1; H, 3.07; N, 15.33; S, 14.07; IR
(ATR, cm−1): 3104 (ν NHtriazole), 1618 (ν -N=CH-), 1274
(ν C=S); 1055 (ν C-Br); 1H NMR (500MHz, DMSO-d6,
δ/ppm): 14.18 (s, 1H, NH), 9.52 (s, 1H, -N=CH-), 7.97–8.06

(d, 2H, ArH), 7.92 (s, 1H, ArH), 7.77 (d, 1H, ArH), 7.59
(d, 1H, ArH), 7.47-7.54 (m, 4H, ArH), 2.41 (s, 3H, CH3);
13C NMR (125MHz, DMSO-d6, δ/ppm): 170.12 (C=S),
159.15 (C), 157.66 (CH=N), 153.81 (C), 151.07 (C),
143.96 (C), 135.16 (C), 134.51 (C), 131.21 (CH), 130.93
(2CH), 130.29 (CH), 129.29 (2CH), 128.94 (CH), 128.68
(C), 127.36 (CH), 127.14 (CH), 15.92 (CH3); MS (EI,
70 eV) m/z (%): 457 (M+1).

3.2. Antimicrobial Activity. Results obtained by measuring
the diameters of growth inhibition zones of the tested micro-
organisms, compared to ciprofloxacin and fluconazole, used
as standard reference drugs, are presented in Table 1.

MIC, MBC, and MFC values of the new compound are
presented in Tables 2 and 3. The results showed that MIC
values ranged from 1.95 (Listeria monocytogenes) to
62.5 μg/mL, MBC values were between 3.9 and 125μg/mL,
and MFC scores ranged between 62.5 and 125μg/mL.

3.3. In Vitro Antioxidant Capacity. The antioxidant capacity
of the SB was determined by the DPPH bleaching method,
and BHT and trolox were used as positive controls. The
results are displayed in Table 4. The new compound showed
a very low IC50 value (16.10 μg/mL), similar to that of BHT
(16.39μg/mL).

3.4. Cell Viability. SB did not lead to significant changes in
HUVEC viability for doses lower than 0.1μg/mL (Figure 1).
Higher concentrations led to a dose-dependent viability
decrease, compared with control.

3.5. Assessment of the Ability of the SB to Modulate
Inflammatory Response and Oxidative Stress on HUVECs.
Lipid peroxidation level (MDA), the ability to modulate
inflammatory response (TNF-α, COX2), and the activity of
enzymes involved in the prooxidant/antioxidant equilibrium
(SOD1, NOS2) were appreciated. The ability of the SB to
modulate oxidative stress was tested in vitro on HUVECs,
using a glucose-enriched medium [36–38]. A SB concentra-
tion of 0.001 μg/mL was used for all experiments.

The effect of the newly synthetized compound on lipid
peroxidation (MDA level) was assessed. SB administration
decreased the MDA level compared with both control and
glucose-enriched medium, thus reducing the lipid peroxida-
tion in endothelial cells (Figure 2).

The TNF-α level was quantified through ELISA for the
same SB concentration (Figure 3). Glucose-enriched medium
slightly increased the TNF-α level. SB also increased the
TNF-α level both alone and in combination with glucose.

Table 1: Inhibition zone diameters on tested microorganisms.

Samples
Diameter of the inhibition zone (mm)

SA LM EC ST CA

Schiff base 14 14 14 18 18

Ciprofloxacin 28 18 27 22 —

Fluconazole — — — — 25

SA: Staphylococcus aureus; LM: Listeria monocytogenes; EC: Escherichia coli;
ST: Salmonella typhimurium; CA: Candida albicans.
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The same SB concentration (0.001 μg/mL) was used to
further test its effect on the protein level of the enzymes
involved in the oxidant/antioxidant equilibrium and in the
inflammatory response (SOD1, NOS2, and COX2).

An inflammatory marker (COX2) and antioxidant
enzyme (constitutive SOD1 and inducible NOS2) expression
was quantified by Western Blot (Figure 4).

COX2, an inflammatory marker, significantly decreased
after both glucose and SB treatments, compared to control.
Combined exposure (SB+G) strongly decreased the protein
level of COX2 (Figure 4(b)). This finding is consistent with
MDA levels and may be due to the antioxidant effect of the
SB in this experimental setting. Interestingly, it is not con-
sistent with TNF-α, a fact which might be explained by a
different mechanism than oxidative stress that triggers an
increase of TNF-α. Exposure to glucose-enriched medium
significantly decreased SOD1. SB slightly decreased SOD1
activity compared with the control group, but SOD1 activ-
ity was maintained at a significantly higher level, compared
with glucose (p < 0:05). Combination (SB+G) treatment sig-
nificantly decreased SOD1 compared with both glucose and
control (Figure 4(c)). Exposure to glucose increased signif-
icantly NOS2. The SB drastically decreased the NOS2 level
compared with both the control and glucose groups
(Figure 4(d)).

Correlation analysis, using Spearman’s coefficient for
rank correlation (Table 5), revealed statistically significant
positive correlations between MDA and enzyme (COX2,
SOD1, and NOS2) levels. On the other hand, the TNF-α
level negatively correlates with both MDA and all
enzymes measured.

Cell morphology does not seem to be affected by exposure
to the Schiff base compared to control. When exposed to
high-glucose concentration, cells had a tendency to conglom-
erate and to form multilayered spherical bodies, with alter-
ation of the actin filament disposition. The aspect of the
cells receiving combination treatment was similar to those
of controls (Figure 5).

4. Discussion

The structure of the Schiff base was established by elemental
analysis and on the basis of its mass spectrum (MS), infrared
spectrum (IR), and nuclear magnetic resonance (1H-NMR
and 13C-NMR) spectra. The results of the C, H, N, S quanti-
tative elemental analysis were in agreement with the calcu-
lated values, within ±0.4% of the theoretical values. The
spectral data confirmed the formation of the SB. The
recorded mass spectrum revealed the correct molecular ion
peak (M + 1), as suggested by the molecular formula. The
absence of the NH2 asymmetric and symmetric stretching
vibrations at 3281 cm−1 and 3186 cm−1, and the presence of
N=CH stretch absorption bands at 1618 cm−1 in the IR spec-
trum of the final compound provided strong evidences for
the formation of the SB. The 1H-NMR spectrum of the start-
ing compound was recorded a signal characteristic for the
amino protons, as a singlet, at 5.73 ppm. The absence of this
signal from the 1H-NMR spectrum of the newly synthesized
compound and the presence of a singlet characteristic to the
N=CH proton at 9.52 ppm further confirmed the condensa-
tion between the 4-amino-5-(4-methyl-2-phenylthiazol-5-
yl)-4H-1,2,4-triazole-3-thiol and the 3-bromo-phenyl-car-
baldehyde. The 13C-NMR spectrum of the newly synthesized
compound was consistent with the proposed structure.

The aim of the present study was to evaluate the antibac-
terial and antifungal activity of a new SB as well as its ability
to modulate oxidative stress.

The new thiazolyl SB exerted moderate to good antibacte-
rial activity against tested strains (Tables 1–3). The inhibition
of bacterial growth was more pronounced in Gram-negative
bacteria, especially in Pseudomonas aeruginosa strain, where

Table 2: Minimum inhibitory concentrations (MIC).

Samples
Minimum inhibitory concentration (MIC (μg/mL))

SA LM PA ST CA (ATCC 10231) CA (ATCC 18804)

Schiff base 31.25 1.95 1.95 62.5 62.5 31.25

Ciprofloxacin 1.95 3.9 3.9 0.97 — —

Fluconazole — — — — 62.5 62.5

SA: Staphylococcus aureus; LM: Listeria monocytogenes; PA: Pseudomonas aeruginosa; ST: Salmonella typhimurium; CA: Candida albicans.

Table 3: Minimum bactericidal (MBC) and minimum fungicidal concentrations (MFC).

Samples
MBC (μg/mL) MFC (μg/mL)

SA LM PA ST CA (ATCC 10231) CA (ATCC 18804) CK (ATCC 6258)

Schiff base 62.5 3.9 3.9 125 125 62.5 62.5

Ciprofloxacin 3.9 7.8 7.8 1.95 — — —

Fluconazole — — — — 125 125 125

SA: Staphylococcus aureus; LM: Listeria monocytogenes; PA: Pseudomonas aeruginosa; ST: Salmonella typhimurium; CA: Candida albicans; CK: Candida krusei.

Table 4: Antioxidant capacity using the DPPH method.

Samples IC50 (μg/mL)

Schiff base 16:10 ± 1:2

BHT 16:39 ± 0:9

Trolox 11:98 ± 0:4
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the SB showed better activity compared with ciprofloxa-
cin, used as the reference drug. Regarding antifungal
activity, the compound showed a better anti-Candida
effect than fluconazole, used as the reference drug. Previ-
ous studies showed that SBs have the ability to modulate
oxidative stress [17, 39]. This ability can be exploited in
order to use them as antibacterial drugs and/or as poten-
tial oxidative stress modulators in medicine. The SB was
tested on endothelial cells exposed to a glucose-enriched
environment.

High-carbohydrate intake, impaired glucose tolerance,
and diabetes mellitus lead to hyperglycemia and chronic
inflammatory status. Endothelial lesions are often involved
in the pathology of these conditions [40]. During inflamma-
tory episodes, such as response to injury, nitric oxide (NO) is
released in order to modulate vascular tone. Since glycocalyx

plays an important role in transducing the fluid stress to
the cytoskeleton of the endothelial cells, vasodilator sub-
stance production is stimulated [40–42]. High-glucose con-
centration increases oxidative stress and influences the
structure of the cytoskeleton. Exposure to high-glucose
hyperosmolar medium induces, using an AQP1-dependent
mechanism, remodeling of the F-actin and cytoskeleton
[43]. Our results are consistent with these findings
(Figure 5). A high-glucose level led tomitochondrial dysfunc-
tion and increased production of ROS [44, 45].

A glucose-enriched environment also triggers the release
of proinflammatory cytokines, such as tumor necrosis factor
alpha (TNF-α), by the cells involved in immune reactions
[46, 47], along with other proinflammatory molecules, such
as CRP, interleukin 6, intercellular adhesion molecule 1,
and VCAM-1. In diabetic patients, TNF-α was related with
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Figure 1: Cell viability testing. Schiff base (SB) was tested for multiple concentrations (0.01-200 μg/mL). Cell viability is presented as OD
540 nm (mean values ± standard deviation at 540 nm, n = 3).
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Figure 2: Lipid peroxidation levels (MDA) in endothelial cells
exposed to medium (control), glucose (G), Schiff base (SB),
and combination treatment (SB+G). Each bar represents the
mean ± standard deviation (n = 3). #Not significant. ∗p < 0:05.
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Figure 3: TNF-α levels in endothelial cells exposed to medium
(control), glucose (G), Schiff base (SB), and combination treatment
(SB+G). Each bar represents the mean ± standard deviation (n = 3).
#Not significant. ∗p < 0:05.
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an atherogenic profile and with vascular complications
[48]. A similar effect was obtained in our study, where
higher levels of TNF-α were observed after hyperglycemia
exposure. This effect was also seen after SB treatment
and was augmented by the combined SB and high-
glucose concentration. However, TNF-α production was
negatively correlated with MDA and antioxidant enzymes
(Table 5). This suggests that the increased TNF-α was
not produced through enhanced oxidative stress, but
through a different mechanism. Its clarification requires fur-
ther studies. Since TNF-α acts as a promoter of leucocyte
adhesion to the endothelium, the SB might be beneficial as
antimicrobial, local immune response, and oxidative status
modulator in the treatment of infectious diseases.

The results obtained by the DPPH study showed that the
SB exhibited antioxidant activity. The low IC50 value, similar
to the positive control (BHT), reflects a strong antioxidant
activity in vitro. The new compound showed radical scaveng-
ing activity according to the DPPH method, the presence of
the -SH group being probably responsible of the radical scav-
enging activity [49–51]. The effect of the SB on the oxidative
stress was also tested in vitro on cell cultures (HUVECs), by
assessing the MDA level, a marker of lipid peroxidation
and the expression of two enzymes involved in the oxidative
equilibrium (SOD1 and NOS2). The results showed that, at
the tested concentration (0.001 μg/mL), SB decreased lipid
peroxidation (MDA) and the protein level of certain enzymes

involved in the modulation of oxidative stress and inflamma-
tory response (COX2 and NOS2). These changes are consis-
tent with the DPPH result and suggest an anti-inflammatory
effect of the tested SB, mostly by interfering with the prooxi-
dant mediators.

The ability of the SB, in low concentrations, to decrease
lipid peroxidation, might be explained by its capacity to form
complexes with the bivalent and trivalent metal ions located
in the active center of the enzymes involved in the onset of
the oxidative stress or in the scavenging of the prooxidant
molecules [52–57]. The antioxidant effect on the human cells
(Figures 2 and 4) is also consistent with the absence of mor-
phological changes of the cells observed in the present study
(Figure 5).
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Figure 4: Protein levels of COX2, SOD1, and NOS2 in endothelial cells exposed to medium (control), glucose (G), Schiff base (SB), and
combination treatment (SB+G). Comparative Western blot images showing expressions of COX2, SOD1, and NOS2 in HUVECs (b, c, d).
Image analysis of Western blot bands (a) was performed by densitometry; results were normalized to GAPDH. Each bar represents the
mean ± standard deviation (n = 3). #Not significant. ∗p < 0:05.

Table 5: Spearman’s coefficient of rank correlation (rho) between
the oxidative stress and inflammation markers in HUVECs.

MDA TNF-α COX2 SOD1 NOS2

MDA 1.00 -0.776∗∗ 0.699∗ 0.462 0.595∗

TNF-α 1.00 -0.818∗∗ -0.566 -0.455

COX2 1.00 0.755∗∗ 0.431

SOD1 1.00 -0.144

NOS2 1.00
∗p < 0:05, ∗∗p < 0:01.
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Considering antibacterial activity, especially against Pseu-
domonas aeruginosa, the decrease of the NOS2 protein level
in HUVECs after SB exposure, it might be possible that the
synthesis of NO by bacteria could also be reduced. One of
the many proposed roles of NO in bacteria is to help protect
the bacteria from host cell antibiotic-induced oxidative stress;
therefore, the inhibition of bacterial nitric oxide synthase has
been identified as a promising antibacterial strategy, espe-
cially for resistant bacteria [58].

Nitric oxide synthase (NOS) inhibitor NO-donating
drugs were reported to inhibit IL-1β production, modulate
PGE2 production, and protect against apoptosis in human
endothelial cells and human monocytes [59]. In type 2
diabetes, hyperglycemia stimulates endothelial cell migration
in the retina, leading to retina neoangiogenesis and visual
impairment by CXC receptor-4 stimulation and activation
of the PI3K/Akt/eNOS signaling pathway. Therefore, SB
modulation of the NOS2 might be beneficial for the endothe-
lial dysfunction in hyperglycemia [60, 61].

Recent studies showed that the antibacterial and anti-
fungal activity in general and antibiofilm activity of some
newly identified classes seem to correlate with their ability
to induce ROS synthesis [5]. The SB showed an anti-Can-
dida effect, with a twofold increased activity compared
with the consecrated antifungal fluconazole (Tables 2 and
3). Also, the results showed that SB reduced the SOD1
level and increased the activity of the proinflammatory
cytokine (TNF-α). The antifungal effect could also be
explained by the ability of the tested SB to form com-
plexes between the azomethine group and the metal from
the active center of the enzymes and also by its capacity to
induce ROS production, similar with some antifungal azoles
(e.g., miconazole) [5].

Additional studies are needed in order to clarify the effect
of such compounds as SB and their role as adjuvant antioxi-
dant, antimicrobial, and local immune response modulators
(TNF-α) in the treatment of infectious diseases.

5. Conclusions

The new Schiff base exhibited antibacterial effects on both
Gram-positive and Gram-negative bacteria, as well as anti-
fungal activity against Candida albicans. The results of the
present study show that the new SB plays a role in the proox-
idant/antioxidant equilibrium. In the tested dose, SB does not
change endothelial cell morphology, has an antioxidant
effect, as demonstrated by the DPPH test, decreased lipid
peroxidation (MDA), and decreased the inducible NOS2
level. Therefore, it can be considered a potential candidate
with promising antioxidant properties that may be used as
an adjuvant therapy in diseases caused by excessive free rad-
ical production. The decrease in COX2 and NOS2 levels also
might suggest an anti-inflammatory action. A possible mech-
anism for the antibacterial activity on Gram-negative bacilli
could include the decrease of the bacterial NOS level and
the formation of complexes with metals located in the active
center of certain bacterial enzymes. Also, the SBmight poten-
tially act as an antifungal agent, through ROS production in
fungal biofilm cells. Its clarification requires further studies.

Data Availability

The data used to support the findings of this study are
included within the article.
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Figure 5: Images of HUVECs treated with medium (control), glucose (G), Schiff base (SB), and combination treatment (SB+G), stained with
phalloidin-FITC; the same microscopic field is presented as phase contrast images (a) and fluorescence images (b) for comparison (pictures
taken through an Olympus BX inverted microscope, original magnification 20x).
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Abstract: Background and objectives: Cancer represents the miscommunication between and within
the body cells. The mutations of the oncogenes encoding the MAPK pathways play an important
role in the development of tumoral diseases. The mutations of KRAS and BRAF oncogenes are
involved in colorectal cancer and melanoma, while the NRAS mutations are associated with
melanoma. Thiazolidine-2,4-dione is a versatile scaffold in medicinal chemistry and a useful tool
in the development of new antitumoral compounds. The aim of our study was to predict the
pharmacokinetic/pharmacodynamic properties, the drug-likeness and lead-likeness of two series
of synthetic 5-arylidene(chromenyl-methylene)-thiazolidinediones, the molecular docking on the
oncoproteins K-Ras, N-Ras and B-Raf, and to investigate the cytotoxicity of the compounds, in order to
select the best structural profile for potential anticancer agents. Materials and Methods: In our paper we
studied the cytotoxicity of two series of thiazolidine-2,4-dione derivatives, their ADME-Tox properties
and the molecular docking on a mutant protein of K-Ras, two isoforms of N-Ras and an isoform of
B-Raf with 16 mutations. Results: The heterocyclic compounds strongly interact with K-Ras and N-Ras
right after their posttranslational processing and/or compete with GDP for the nucleotide-binding
site of the two GTPases. They are less active against the GDP-bound states of the two targets.
All derivatives have a similar binding pattern in the active site of B-Raf. Conclusions: The data obtained
encourage the further investigation of the 5-arylidene(chromenyl-methylene)-thiazolidinediones as
potential new agents against the oncoproteins K-Ras, N-Ras and B-Raf.

Keywords: thiazolidine-2,4-dione; K-Ras; N-Ras; B-Raf; cytotoxicity; ADME-Tox; molecular docking

1. Introduction

Cancers are a group of diseases which can be perceived as miscommunications between the
cells and within the cells. One of the most dangerous triggers that leads to cancers is the mutation
of genes. Oncogenes are genes that encode proteins able to induce cancer via various metabolic
pathways. Somatic mutations in genes encoding the mitogen-activated protein kinase (MAPK)
pathways components occur frequently in various tumors, making them critical turning points in the
development of human cancer [1]. Oncogenic mutations in MAPK signaling pathways frequently
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affect the Ras proteins and the serine/threonine-protein kinase B-Raf (B-Raf) in the extracellular
signal-regulated kinase pathway [1–3]. In this respect, the most common somatic mutations of Kirsten
Rat Sarcoma Viral Oncogene Homolog KRAS and BRAF oncogenes are known to play an important role
in the advance and progression of both colorectal cancer (CRC) and melanoma [1,2,4–11]. Moreover,
Neuroblastoma Rat Sarcoma Viral Oncogene Homolog NRAS mutations also have a crucial role in the
development of melanoma [7,9,12] and are becoming an emerging threat in CRC [13]. In a very recent
review, Cicenas and collaborators suggested that the mutated oncoproteins of KRAS, NRAS and BRAF
oncogenes could skip the normal activation stage [7].

Clinical studies revealed that the prevalence of KRAS mutations in codons 12 and 13 in the
tumors of patients with metastatic CRC range from 35% to 42% [4,6,14], meanwhile the three most
common mutations (G12D, G12V and G13D) account for approximately 75% of all KRAS mutations [6].
KRAS undergoes alternative splicing, resulting in two isoforms of GTPase KRas (K-Ras) that differ
only in the C-terminal region [15,16] and both isoforms (K-Ras4A and K-Ras4B) are oncogenic when
gene is mutated [5,15–17].

Mutations of NRAS appear in codons 12, 13 and 61 and arise in 15%–20% of all melanomas and
the mutant GTPase NRas (N-Ras) has been associated with aggressive clinical behavior and poor
prognosis [12].

The products of KRAS and NRAS genes (K-Ras and N-Ras isoforms) belong to the Ras proteins
family [7,11,15,18] and are both small GTPases, having a 189 amino acids (AAs) length. Both GTPases
are involved in cellular signal transduction, having a crucial role in the regulation of cell proliferation,
differentiation and survival through various pathways. K-Ras and N-Ras act as molecular switches
by cycling between their guanosine-5′-triphosphate bound (GTP-b) active state and their guanosine
5′-imidotriphosphate bound (GDP-b) inactive state [15,18]. Recently, a 20 AAs length isoform of N-Ras
was found to be expressed in an aggressive cell phenotype of melanoma [19]. This 5th isoform of
Ras proteins doesn’t have GTPase activity and probably binds to another protein(s), to increase the
aggressiveness of melanoma cells.

BRAF gene encodes B-Raf, a protein belonging to the protein kinase superfamily,
the tyrosine-kinase like (TKL) serine/threonine-protein kinase family, and the RAF subfamily [7,8].
B-Raf plays an important role in regulating the MAP kinase/ERKs signaling pathway, which affects
cell division, differentiation, and secretion. BRAF mutations have been associated with various cancers,
somatic missense mutations appearing in 66% of malignant melanomas [8].

The conventional chemotherapy, due to its lack of action selectivity, has many adverse effects.
The research conducted in the last years has aimed to achieve a better understanding of the mechanism
of genesis and progression of malignant tumors, from where it is outlined the necessity of targeted
therapies [20]. Discovering efficient gene inhibitors has become a valuable direction in fighting cancer.
Some of the inhibitors may act as covalent binders [21–26]. 2,4-Thiazolidinedione (TZD) proved to
be a very versatile scaffold in medicinal chemistry; the heterocycle itself or combined with other
rings is a highly studied tool in cancer therapy. TZDs act mainly as agonist of the nuclear receptor
PPARγ. During recent years, numerous studies have been performed to understand their anticancer
mechanism of action. It seems that TZDs exert PPARγ-independent effects on a broad spectrum
of signaling targets: Wnt signal transduction pathways, Raf/MEK/ERK and PI3K/Akt signaling
pathway, DNAs and RNAs dependent interaction, PIM kinases inhibitor pathways, in producing
antiproliferative or apoptopic activity in various cell lines [27–31]. The derivatives substituted with
5-arylidene/5-chromenyl-methylene and 3-benzylidene groups seem to express higher activity [27].

Based on our team’s experience in the virtual screening, molecular docking, chemical synthesis
and biological investigation of different heterocyclic-based compounds [32–34], we present here the
investigation of the cytotoxicity of two series of 5-arylidene (chromenyl-methylene)-thiazolidine-2,4-
diones, their ADME-Tox profiling and the molecular docking on K-Ras, N-Ras and B-Raf proteins.
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2. Materials and Methods

2.1. Virtual Screening

VS carried out in this paper used two cheminformatics tools to accomplish its aim: an ADME-Tox
predictor and a docking software.

Ligands: prior to VS, an academic license of MarvinSketch was used for drawing, displaying of 2D
structure and 3D optimization of all ligands and generation of the required input files for ADME-Tox
predictions (SDF files) and docking (Tripos MOL2 files), MarvinSketch 16.10.24.0, 2016, ChemAxon
(https://www.chemaxon.com) [35].

Prediction of the ADME-Tox properties: was done with FAF-Drugs3 [36].
The previously generated SDF files were formatted accordingly FAF-Drugs3’s requirements

using the files formatter submodule—Bank Formatter. For the estimation of the lipophilicity and of the
derived ADME-Tox descriptors, we used XLOGP3 [37], due to its high prediction precision [38]. A series
of FAF-Drugs3′s build-in filters for lead-likeness, drug-likeness, detection of non-peptidic inhibitors of
protein-protein interactions (PPIs) [39], detection of undesirable moieties and substructures (UMSs)
involved in toxicity problems [40–50], covalent inhibitors [51,52], Pan-Assay Interference Compounds
(PAINS) [53,54] and a series of customized filters for safety profiling [44,55–57] were exploited for the
ADME-Tox screening.

The Lead-Like Soft filter uses descriptors for lead-likeness [58–61], meanwhile the Drug-Like
Soft filter is built on physico-chemical, molecular properties and bioavailability data, commonly
encountered in the development of new drugs [58,62–65]. These soft filters use a build-in
statistical analysis of drugs [36] from the e-Drugs3D library [65] for the threshold values of the
computed parameters.

PPIs are required in a normal, healthy life, while the abnormal PPIs may lead to diseases.
In consequence, they may be considered important targets in medicinal chemistry [66]. For this,
FAF-Drugs3 uses a decision tree [39,67] built on two trained Dragon descriptors, Ui and RDF070m [68].

The detection of UMSs involved in toxicity was possible due to FAF-Drugs3 build-in filters, based
on the literature data. Also, for identifying the covalent inhibitors (CIs), FAF-Drugs3 build-in filters
were applied. Three filters (A, B and C) [36,53,69] were used in order to discover PAINS [45,46].

We investigated the safety profiling according to the GSK 4/400 rule [57], the Pfizer 3/75 rule [56],
the estimation of phospholipidosis induction (PhI) [55], the MedChem rules [44] and the golden
triangle (GT) rule [70]. The MedChem rules allow the identification of the molecules that may disturb
the biological assays, allowing their removal from the screening. We used the MedChem rules in our
screening process with the regular settings, involving a 100-demerit cutoff.

2.2. Molecular Docking

Targets: docking demands the 3D structure of a target, which contains its spatial coordinates,
and for the target identification process it was necessary to cross-reference 3 on-line databases to
identify the most adequate targets with a high-resolution 3D structure—a resolution higher than
2.0 Å being advised for the docking computations [71]: The Human Gene Database—GeneCards®

(http://www.genecards.org) [72], The Universal Protein Resource—UniProt (http://www.uniprot.
org) [73] and RCSB Protein Data Bank—RCSB-PDB (http://www.rcsb.org) [74]. The targets selected
were: one of the most common mutants of K-Ras [6], the two isoforms of N-Ras (the canonical form
and the short isoform) and an oncogenic B-Raf isoform with 16 mutations (Table 1).

https://www.chemaxon.com
http://www.genecards.org
http://www.uniprot.org
http://www.uniprot.org
http://www.rcsb.org
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Table 1. Targets selected for docking—3D structural data.

Protein
3D Structure Data

PBD ID (Mutation) Resolution * (Å)

K-Ras 4DSU (G12D) [75] 1.70

N-Ras
3CON [TBP] 1.65

2N9C 20AAs [19] NA

B-Raf 5ITA (I543A, I544S, I551K, Q562R, L588N, K630S, F667E, Y673S,
A688R, L706S, Q709R, S713E, L716E, S720E, P722S, K723G) [76] 1.95

*: resolution is available only for 3D structures determined by X-ray crystallography; the term is not applicable for
structures determined by Nuclear Magnetic Resonance (NMR) spectroscopy; 20AAs: the 20 AAs length isoform of
N-Ras (N-Ras isoform 5), expressed in an aggressive cell phenotype of melanoma; NA: not applicable; TPB: to be
published, according to the RCSB-PBD site: http://www.rcsb.org/pdb/explore/explore.do?structureId=2N9C.

Docking set-up: all ligands were docked against the selected targets (Table 1), in separate runs,
with PyRx—Python Prescription 0.9.5 [77] AutoDock Vina was used as the docking algorithm [78].
AutoDock Vina automatically calculates the grid maps [78] based on a scoring function, inspired by
an X-score [79] and tuned with PDBbind data set [80,81], to predict noncovalent binding and clusters
the results. The renderings of resulting 3D images were performed with the help of The Visualization
ToolKit (VTK –Kitware, Inc. USA) (http://www.kitware.com) [82]—an embedded module of PyRx
0.9.5. Supplementary, Molegro Molecular Viewer 2.5 (Molegro, A CLC bio company, Aarhus N,
Denmark) was performed for more advanced extraction of data and high resolution renderings of the
individual poses. Docking runs against the corresponding PDB IDs (4DSU and 3CON) were carried
out twice: with and without the GDP molecule bound in its pocket. Separate single docking runs
were carried out for the N-Ras isoform 5 (2N9C) and for B-Raf (5ITA). The docking runs were realized
setting an extended search space to completely cover the target, with a volume higher than 27.0 Å3,
meanwhile the exhaustiveness was manually expanded 10 times from the default value (8), to increase
the precision of all predictions [78,83].

2.3. Cytotoxicity

The murine cancer cell lines B16 (mouse melanoma) and CT26 (colorectal carcinoma) (Thermo
Fisher Scientific, Waltham, MA, USA) were grown in Dulbecco’s modified essential medium (DMEM).
This was supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 100 U/mL penicillin and
100 µg/mL streptomycin. The growing cancer cells were plated onto 96-well plates, at 5000 cells/well,
in 200 µL DMEM. After 24 h, the cells were exposed, for 48 h, to dimethylsulfoxide (DMSO) and
to the compounds’ solutions, respectively. Stock solutions of compounds (10 mm) were diluted,
in order to obtain solutions of different concentrations (100 µm, 50 µm, 25 µm, 12.5 µm, 6.25 µm and
3.125 µm) [34]. The MTT (1-(4,5-dimethylthiazol-2-yl)-3,5-diphenyltetrazolium) test was used to assess
the viability of the cells. The number of the living cells, after 72 h of culture, directly proportional to
the intensity of the blue color, was spectrophotometrically measured, at 562 nm, by a microplate reader
(BioKinetics Reader EL340, Fisher Bioblock Scientific, Illkirch, France) [84]. Control cells were used
and they were exposed to 1% DMSO. The experiments were repeated three times. The results obtained
were quantified as the inhibitory concentrations for 50% of cells (IC50), for a 48 h exposure time.

3. Results

3.1. Chemistry

The thiazolidinedione derivatives investigated for their cytotoxicity were previously synthesized,
with the exception of compound 26, which was obtained according to the technique [85]:

5-((6-chloro-4-oxo-4H-chromen-3-yl)methylene)-3-(2-(4-methoxyphenyl)-2-oxoethyl)thiazolidine-2,4-dione (26):
Yield 75%. Yellow powder, mp: 300 ◦C. 1H NMR (DMSO-d6, 500 MHz,ppm): δ 3.06 (s, 3H, -CH3);

http://www.rcsb.org/pdb/explore/explore.do?structureId = 2N9C
http://www.kitware.com
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5.23 (s, 2H, -CH2-); 7.12 (d, 2H, phenyl); 7.65 (d, 1H, C8-chromone-H); 7.71 (dd, 1H, C7-chromone-H);
7.75 (s, 1H, C = CH); 7.94 (s, 1H, C5-Chromone-H); 8.06 (d, 2H, phenyl); 8.95 (s, 1H, C2-chromone-H).
Anal. Calcd. (%) for C22H14ClNO6S (455.87): C, 57.96; H, 3.10; N, 3.07; S, 7.03. Found: C, 57.92; H, 3.09;
N, 3.06; S, 7.05. MS (EI, 70 eV): m/z: 456.80 [M + 1].

3.2. Virtual screening (VS)—ADME-Tox predictions

A potential drug candidate has to correspond to some important drug features, such as: oral
absorption, body distribution, metabolism, excretion, low toxicity, beside its pharmacological activity.
This is why the virtual screening is extremely important in drug development, allowing the prediction
of these parameters (ADME-Tox predictions), with the help of specialized software, before the effective
lab synthesis. In our case, a license of MarvinSketch was involved in drawing and generating the 2D
structures, 3D optimization of all ligands, and also for creating the input SDF files for the ADMET
profiling and Tripos MOL2 files for docking (MarvinSketch 17.6.0, 2017, ChemAxon, Budapest,
Hungary) [35]. Table 2 summarizes the results of the ADME-Tox screening carried out with FAF-Drugs3,
for the lead-likeness and drug-likeness criteria.

Table 2. Virtual screening done with FAF-Drugs3, for lead-likeness and drug-likeness.

ID MW (Da) LogP HBA HBD Tpsa (Å2) RtB RiB Rs MxS Cs HA H/C Crg TCrg SC

DLStv 100–600 −3–6 ≤12 ≤5 ≤180 ≤11 ≤30 ≤6 ≤18 3–35 1–15 0.1–1.1 ≤3 −2–2 –

LLStv 150–400 −3–4 ≤7 ≤4 ≤160 ≤9 ≤30 ≤4 ≤18 3–35 1–15 0.1–1.1 ≤3 −2–2 ≤2

1 457.36 5.29 4 0 103.81 4 25 4 6 20 7 0.35 0 0 0
2 457.36 5.29 4 0 103.81 4 25 4 6 20 7 0.35 0 0 0
3 457.36 5.29 4 0 103.81 4 25 4 6 20 7 0.35 0 0 0
4 394.47 4.25 5 1 124.04 4 25 4 6 20 7 0.35 0 0 0
5 394.47 4.25 5 1 124.04 4 25 4 6 20 7 0.35 0 0 0
6 394.47 4.25 5 1 124.04 4 25 4 6 20 7 0.35 0 0 0
7 412.91 5.23 4 0 103.81 4 25 4 6 20 7 0.35 0 0 0
8 412.91 5.23 4 0 103.81 4 25 4 6 20 7 0.35 0 0 0
9 447.36 5.86 4 0 103.81 4 25 4 6 20 8 0.40 0 0 0
10 447.36 5.86 4 0 103.81 4 25 4 6 20 8 0.40 0 0 0
11 447.36 5.86 4 0 103.81 4 25 4 6 20 8 0.40 0 0 0
12 423.46 4.43 7 0 149.63 5 27 4 6 20 9 0.45 0 0 0
13 423.46 4.43 7 0 149.63 5 27 4 6 20 9 0.45 0 0 0
14 408.49 4.57 5 0 113.04 5 25 4 6 21 7 0.33 0 0 0
15 408.49 4.57 5 0 113.04 5 25 4 6 21 7 0.33 0 0 0
16 290.36 2.48 4 0 103.81 3 18 3 6 13 6 0.46 0 0 0
17 321.74 2.64 5 0 92.89 1 20 2 10 14 7 0.50 0 0 0
18 335.76 3.00 5 0 92.89 2 20 2 10 15 7 0.47 0 0 0
19 348.31 1.06 7 2 135.98 2 22 2 10 15 9 0.60 0 0 0
20 301.32 2.38 5 0 92.89 1 20 2 10 15 6 0.40 0 0 0
21 307.71 2.46 5 1 101.68 1 20 2 10 13 7 0.54 0 0 0
22 431.06 3.21 5 1 101.68 1 20 2 10 13 8 0.62 0 0 0
23 291.25 1.93 5 1 101.68 1 20 2 10 13 7 0.54 0 0 0
24 287.29 2.19 5 1 101.68 1 20 2 10 14 6 0.43 0 0 0
25 342.15 3.08 5 1 101.68 1 20 2 10 13 8 0.62 0 0 0
26 455.87 4.02 7 0 119.19 5 27 3 10 22 9 0.41 0 0 0
27 490.31 4.65 7 0 119.19 5 27 3 10 22 10 0.45 0 0 0
28 460.29 4.68 6 0 109.96 4 27 3 10 21 9 0.43 0 0 0

DLStv: threshold values of the Drug-Like Soft filter; LLStv: threshold values of the Lead-Like Soft filter; MW: molecular
weight (in Daltons); LogP: the logarithm of the partition coefficient between n-octanol and water; HBA: hydrogen
bond acceptors; HBD: hydrogen bond donors; tPSA: topological Polar Surface Area; RtB: number of rotatable bonds;
RiB: number of rigid bonds; Rs: number of the smallest set of smallest rings; MxS: maximum size of the biggest ring
system; Cs: number of carbon atoms; HA: number of heteroatoms; H/C: the ratio between the number of non-carbon
atoms and the number of carbon atoms; Crg: number of charged groups; TCrg: formal total charge of the compound;
SC: stereo centers (– computed only for leads) bold & italic values: violation of RO5, but do not overpass the
threshold values of drug-likeness filters; underlined values: overpass the thresholds for lead-likeness filters.

For a drug, a good oral bioavailability is a desired characteristic. The predictors used for this
property are: a good intestinal absorption, a reduced molecular flexibility, low polar surface area and
the hydrogen-bounding ability.

Thiazolidinediones 1–3 and 7–11 have a higher value of LogP, in terms of the drug-likeness filters
(LogP > 5), and only compounds 16–25 respect the lead-like criteria (LogP < 4). Thiazolidinedione
derivatives 1–3 and 26–28 also have bad predictions for the molecular weight (MW). All molecules have
values of tPSA inferior to 160 Å2, passing the criteria requested for the gastro-intestinal absorption,
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after an oral administration. The studied substances have less than 9 rotatable bonds (RtB) and no
chirality center (SC); in consequence, exhibiting low conformational flexibility. All compounds validate
all other filters for drug-likeness and also, for lead-likeness (Table 2).

The ADME-Tox profiling also provides a helpful guidance on acute and later toxicity (Table 3).

Table 3. ADME-Tox profiling—risks and safety concerns.

ID PPIs UMSs CIs
PAINS Filters GSK 4/400

Rule
Pfizer 3/75

Rule
PhI

Med
Chem

GT
RuleA B C

1 yes halogenure thioester UC ND ND ND bad warning not thioester out
2 yes halogenure thioester UC ND ND ND bad warning not thioester out
3 yes halogenure thioester UC ND ND ND bad warning not thioester out
4 yes thioester UC ND ND ND good warning not thioester out
5 yes thioester UC ND ND ND good warning not thioester out
6 yes thioester UC ND ND ND good warning not thioester out
7 yes halogenure thioester UC ND ND ND bad warning not thioester out
8 yes halogenure thioester UC ND ND ND bad warning not thioester out
9 yes halogenure thioester UC ND ND ND bad warning not thioester out
10 yes halogenure thioester UC ND ND ND bad warning not thioester out
11 yes halogenure thioester UC ND ND ND bad warning not thioester out
12 yes nitro thioester UC ND ND ND bad warning not thioester out
13 yes nitro thioester UC ND ND ND bad warning not thioester out
14 yes thioester UC ND ND ND bad warning not thioester out
15 yes thioester UC ND ND ND bad warning not thioester out
16 no thioester ND ND ND ND good good not thioester in
17 no halogenure thioester UC ND ND ND good good not thioester in
18 no halogenure thioester UC ND ND ND good warning not thioester in
19 no thioester UC ND ND ND good good not thioester in
20 no thioester UC ND ND ND good good not thioester in

21 no halogenure thioester
thiazolidinedione UC ND ND ND good good not thioester out

22 no halogenure thioester
thiazolidinedione UC ND ND ND good warning not thioester out

23 no thioester thiazolidinedione UC ND ND ND good good not thioester in
24 no thioester thiazolidinedione UC ND ND ND good good not thioester in

25 no halogenure thioester
thiazolidinedione UC ND ND ND good warning not thioester in

26 yes halogenure thioester UC ND ND ND bad warning not thioester out
27 yes halogenure thioester UC ND ND ND bad warning not thioester out
28 yes halogenure thioester UC ND ND ND bad warning not thioester out

PPIs: protein-protein interactions; underlined values: high risk UMSs; Cis: covalent inhibitors; UC: α, β-unsaturated
carbonyl (a covalent inhibitor moiety); PAINS: Pan-Assay Interference Compounds; ND: none detected (compound
is free of problematic substructures for the corresponding risk criteria); PhI: phospholipidosis induction.

The risk and safety concern profiling for the studied molecules revealed that these are not
phospholipidosis non-inducers. They are free of PAINS. All the lead-like compounds (16–25) were
detected as not being PPIs friendly and, with the exception of 16, the rest of all the investigated
compounds were flagged as possible covalent inhibitors, due to the presence of the α, β-unsaturated
carbonyl [40,86,87].

It can be observed that thiazolidinedione, a high risk UMSs [36], was detected in the structure
of 21–25 (Table 3), meanwhile all the other compounds have in their structure other low risk UMSs,
like nitro in compounds 12 and 13 [40,42,43], halogenure in 1-3, 7–11, 17, 18, 20, 21, 25–28 and
thioester [44]. Moreover, the thioester moiety (present in all compounds) is also considered a liability
by the MedChem rules, due to being potentially reactive or promiscuous [44].

The screening revealed that GSK 4/400 rule, the Pfizer 3/75 rule and the GT rule placed the
compounds 16, 17, 19, 20, 23 and 24, under the most favorable ADME-Tox predictions.

3.3. Molecular Docking

The results of the molecular docking runs on the mutant K-Ras, N-Ras or B-Raf isoforms are
presented in Table 4 as binding affinity (BA) for the best poses, at root-mean-square deviation (RMSD)
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equal to zero. The detailed binding patterns and the total energetic interactions are showed in
Supplementary Table S1. The graphical depiction of the docking results is illustrated in Figures 1–5.

Table 4. The binding affinity (BA) expressed by the thiazolidinedione derivatives 1–28.

Ligand ID
BA (kcal/mol)

K-Ras N-Ras B-Raf

4DSU 4DSUGDP−b 3CON 3CONGDP−b 2N9C 5ITA

1 −8.00 −7.80 −8.70 −6.10 −5.80 −9.10
2 −9.00 −8.00 −8.50 −6.20 −6.30 −9.70
3 −8.10 −7.60 −8.70 −5.90 −6.20 −8.90
4 −8.00 −7.70 −8.40 −6.50 −5.70 −9.10
5 −8.70 −7.70 −9.50 −6.30 −5.80 −9.40
6 −9.40 −7.80 −8.40 −6.30 −6.10 −9.10
7 −8.40 −7.90 −8.50 −6.40 −6.20 −9.30
8 −8.60 −7.80 −8.90 −6.20 −6.30 −9.10
9 −8.10 −8.20 −8.70 −6.50 −6.20 −9.40
10 −8.00 −7.70 −8.70 −6.00 −6.20 −9.40
11 −8.30 −7.40 −8.70 −6.20 −5.90 −9.20
12 −10.00 −7.90 −9.50 −6.70 −6.40 −9.70
13 −8.50 −7.40 −9.30 −6.20 −5.90 −9.80
14 −8.40 −7.80 −8.50 −6.20 −5.80 −9.20
15 −8.70 −7.60 −8.60 −6.20 −5.80 −9.10
16 −8.00 −6.20 −7.80 −5.50 −4.80 −7.90
17 −8.50 −6.70 −7.80 −5.80 −5.20 −8.20
18 −7.90 −6.60 −7.50 −5.80 −5.10 −8.10
19 −8.70 −6.90 −8.70 −6.10 −5.00 −8.20
20 −8.70 −6.90 −8.00 −6.10 −5.20 −8.90
21 −8.30 −6.80 −8.20 −6.00 −5.20 −9.00
22 −8.60 −6.90 −8.20 −5.60 −5.00 −8.60
23 −8.60 −7.20 −8.40 −6.30 −5.30 −9.50
24 −8.60 −7.00 −8.50 −6.20 −5.30 −9.30
25 −8.90 −6.80 −8.50 −5.90 −5.10 −9.00
26 −8.70 −7.50 −8.90 −6.60 −5.80 −10.40
27 −9.10 −7.50 −10.00 −6.60 −5.90 −10.20
28 −8.80 −7.40 −8.60 −6.40 −6.20 −10.30

GDP−b: GDP-bound state of GTPases; bold values: the strongest interaction with the target chosen.

−

−
− −

− −
–

—

Ras isoform 5 (which doesn’t have GTPase activity and is responsible

 

 

(a) (b) 

—

– – –

—

–
– – –

Figure 1. General views and details of the docking poses in the active site of K-Ras (target is presented
as thin sticks with secondary structure drawn as cartoon backbone and transparent light blue molecular
surface, meanwhile ligands are figured as ball-and-stick—image rendered with VTK/PyRx 0.9.5).
(a) The docking results for K-Ras without GDP bound in the pocket; (b): The docking poses from the
simulation against the GDP-bound state of K-Ras (top-left: GDP; central-bottom: 1–16, 23, 28; top-right:
17–22, 24–27).
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Ras isoform 5 (which doesn’t have GTPase activity and is responsible

—
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(a) (b) 

—

–
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Figure 2. General views and details of the docking poses in the active site of N-Ras (the target is
presented as thin sticks with secondary structure drawn as cartoon backbone and transparent light
blue molecular surface; the ligands are depicted as ball-and-stick—image rendered with VTK/PyRx
0.9.5). (a): The docking results for N-Ras without GDP bound in the pocket; (b): The docking poses
from the simulation against the GDP-bound state of N-Ras (A: GDP, 3–4; 6, 8, 15, 22; B: 13, 16, 23, 28;
C: 1–2, 7, 9–12, 14, 18-20; D: 15, 21, 24–27; E: 5).

 
(a) 

 
(b) 

 
(c) 

—

— — —
—

Figure 3. Best pose of compound 16 in the active site of the canonical isoform of N-Ras without
GDP bound in the pocket (the target is presented as thin sticks with secondary structure drawn as
cartoon backbone; the ligand is drawn as sticks; the H-bonds are in dashed blue lines—image rendered
with Molegro Molecular Viewer 2.5). (a) General view and detail: ligand is presented buried in the
nucleotide-binding pocket (molecular surface of target is depicted as electrostatic potential molecular
surface); (b) Detail: hydrogen bonds formation with Ala18 and Tyr32; (c) Detail: energy grid depiction
(green—steric favorable; light blue—hydrogen acceptor favorable; yellow—hydrogen donor favorable;
orange to red and dark blue—electrostatic interactions).
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—

— — —
—

 

Figure 4. General view and detail of the docking poses in the active site of N-Ras isoform 5 (the target
is presented as thin sticks with secondary structure drawn as cartoon backbone and solid light blue
molecular surface; the ligands are drawn as ball-and-stick—image rendered with VTK/PyRx 0.9.5).—

 

μM)

Figure 5. General view and detail of the docking poses in the active site of B-Raf (the target is presented
as thin sticks with secondary structure drawn as cartoon backbone and transparent light blue molecular
surface; the ligands are drawn as ball-and-stick - image rendered with VTK/PyRx 0.9.5).

The strongest interaction with the targets chosen was that of compound 12, bearing a nitro
moiety: the binding affinity for the mutant isoform of K-Ras was −10 kcal/mol, respectively for
N-Ras isoforms, −6.70 kcal/mol and −6.40 kcal/mol. Compound 26 proved to be a strong binder of
B-Raf (−10.40 kcal/mol) and compound 27, of N-Ras (−10 kcal/mol). The substances which passed
the lead-like filter in the ADME-Tox predictions (16–25) have good binding affinities to the targets,
but do not display the strongest interaction. From Table 4 it could be observed that the safer lead-like
compound, 16 (the non-covalent binder—Figure 3) is a weak binder of K-Ras and B-Raf, and slightly
more potent that 19 against the canonical isoform of N-Ras. All compounds are less active against the
N-Ras isoform 5 (which doesn’t have GTPase activity and is responsible for an aggressive phenotype
of melanoma) and interact with the alpha-helix (Supplementary Table S1 and Figure 4).

The thiazolidinedione derivatives studied bound more weakly to the GDP-bound state of the
GTPases (Figures 1 and 2).
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The thiazolidinediones studied have a similar binding pattern in the active site of B-Raf (Figure 5)
from the protein kinase domain, between Ile463 and Gly596 (Supplementary Table S1).

3.4. Cytotoxicity

Genetic alterations in the MAPK pathway (including the mutation of KRAS, NRAS and
BRAF genes) can cooperate in the development of B16 melanomas [88,89] and CT26 colorectal
carcinoma [90,91]. Considering this aspect, we investigated the cytotoxicity of the compounds on B16
and CT26 murine cell lines. The results obtained are presented in Table 5.

Table 5. The cytotoxicity of the thiazolidinedione derivatives.

Compound
IC50 (µM)

B16 CT26

1 82.794 27.227
2 45.394 29.923
3 17.061 >100
4 74.131 >100
5 53.407 57.544
6 52.481 29.444
7 30.2 >100
8 69.502 81.846
9 37.931 >100

10 >100 >100
11 49.888 >100
12 87.297 >100
13 66.834 40.832
14 62.373 67.298
15 >100 >100
16 >100 >100
17 28.314 [34] >100 [34]
18 66.374 [34] >100 [34]
19 56.624 >100
20 69.823 [34] 62.951 [34]
21 40.272 [34] 33.651 [34]
22 42.17 [34] 52.481 [34]
23 72.277 [34] 73.451 [34]
24 85.114 [34] 67.608 [34]
25 NT NT
26 NT NT
27 NT NT
28 NT NT

Bold values: good inhibitory activity; bold & italic values: the best inhibitory activity; NT: not tested.

The best inhibitory effect of the B16 cells was registered for the compound 3 (IC50 = 17.061 µm),
bearing a 4-Br-benzylidene fragment in its structure. The weakest activity was that of derivatives 10,
15 and 16, with IC50 > 100 µm. Regarding the effect against the CT26 cells, it can be observed that
compound 1, with a 2-Br-benzylidene moiety, had the lowest IC50 (27.227 µm), and therefore had the
best inhibitory activity. The weakest effect was displayed by the thiazolidinediones 3, 4, 7, 9–12, 15–19
(IC50 > 100 µm).

4. Discussion

The thiazolidinedione derivatives belong to two structural profiles: 5-arylidene-N-(phenyl-
thiazolyl-methylene)-2,4-thiazolidinediones 1–16 (Table 6) [33] and 5-chromenyl-methylene-
2,4-thiazolidinediones 17–28 (Table 7) [34,85,92].
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Table 6. Chemical structures of the N-substituted 5-arylidene-2,4-thiazolidinediones 1–16.

μ

μ
μ

–
– μ

–
–

–

 

Compound R1 R2

1 2-Br H
2 3-Br H
3 4-Br H
4 2-OH H
5 3-OH H
6 4-OH H
7 3-Cl H
8 4-Cl H
9 2-Cl 3-Cl

10 2-Cl 4-Cl
11 2-Cl 6-Cl
12 3-NO2 H
13 4-NO2 H
14 3-OCH3 H
15 4-OCH3 H

16

μ

μ
μ

–
– μ

–
–

–

4-OCH  H 

 

Table 7. Chemical structures of the 5-chromenyl-methylene-2,4-thiazolidinediones 17–28.–

 

nd   

Cl  

– –11 had higher values of LogP, since there was only one violation of Lipinski’s 
“Rule of 5”

–

Veber’s rule ] and with Egan’s rule 

and a sign of molecules’ toxicity. 

Compound R1 R2 R3

17 Cl H CH3
18 Cl H C2H5
19 F H CH2-CO-NH2
20 CH3 H CH3
21 Cl H H
22 Br Br H
23 F H H
24 CH3 H H
25 Cl Cl H
26 Cl H CH2-CO-C6H4-OCH3 (p)
27 Cl Cl CH2-CO-C6H4-OCH3 (p)
28 Cl Cl CH2-CO-C6H5

Virtual screening (VS) proved to be a highly useful tool for drug discovery, being able to select
the most promising chemical profiles as drug candidates, before the lab synthesis. This adds value to
a targeted, more environmental-friendly obtention process, with a considerable reduction of the work
time and a remarkable increase in efficiency.
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A good oral bioavailability represents a very important characteristic of a bioactive substance.
In our case, all the investigated compounds complied with the drug-likeness filters. Even if molecules
1–3 and 7–11 had higher values of LogP, since there was only one violation of Lipinski’s “Rule
of 5” (RO5) [93], the estimation of the oral bioavalability was good. Regarding the lead-likeness
predictions, only compounds 16–25 can be considered good lead-like molecules, meanwhile all the
rest of the investigated structures fail in terms of the logarithm of the partition coefficient between
n-octanol and water (LogP). All thiazolidinedione derivatives complied with Veber’s rule [94] and
with Egan’s rule [95] on the molecular properties with impact on the oral bioavailability. Topological
polar surface area (tPSA), a descriptor that correlates well with the transport through membranes,
including the blood-brain barrier, had values inferior to 140 Å2, suggesting that the compounds pass the
criteria required for a good gastro-intestinal absorption, after an oral administration. Supplementary,
all derivatives were predicted to have a reduced blood-brain barrier transport (tPSA > 90 Å2.
This aspect presents a high significance due to the reduced or totally absent possible side effects
on the central nervous system.

In drug development, the investigation of both acute and later toxicity is mandatory: a drug must
be pharmacologically active, but also very well tolerated, without side effects. The software-based
predictions of the safety and risks profiling are very useful tools in medicinal chemistry, providing
many advantages, such as: the availability of the specialized software, the rapidity of the data obtention,
the possibility of selecting multiple parameters and filters and the major ethical advantage of reducing
the number of the lab animals sacrificed in the classical toxicity assays. The screening performed on our
compounds showed that these are not inducers of phospholipidosis, which is a disorder manifested by
the accumulation of phospholipids in tissues and a sign of molecules’ toxicity. All substances seemed
to be free of PAINS (structures or substructures predicted not to interfere with the biological assays)
and PPIs friendly, therefore successfully complying with these safety criteria.

The ADME-Tox profiling identified some low risk problematic moieties in the structure of the
compounds, like thiazolidinedione, halogenure, nitro or thioester. MedChem rules considered the
thioester fragment as potentially reactive or promiscuous. Considering this observation, the lead-like
compounds 16–20 should be placed on the short list of possible hits for further structural optimization
in a drug development project. Applying the GSK 4/400 rule, the Pfizer 3/75 rule and the GT rule, we
could select the derivatives 16, 17, 19, 20, 23 and 24 as the best candidates, with an optimal permeability
(low clearance) and a good metabolic stability [70].

The ADME-Tox data revealed that the studied thiazolidinedione derivatives display good
pharmacokinetic properties, but with some limitations. All compounds pass the drug-likeness criteria,
while only compounds 16–25 pass the lead-likeness filter. Further structural optimization might be
helpful in achieving better ADME-Tox properties.

Molecular docking represents a modern, useful tool in drug discovery. Based on computation
methods, it aims to give a prediction of a ligand-receptor complex, therefore suggesting a mechanism
of action for the compounds studied.

In our paper, the binding patterns and the binding affinities of the compounds suggest that the
substances may strongly interact with K-Ras and N-Ras right after their posttranslational processing
and/or compete with GDP for the nucleotide-binding site of the two GTPases. Moreover, all the
investigated molecules are less active against the GDP-bound states of the two targets, being weak
binders. The compounds interact with the G domain of K-Ras and N-Ras in the bordering region of
the nucleotide-binding pocket, in the absence of GDP molecule, acting as a competitor of GDP for its
binding pocket. In the presence of GDP in the binding pocket, the compounds not only are weaker
binders, but the binding patterns also indicate less pharmacological relevance.

However, AutoDock Vina cannot evaluate the covalent binding capacity of which derivatives are
capable (with the exception of 16), as resulted from the ADME-Tox predictions.

The binding pattern in the active site of B-Raf from the protein kinase domain, similar for
all thiazolidinediones investigated, suggests that the tested compounds may also interact with the
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other members of TKL serine/threonine-protein kinase family, since the interaction region is highly
conserved—especially for the RAF subfamily [7,8].

The evaluation of the cytotoxicity is a mandatory step in drug development. For this, we evaluated
in vitro the viability of the B16 (mouse melanoma), respectively CT26 (colorectal carcinoma) murine
cell lines growth, in an MTT assay. Analyzing the data obtained, we could say that compounds 2,
3, 7, 9, 11, 17, 21 and 22 manifested a good inhibitory effect (IC50 < 50 µm), against the B16 cells.
From these, the derivative 3, with a 4-Br-benzylidene fragment in position 5 of the thiazolidinedione
ring, displayed the lowest value of IC50. The proliferation of CT26 cells was effectively impeded by
compounds 1, 2, 6, 13, 21. The strongest activity was manifested by the thiazolidinedione derivative 1,
bearing the 2-Br-benzylidene fragment bound to the heterocycle. The good inhibitory effect expressed
by the two molecules with bromine, confirm the impact of this halogen on the cytotoxic activity, in total
agreement with the literature data [27].

5. Conclusions

The cytotoxicity assay realized on the two series of 5-arylidene-N-(phenyl-thiazolyl-methylene)
-2,4-thiazolidinediones and 5-chromenyl-methylene-2,4-thiazolidinediones, respectively, revealed
that the compounds expressed good inhibitory effects against the B16 and CT26 cell lines as well.
The strongest activity was manifested by the derivatives with a Br-benzylidene fragment in the
structure. All the investigated compounds complied with the drug-likeness filters, while substances
16–25 could be considered as lead-like molecules. The thiazolidine-2,4-diones were less active against
the GDP-bound states of the K-Ras and N-Ras isoforms chosen as targets, acting as competitors of
GDP for its binding pocket. The binding pattern in the active site of B-Raf was common to all the
investigated compounds and was highly conserved. All data obtained encourage us to continue work
in the field of the thiazolidinedione heterocyclic derivatives with therapeutic properties.

Supplementary Materials: The following are available online at http://www.mdpi.com/1010-660X/55/4/85/s1,
Table S1: Binding patterns and total energetic interactions of the thiazolidine-2,4-dione derivatives.
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ABSTRACT

The rapid emergence of bacterial resistance to antibiotics currently available for treating infectious
diseases requires effective antimicrobial agents with new structural profiles and mechanisms of action.
Twenty-three thiazolin-4-one derivatives were evaluated for their antibacterial activity by determining the
growth inhibition zone diameter, the minimum inhibitory concentration (MIC), and the minimum bacteri-
cidal concentration (MBC), against gram-positive and gram-negative bacteria. Compounds 3a–c, 3e–h,
6b–c and 9a–c expressed better MIC values than moxifloxacin, against Staphylococcus aureus. Compounds
3h and 9b displayed similar effect to indolmycin, a tryptophanyl-tRNA ligase inhibitor. Due to their struc-
tural analogy to indolmycin, all compounds were subjected to molecular docking on tryptophanyl-tRNA
synthetase. Compounds 3a–e, 6a–e, 8 and 9a–e exhibited better binding affinities towards the target
enzymes than indolmycin. The antioxidant potential of the compounds was evaluated by four spectro-
photometric methods. Thiazolin-4-ones 3e, 6e and 9e presented better antiradical activity than ascorbic
acid, trolox and BHT, used as references.
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1. Introduction

Thiazoles, in general, and their derivatives, thiazolin-4-ones, in
particular, are an important class of heterocyclic compounds, with a
remarkable medicinal value. They have been associated with a large
variety of significant pharmacological activities, such as antifun-
gal1–3, antibacterial4,5, antitumor3,4,6, antiviral7, antioxidant6,8, neuro-
protective9, analgesic, anti-inflammatory4,10 and anticonvulsant9.

The significant progress of medicinal chemistry, represented by
the discovery of antibiotics, during the past decades led to major
improvements in the diagnosis, prognosis and therapy of infec-
tions. Despite the numerous antibacterial agents approved for the
treatment of infectious diseases, the continuously developing
resistance of bacteria to most common classes of antibiotics and
the emerging difficulties in dealing with infections outcome in
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hospitalised patients or in patients with impaired immune sys-
tem11, drew the scientists’ attention towards the discovery of
effective antimicrobial agents, with new structural profiles and
mechanisms of action.

The aminoacyl-tRNA synthetases, also called aminoacyl-tRNA
ligases, are a class of validated enzymatic targets that remain
underexploited and that play an important role in RNA translation,
the expression of genes to create proteins. Aminoacyl-tRNA syn-
thetases are responsible for the precision of ribosomal protein bio-
synthesis by ensuring that amino acids are correctly esterified to
their corresponding tRNA molecules. In general, there is a specific
aminoacyl-tRNA synthetase available for each amino acid12.
Compounds that can selectively inhibit these bacterial enzymes
without interfering with their mammalian analogues are therefore
potential candidates for antimicrobial agents. There have been
reported several natural aminoacyl-tRNA synthetase inhibitors, like
indolmycin (a tryptophanyl-tRNA synthetase (TrpRS) inhibitor),
granaticin (a leucyl-tRNA synthetase inhibitor), mupirocin (a iso-
leucyl-tRNA synthetase inhibitor, clinically used as a topical anti-
bacterial agent), and ochratoxin A (a phenylalanyl-tRNA synthetase
inhibitor)13.

Indolmycin is a natural antibiotic that was first isolated in
1960 and that competitively inhibits the bacterial TrpRS, due to
its analogy to L-tryptophan (Figure 1). This enzyme activates
L-tryptophan for translation by forming a tryptophanyladenylate
intermediate and then it links this activated amino acid to the
corresponding tRNA molecule (tryptophanyl-tRNA). Although
potent antibacterial activity against bacteria like Helicobacter

pylori, Escherichia coli, Bacillus subtilis, and mupirocin and methi-
cillin-resistant Staphylococcus aureus was reported for indolmycin,
because of its insufficient activity against common pathogenic
bacteria, the development of indolmycin for chemotherapeutic
use was abandoned14,15. Better antibacterial potential was
reported against gram-positive bacteria due to a higher

intracellular uptake of indolmycin by the uptake systems for tryp-
tophan. A poorer antibacterial activity on gram-negative bacteria
was attributed to the lower penetrability of indolmycin through
the hydrophilic barrier of the outer membrane, due to its
increased hydrophobicity16.

The excess of reactive oxygen and nitrogen species causes oxi-
dative stress, that has been increasingly recognised in the last
decades as an important contributing factor in the pathogenesis
of many serious diseases, such as atherosclerosis, heart failure,
myocardial infarction, diabetes and its complications, several
neurodegenerative diseases, cancer and cirrhosis of the liver17.
Some phenolic synthetic antioxidants, like butylhydroxytoluene
and butyllhydroxyanisole, widely used as antioxidants and preser-
vatives in the food industry, pharmaceutical preparations, and cos-
metic formulations are anticipated to be tumour promoters, based
on reported evidence of carcinogenicity from studies in experi-
mental animals18. Therefore, there is a great demand for the dis-
covery of new potent antioxidant therapeutics, with a better
pharmaco-toxicological profile. Compounds bearing chromone,
thiazole, thiazolin-4-one, or phenol moieties8,19,20 have been
reported to possess antioxidant activities.

There is also an increased need for the discovery of novel
antibacterial agents, especially for the treatment of chronic
infections such as mucoviscidosis, a genetic disease that is fre-
quently associated with infections caused by drug-resistant
pathogens and epithelial damage due to pulmonary oxidative
stress. In these situations, it would be useful to develop
bioactive compounds that have antioxidant and antibacterial
properties combined in the same molecule. A better therapeutic
solution for treating complex multigenic diseases like the one
mentioned above would be the development of new dual-active
antibacterial-antioxidant agents21.

Based on the various biological activities of the thiazoline-4-
ones that have been reported in the literature, we present herein

Figure 1. The study design and the chemical structures of the synthesized compounds.
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the antibacterial and antioxidant activity evaluation of previously
synthesized thiazoline-4-ones2 diversely substituted in positions 2
and 5. In order to establish the compounds potential mechanism
of action, due to their structural analogy to indolmycin (Figure 1),
the previously reported thiazolin-4-one derivatives2 were docked
against two bacterial tryptophanyl-tRNA ligases and their affinities
towards these biological targets were assessed. As some of the
compounds have other chromophores in their structure, like the
chromone, thiazole and phenol moiety, with proven antioxidant
activity8,19,20, the antioxidant potential of the compounds was
evaluated by assessing the DPPH� radical scavenging activity, the
ferric reducing antioxidant power (FRAP), the reducing power and
the total antioxidant capacity (TAC).

2. Materials and methods

2.1. Antibacterial activity assays

Stock solutions (1mg/mL) were prepared by dissolving the test
compounds (the thiazolin-4-one derivatives and indolmycin) and
the reference antibacterial agent (moxifloxacin) in sterile dimethyl
sulfoxide (DMSO). Moxifloxacin and DMSO were purchased from
Merck (Darmstadt, Germany) and indolmycin was purchased from
Toronto Research Chemicals (North York, Canada).

The microorganisms used for the antimicrobial activity evalu-
ation were obtained from the University of Agricultural Sciences
and Veterinary Medicine Cluj-Napoca, Romania. The inhibition
zone diameters, the minimum inhibitory concentration (MIC) and
minimum bactericidal concentration (MBC) values were deter-
mined against cultures of gram-positive bacteria S. aureus ATCC
49444 and gram-negative bacteria E. coli ATCC 25922.

2.1.1. Determination of inhibition zone diameters

The in vitro antimicrobial activity was determined using the cup-
plate agar diffusion method according to the Clinical and
Laboratory Standards Institute (CLSI) guidelines22.

For antibacterial testing, Mueller–Hinton agar medium and
0.5mg/mL methylene blue (providing a better definition of the
inhibition zone diameter) were used. The inoculum was prepared
by suspending five representative colonies, obtained from an
18–24 h culture on nonselective nutritive agar medium, in sterile
distilled water. The cell density was adjusted to the density of a
0.5 McFarland standard by measuring the absorbance in a spec-
trophotometer at a wavelength of 530 nm and adding sterile dis-
tilled water as required (corresponding to a population of
1–5� 103 CFU/mL). A sterile swab was soaked in suspension and
then the Mueller–Hinton agar plates were inoculated by streaking
the entire surface. After drying for 10–15min, six-millimeter diam-
eter wells were cut from the agar using a sterile cork-borer, and a
volume of 20mL of each compound solution (1mg/mL in DMSO)
was delivered into the wells (20mg/well). Moxifloxacin (20mg/well)
was used as standard drug. The controls were performed with
only sterile broth, overnight culture and 20mL of DMSO. The
plates were incubated at 35 �C. Zone diameters were measured to
the nearest whole millimeter, at a point in which there was no vis-
ible growth after 24–48 h. Results were obtained in triplicate. The
solvent used for the preparation of each compound stock solution
(1mg/mL), DMSO exhibited no inhibitory activity against the
tested bacterial strains.

2.1.2. Determination of MIC and MBC values

Antibacterial activity was tested by the broth microdilution
method according to the Clinical and Laboratory Standard
Institute (CLSI) guidelines23, following a previously reported proto-
col24. The growth control, sterility control and control of antibac-
terial compounds were used. The MIC was defined as the lowest
concentration required for arresting the growth of bacteria. The
MBC was defined as the lowest concentration of the agent at
which no colonies are observed. All MIC and MBC assays were
repeated three times.

2.2. Antioxidant activity assays

1mg/mL stock solutions of the tested compounds (2, 3a–h, 5,
6a–e, 8, 9a–e, 10 and 11) were prepared by dissolving the solid
powders in DMSO.

Overlapping of the absorption spectra of the compounds in
the region 430–700 nm (Figure S1 in Supplementary Materials)
was realised using a UV-VIS spectrophotometer Jasco V-530
(Jasco International Co., Tokyo, Japan) and 2.5mL cuvettes of
poly(methyl methacrylate) with a 10mm light path. None of the
tested compounds have absorption peaks near the wavelengths
where the antioxidant and antiradical assays were performed
(517 nm, 593 nm, 695 nm, and 700 nm). All the assays were per-
formed in triplicate, mean values of different measurements
being reported.

Analytical grade methanol and DMSO were purchased from
Sigma (St. Louis, MO), DPPH�, ascorbic acid, trolox and dibutylhy-
droxytoluene (BHT) were purchased from Alfa-Aesar
(Karlsruhe, Germany).

2.2.1. The DPPH� scavenging activity

The antioxidant potential of the synthesized compounds was
assessed on the basis of their radical scavenging effect of the sta-
ble 2,2-diphenyl-1-picrylhydrazyl (DPPH�) following a previously
described method in the literature with a few minor modifica-
tions25,26. The samples were dissolved in DMSO or absolute
methanol according to the compound’s solubility to give a stock
solution of 5mg/mL. For the most active compounds (3e, 6e, 9e),
dilutions were made to obtain a stock solution of 0.2mg/mL. To
different volumes (0.25mL, 0.50mL, 0.75mL, 1mL, 1.25mL,
1.50mL, 1.75mL, 2mL) of each compound’s stock solution, metha-
nol was added in order to obtain 2ml of sample solution and sub-
sequently, 2ml of DPPH� solution in methanol (0.1mg/mL) was
added. The mixture was shaken vigorously and left to stand in
dark for 30min in a water bath at 40 �C, and then the absorbance
at 517 nm was read using a UV-VIS spectrophotometer Jasco V-
530 (Jasco International Co.), against a blank solution. Ascorbic
acid, trolox, and BHT were used as standard antioxidants. The abil-
ity to inhibit the free radicals of DPPH� was calculated according
to the formula:

Inhibition ratio% ¼ A0 � ASð Þ=A0½ � � 100

A0 is the absorbance of DPPH� methanol solution and AS is the
absorbance of sample after 30min. The radical scavenging ability
was measured as a decrease in the absorbance of DPPH�. Lower
absorbance of the reaction mixture has indicated higher free rad-
ical scavenging activity.

Subsequently, the ability to neutralise the DPPH� radicals was
evaluated as a percentage, through its graphic representation
according to the concentration, which allowed calculation of the
EC50 values, the test compound’s concentration at which 50% of
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the DPPH� radicals are scavenged. The EC50 value is correlated to
the antioxidant capacity of the compound. The smaller this value
is, the higher is the antioxidant activity of the compound. All
determinations were performed in triplicate and the average
thereof was the final value.

2.2.2. The FRAP test

The reducing power of the tested compounds was determined by
the FRAP assay, according to a modified method, initially pro-
posed by Benzie and Strain27–29. 50 mL of each compound’s solu-
tion (1mg/mL in DMSO) was mixed with 1000mL of FRAP
reagent27,29 and the resulted mixture were vigorously shaken for
30min. Their absorbance was measured at k¼ 593 nm, compared
to a blank sample, where 50mL of DMSO and 1000mL of FRAP
reagent were taken. The reducing power was compared to trolox,
BHT and ascorbic acid, used as standard antioxidants and
expressed as percent of control’s reducing power, based on the
following formula:

% of control ferric reducing power ¼ sample absorbanceð Þ=½

control absorbanceð Þ��100

A calibration curve (R2 ¼ 0.9993) was made using an aqueous
1mM ferrous sulfate solution, with concentrations ranging from
0.1 to 1.0mM, tested in the same way as the test compounds. The
resulted absorbance of each tested compound was interpolated
to give the equivalent Fe2þ amount, generated by the reduction
of ferric ions.

2.2.3. The phosphomolybdate assay for TAC

To determine the TAC of the tested compounds, we used a previ-
ously reported procedure29–31, with slight modifications. To 100 mL
of each compound’s solution (1mg/mL in DMSO), 1mL reagent29

was added in test tubes, then they were well mixed and incu-
bated for 90min in a water bath at 95 �C. After cooling at room
temperature, the absorbance of the samples was measured
against blank at k¼ 695 nm. The TAC of compounds was
expressed as percent of standard antioxidant power.

% of control antioxidant power ¼ sample absorbanceð Þ=½

control absorbanceð Þ��100

2.2.4. The reducing power assay

In this assay, the tested compound reduces the ferric ions from
potassium ferricyanide and the resulted ferrocyanide forms a
blue complex in the presence of ferric ions. The principle driv-
ing this method is based on increasing the absorbance in the
final test tubes. An increase in the antioxidant activity is corre-
lated with an increase in the absorbance. The current assay was
adapted to a semi-microscale based on previous literature
reports29. 0.1mL of the stock solutions of compounds 2, 3a–h,
5, 6a–e, 8, 9a–e, 10 and 11 subjected to testing, was mixed
with 1mL of DMSO, 0.4mL of phosphate buffer (0.2 M, pH ¼
6.6) and 0.4mL of K3[Fe(CN)6] (1% w/v). The mixture was incu-
bated in a water bath at 50 �C for 20min. After cooling at room
temperature, 0.5mL of trichloroacetic acid (10% w/w) was
added. The resulting mixture was left to rest for 30min, for
eventually resulting precipitates to deposit on the bottom of
the test tubes. 0.25mL of the solution was collected carefully
and mixed with 0.14mL of FeCl3 (0.1% w/v) and 0.75mL of dis-
tilled water. The absorbance was measured at k¼ 700 nm

against a blank sample. Results were calculated using the for-
mula:

% of control reducing power ¼ sample absorbanceð Þ=½

control absorbanceð Þ��100

2.3. Molecular docking studies

The three-dimensional structures of compounds 2, 3a–h, 5, 6a–e,
8, 9a–e, 10, 11 and indolmycin, considered as ligands in the
molecular docking study, were prepared based on a previously
reported protocol,32 following the drawing and energy minimisa-
tion, carefully observing the double bond isomerism in position 5
of the thiazolin-4-one nucleus and subsequently converting to
pdbqt file using OpenBabel 2.3.233 and Python preparation ligand
script version 4 from AutoDockTools 1.5.634.

Two structures of TrpRS were used as targets in the molecular
docking study: 5V0I and P67592_1I6K. The structure 5V0I, isolated
from E. coli, was taken as it is from Protein Data Bank (http://
www.rcsb.org), while P67592_1I6K was built by homology model-
ling, due to the lack of deposited high-resolution structures of
TrpRS isolated from S. aureus. Based on the amino acid sequence
of the S. aureus enzyme taken from Uniprot (P67592 sequence)
and the PDB 1I6K as template, the P67592_1I6K structure was
modelled using the SWISS-MODEL service35,36.

In the target file structures, polar hydrogen atoms were added,
nonpolars were removed, ligands and other additional molecules
removed, and Gasteiger charges were defined using AutoDockTools
1.5.6. Both proposed structures as targets were subjected to an
analysis with BLASTP 2.6.1 service37, which detected conserved
domains in our structures and confirmed the membership of the
two structures to the PRK12282 superfamily. More, the active
residues in the catalytic sites of both proteins were identified and
are depicted with red in Figures S2 and S5 (in Supplementary
Materials) generated after sequence alignments using EMBOSS
Stretcher (https://www.ebi.ac.uk). Analysis of the pockets in the
catalytic sites of the enzymes was performed using
DoGSiteScorer38.

For both enzymes, search space was configured, taking care
that all amino acids presented as important in the catalytic site
were included. Search space sides were set to x¼ y¼z¼ 60 for
both targets and the centre of the search space was defined as
x¼ 15.898, y¼ 6.481, z¼ 9.892 for 5V0I and x¼ 55.048, y¼ 21.595,
z¼ 40.051 for P67592_1I6K. Fifty conformations were generated
for each molecular docking study, clustered in 2 Å cluster toler-
ance. Based on the computed binding affinity (BA) energy (DG),
inhibition constants (Ki) were calculated using the formula:

Ki ¼ e
DG�1000

R�T

where R represents the Regnault constant ¼ 1:98719 kcal
K�mol and

T¼ 298.15 K.
Visualisation and analysis of the docking results were per-

formed using Chimera 1.10.239 and AutoDockTools 1.5.6.
Hydrophobicity surface representations were generated with trans-
parency set to 50%.

3. Results and discussion

3.1. Antibacterial activity

3.1.1. Determination of inhibition zone diameters

All the synthesized compounds were initially subjected to in vitro

antimicrobial screening using the cup-plate agar diffusion method,
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against a gram-negative bacterial strain (E. coli ATCC 25922) and a
gram-positive bacterial strain (S. aureus ATCC 49444).

The results of the antimicrobial activity testing of the 2-substi-
tuted-thiazolin-4-ones 2, 5, 8, 10, 11, of the 2-(allyl/aryl-amino)-5-
arylidene-thiazolin-4-ones 3a–h, 6a–e, 9a–e, and indolmycin, in
comparison with those of the reference compound used (moxi-
floxacin) are given in Table 1.

All the tested compounds were active and showed moderate
to good inhibitory activity against gram-positive and gram-nega-
tive bacteria. All the synthesized compounds and indolmycin were
active, recording a moderate antibacterial activity against E. coli

ATCC 25922 (14–22mm inhibition zone diameters), lower than the
reference antibiotic. Although no major differences were observed
between the compounds’ inhibitory activities against the gram-
negative bacterial strain used for testing, the thiazolin-4-ones 3f,
8, 9b, 9e and 10 were slightly more active than the rest of
the compounds.

The synthesized thiazolin-4-ones and indolmycin were also
active against S. aureus ATCC 49444, showing modest to good
inhibitory activity. Of these, compounds 3e–h, 9a–c and indolmy-
cin exhibited similar or better antibacterial activities than
moxifloxacin. The 2-(1-naphthylamino)-5-arylidene-thiazolin-4-
ones 9a–e were, in general, more active against S. aureus ATCC
49444 than the thiazolin-4-ones 3a–e and 6a–e, suggesting that
the presence of a voluminous fragment, the a-naphthyl-amine, in
position 2 of the thiazolin-4-one ring is more favourable to the
antibacterial activity against the gram-positive bacterial strain,
than the presence of an allylamine or phenylamine fragment,
probably as a result of some differences regarding the com-
pounds’ intracellular uptake. The 2-(allyl/aryl-amino)-thiazolin-4-
ones 2, 5 and 8 presented lower inhibitory activities than the
5-substituted derivatives, indicating that the introduction of an
arylidene rest in position 5 of the thiazolin-4-one moiety

significantly increases the antibacterial potential against S. aureus
ATCC 49444.

Also, the fact that compound 3f (having a 3-bromobenzyli-
dene moiety in its structure) was more active than compound
3a (with a 3-chlorobenzylidene rest) against both bacterial
strains tested, suggested that the presence of a more volumin-
ous halogen atom, like bromine, in position 3 of the benzene
ring enhances the antibacterial properties of the compound.
Supplementary, compounds bearing two chlorine atoms were
generally more active than the compounds with only one chlor-
ine atom (compounds b vs. compounds a), suggesting that the
presence of more halogen atoms in the molecule is favourable
to the antibacterial activity (probably due to an increase in com-
pound’s lipophilicity that enhances the intracellular uptake of
the compound by the bacteria).

3.1.2. Determination of MIC and MBC values

Prompted by the results obtained in the antimicrobial screening
using the agar diffusion method, MICs and MBCs were deter-
mined, employing the broth microdilution method. All the synthe-
sized compounds and indolmycin were tested against the same
bacteria strains used in the previous study (S. aureus ATCC 49444
and E. coli ATCC 25922). Moxifloxacin was used as positive control
for antibacterial activity. The results are depicted in Table 2.

The MIC values against S. aureus ranged from 0.97 mg/mL (com-
pounds 3h, 9b and indolmycin) to 125 mg/mL (compound 9d) and
the MBC values ranged from 1.95 mg/mL (compounds 3h and 9b)
to 250 mg/mL (compound 9d). Against E. coli, the compounds’ MIC
values ranged from 7.81mg/mL (compound 10) to 125 mg/mL
(compound 9d) and the MBC values ranged from 15.62mg/mL

Table 1. The inhibition zone diameters of the synthesized thiazolin-4-one
derivativesa.

Compound

S. aureus ATCC 49444 E. coli ATCC 25922

Diameter (mm) %AI Diameter (mm) %AI

2 6 33.3 14 51.8
3a 14 77.7 14 51.8
3b 16 88.8 14 51.8
3c 16 88.8 14 51.8
3d 12 66.6 14 51.8
3e 18 100 16 59.2
3f 18 100 20 74.1
3g 18 100 16 59.2
3h 18 100 16 59.2
5 6 33.3 14 51.8
6a 12 66.6 16 59.2
6b 14 77.7 16 59.2
6c 16 88.8 16 59.2
6d 12 66.6 16 59.2
6e 14 77.7 16 59.2
8 6 33.3 18 66.6
9a 20 111.1 16 59.2
9b 20 111.1 22 81.4
9c 18 100 14 51.8
9d 14 77.7 14 51.8
9e 16 88.8 18 66.6
10 8 44.4 22 81.4
11 6 33.3 14 51.8
Indolmycin 20 111.1 14 51.8
Moxifloxacin 18 100 27 100
aAll determinations were performed in triplicate (n¼ 3) and the average thereof
was the final value. The values obtained for the most active compounds are
marked in bold. %AI: percentage activity index [(Inhibition zone diameter of
synthetic compound/Inhibition zone diameter of moxifloxacin) � 100].

Table 2. Minimum inhibitory concentration – MIC (in lg/mL) and minimum
bactericidal concentration – MBC (in lg/mL) of thiazolin-4-one derivativesa.

Samples

S. aureus ATCC 49444 E. coli ATCC 25922

MIC MBC
MBC/MIC
ratio MIC MBC

MBC/MIC
ratio

2 62.5 62.5 1 62.5 125 2
5 62.5 125 2 62.5 125 2
8 62.5 125 2 15.62 31.25 2
10 62.5 125 2 7.81 15.62 2
11 62.5 125 2 62.5 125 2
3a 31.25 62.5 2 62.5 62.5 1
3b 31.25 62.5 2 62.5 62.5 1
3c 31.25 31.25 1 62.5 62.5 1
3d 62.5 125 2 62.5 62.5 1
3e 15.62 31.25 2 62.5 62.5 1
3f 7.81 15.62 2 31.25 62.5 2
3g 31.25 31.25 1 62.5 125 2
3h 0.97 1.95 2 62.5 125 2
6a 62.5 125 2 62.5 125 2
6b 31.25 62.5 2 62.5 125 2
6c 31.25 62.5 2 62.5 125 2
6d 62.5 62.5 1 62.5 125 2
6e 62.5 125 2 62.5 125 2
9a 3.9 7.81 2 62.5 125 2
9b 0.97 1.95 2 15.62 15.62 1
9c 31.25 62.5 2 62.5 125 2
9d 125 250 2 125 250 2
9e 62.5 62.5 1 62.5 125 2
Indolmycin 0.97 1.95 2 31.25 62.5 2
Moxifloxacin 31.25 62.5 2 1.95 3.9 2
Inoculum

control
þþþ þþþ – þþþ þþþ –

Broth control No growth No growth – No growth No growth –

The values obtained for the most active compounds are marked in bold.
– indicates no inhibitory activity; þþþ indicates growth in all concentrations.
aAll determinations were performed in triplicate (n¼ 3) and the average thereof
was the final value.
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(compounds 10 and 9b) to 250 mg/mL (compound 9d). Analyzing
the results obtained, it can be seen that the growth inhibitory
activity was more pronounced against S. aureus, where 12 com-
pounds exhibited similar or higher MIC values than moxifloxacin
and 15 compounds presented similar or higher MBC values than
moxifloxacin. The strain of E. coli was less sensitive to the activity
of thiazolin-4-one derivatives, which displayed lower MIC and MBC
values than the antibacterial used as a reference, in agreement
with the inhibitory zone diameters.

All the synthesized thiazolin-4-ones presented moderate to
good antibacterial properties. Overall, the compounds were more
active against the gram-positive bacterial strain than against the
gram-negative bacterial strain used in the antibacterial activity
assays. The thiazolin-4-one derivatives 3h and 9b displayed the
best antibacterial activity against S. aureus, similar to indolmycin
and 32 fold better than that of moxifloxacin. The most active
compounds against E. coli were the thiazolin-4-ones 8, 10 and 9b,
which presented similar or better antibacterial activity than indol-
mycin, but lower than moxifloxacin. The calculated MBC/MIC ratio
suggested a bactericidal effect for these compounds.

3.2. Antioxidant activity

One of the bacterial mechanisms of resistance to antibiotics is the
ability to form biofilms. Oxidative stress was recently reported to be
a potential contributing factor for the selection of resistant bacterial
strains, since reactive oxygen species were incriminated in the selec-
tion of pro-biofilm variants selection40, thus the need for discovery
of agents with both antibacterial and antioxidant activities.

3.2.1. The DPPH� scavenging activity

The antioxidant potential of all the synthesized compounds was
assessed by measuring their ability to act as free radical scav-
engers or hydrogen donors, using the DPPH (2,2-diphenyl-1-picryl-
hydrazyl) method. The results of the antioxidant activity of

thiazolin-4-one derivatives in comparison with those of the antiox-
idants (BHT, trolox, and ascorbic acid) used as references are pre-
sented in Table 3.

Of the 23 thiazolin-4-one derivatives tested, 15 showed a mod-
est to good inhibitory activity, the rest being inactive compounds.
The most active compounds were the thiazolin-4-one derivatives
3e, 6e and 9e. They exhibited better antioxidant activity than the
reference compounds used (ascorbic acid, trolox and BHT), sug-
gesting that the presence of a chromonyl rest in their structure
enhances the antiradical activity of the compounds by increasing
their capacity to act as hydrogen donors.

3.2.2. The reducing power by FRAP test

The electron donating capacity of thiazolin-4-one derivatives was
determined spectrophotometrically using the FRAP assay. This assay
is based on the reduction of ferric ions to ferrous ions by the tested
molecules. The resulted ferrous ions form a blue-coloured complex
(Fe2þ-TPTZ) at pH ¼ 3.6 with tripyridyltriazine (2,4,6-Tris(2-pyridyl)-s-
triazine). The amount of blue complex resulted is proportional with
the reducing capacity of Fe3þ by the tested compounds. The results
obtained are presented in Table 4.

All the compounds presented lower reducing capacities than
those of the reference antioxidants (trolox, ascorbic acid, and BHT)
used in the assay. The compounds with the best reducing abilities
were the thiazolin-4-one derivatives 3e, 6e and 9e that have a
chromonyl moiety in their structure.

3.2.3. The phosphomolybdate assay for TAC

The assay is based on the reduction of Mo6þ to Mo5þ in the pres-
ence of a reducing agent (antioxidant), involving one electron
transfer mechanism with the formation of a green phosphate

Table 3. The DPPH� scavenging activity of thiazolin-4-one
derivatives.

Compound EC50 (lg/mL)a

2 2177 ± 1.3
3a –

3b –

3c 2747 ± 2.2
3d –

3e 20 ± 0.9
3f –

3g 2524 ± 1.1
3h 2498 ± 1.5
5 590 ± 1.0
6a 2604 ± 1.2
6b –

6c 2634 ± 1.6
6d –

6e 12 ± 0.8
8 –

9a 4685 ± 1.9
9b –

9c 885 ± 2.0
9d > 5000
9e 24 ± 1.4
10 665 ± 0.7
11 923 ± 1.3
BHT 47 ± 0.5
Trolox 65 ± 1.2
Ascorbic acid 25 ± 0.3
aMean± SD (n¼ 3).
– indicates no free radical scavenging activity. The values
obtained for the most active compounds are marked in bold.

Table 4. The ferric reducing capacity of thiazolin-4-ones by FRAP testa.

Compound

% of trolox
reducing
power
(mg/mg)

% of ascorbic
acid reducing
power (mg/mg)

% of BHT
reducing
power
(mg/mg)

Fe2þ

equivalents
generated

2 5.97 6.21 8.87 0.1221
3a 5.73 5.96 8.51 0.1183
3b 7.93 8.25 11.78 0.1536
3c 9.51 9.90 14.13 0.1790
3d 5.77 6.01 8.57 0.1189
3e 24.61 25.61 36.55 0.4214
3f 12.76 13.28 18.96 0.2312
3g 11.98 12.47 17.79 0.2186
3h 7.94 8.26 11.79 0.1538
5 7.74 8.05 11.49 0.1505
6a 16.20 16.86 24.06 0.2864
6b 5.52 5.75 8.20 0.1149
6c 7.23 7.53 10.74 0.1424
6d 7.75 8.07 11.51 0.1507
6e 35.86 37.32 53.26 0.6022
8 5.84 6.08 8.68 0.1200
9a 8.16 8.50 12.13 0.1573
9b 5.07 5.28 7.53 0.1076
9c 9.59 9.99 14.25 0.1803
9d 10.12 10.54 15.04 0.1888
9e 46.15 48.03 68.55 0.7675
10 10.04 10.45 14.00 0.1875
11 16.79 17.47 24.93 0.2958
Trolox N/A N/A N/A 1.6323
Ascorbic acid N/A N/A N/A 1.5694
BHT N/A N/A N/A 1.1076

N/A: not available/assigned. The values obtained for the most active compounds
are marked in bold.
aAll determinations were performed in triplicate (n¼ 3) and the average thereof
was the final value.
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Mo5þ complex at acidic pH, which can monitored spectrophoto-
metrically at 695 nm. A higher absorbance value indicates a better
antioxidant power of the compound, when compared to a stand-
ard antioxidant.

The results of the compounds’ TAC are presented in Table 5.
Compounds 6a, 6c, 9c and 9e exhibited good total antioxidant
capacities. The most active thiazolin-4-one derivative was 6e,
which presented a total antioxidant activity equivalent to 171.63%
of BHT’s antioxidant power.

3.2.4. The reducing power assay

In this assay, the reduction of ferricyanide to ferrocyanide gave
the Perl’s Prussian blue, in the presence of ferric ions. The resulted
blue compound has an absorption peak at k¼ 700 nm. The
absorbance measured is directly proportional with the percent of
compound’s reducing power when compared to a reference anti-
oxidant. The results obtained in this experiment are presented in
Table 6. All compounds exhibited lower reducing power than the
antioxidants used as standards, and of these, compounds 3e, 6a,
6e and 9e presented the best reducing properties.

3.3. Molecular docking studies

All the investigated molecules (the thiazolin-4-one derivatives and
indolmycin) were virtually subjected to docking, against the desig-
nated bacterial target (TrpRS) in order to investigate the potential
binding mode and BA of these compounds. Docked ligand confor-
mations (poses) were analyzed in terms of BA (expressed in kcal/
mol) and polar interactions between the best poses and their tar-
get protein. Detailed analyses of the ligand-receptor interactions
were carried out and final possible orientations of the ligands and
receptors were saved.

3.3.1. Docking against bacterial tryptophanyl-tRNA synthetase

Sequence alignment performed between S. aureus TrpRS’s primary
sequence P67592 and the sequence of the template PDB 1I6K
structure, used in the homology modelling, suggested a common
origin of both proteins. Multiple blocks or individual conserved
residues were found between these two sequences (Figure S2, in
Supplementary Materials). Based on these preliminary results, we
considered that with the use of these two structures, we can
develop the chimeric tridimensional structure of the correspond-
ing missing TrpRS for S. aureus.

There are many validated primary structures of TrpRS isolated
from various strains of S. aureus deposited in UniProt: P67593 –

(strain N315), P67592 – strain Mu50/ATCC 700699, Q5HH88 –

strain COL, Q6GI89 – strain MRSA252, Q6GAT0 – strain MSSA476,
P67594 – strain MW2, T1Y8L7 from S. aureus subsp. aureus CN1,
A0A0E0VMI8 from S. aureus subsp. aureus 71193, A0A0E1AGS6
from S. aureus subsp. aureus Z172, Q2FZQ7 – strain NCTC 8325,
A0A0E1VIN1 from S. aureus subsp. aureus USA300_TCH959,
A0A0E1X8M2 from S. aureus subsp. aureus MN8, A0A0H3KFE9 –

strain Newman, A0A0H2XGX6 – strain USA300, A0A2H5AMI2 -
strain 046. Studying these primary structures of the enzyme it
was observed that, with the exception of the last one, which
has a mutation, they are identical, thus the tryptophanyl-tRNA
ligase of S. aureus is a highly conserved protein, without muta-
tions, that can be considered a very attractive target for new anti-
biotics because along the way, during evolution, has not
undergone evolution’s pressure and did not develop mutations
over time.

Compounds 2, 3a–h, 5, 6a–e, 8, 9a–e, 10, 11 and indolmycin
were docked in silico into the catalytic site of both TrpRSs
(1I6K_P67592 and 5V0I). The predicted BA of the top binding con-
formation of the tested compounds to the catalytic sites of the
enzymes and the consequent computed inhibition constant (Ki) of
the best poses are presented in Table 7. The binding manner of
all compounds in the catalytic sites of both enzymes is depicted

Table 5. The total antioxidant capacity of the thiazolin-4-one derivativesa.

Compound

% of trolox
antioxidant

power (mg/mg)

% of ascorbic
acid antioxidant
power (mg/mg)

% of BHT
antioxidant

power (mg/mg)

2 5.75 3.34 17.69
3a 5.13 2.97 15.76
3b 8.47 4.91 26.03
3c 10.36 6.01 31.85
3d 4.61 2.67 14.17
3e 9.48 5.50 29.13
3f 10.83 6.28 33.30
3g 10.62 6.16 32.65
3h 5.13 2.97 15.76
5 6.44 3.73 19.78
6a 22.51 13.05 69.17
6b 10.27 5.95 31.56
6c 22.69 13.16 69.74
6d 6.91 4.01 21.25
6e 55.84 32.38 171.63
8 5.61 3.25 17.25
9a 6.72 3.90 20.66
9b 9.01 5.23 27.70
9c 13.84 8.03 42.54
9d 5.93 3.44 18.21
9e 13.28 7.70 40.82
10 9.25 5.36 28.42
11 9.14 5.30 28.10
aAll determinations were performed in triplicate (n¼ 3) and the average thereof
was the final value. The values obtained for the most active compounds are
marked in bold.

Table 6. The reducing power of thiazolin-4-onesa.

Compound

% of trolox
reducing

power (mg/mg)

% of ascorbic
acid reducing
power (mg/mg)

% of BHT
reducing

power (mg/mg)

2 0.44 0.44 0.50
3a 2.16 2.15 2.43
3b 3.71 3.68 4.18
3c 1.13 1.12 1.27
3d 6.35 6.30 7.14
3e 10.55 10.47 11.87
3f 7.81 7.75 8.79
3g 1.90 1.88 2.13
3h 0.18 0.18 0.20
5 6.56 6.51 7.38
6a 21.04 20.87 23.67
6b 3.25 3.22 3.65
6c 7.59 7.53 8.54
6d 5.50 5.45 6.18
6e 10.13 10.05 11.40
8 0.87 0.86 0.98
9a 1.21 1.20 1.36
9b 3.40 3.37 3.82
9c 0.40 0.40 0.45
9d 6.72 6.66 7.56
9e 17.13 16.99 19.26
10 0.57 0.57 0.65
11 4.83 4.79 5.43
aAll determinations were performed in triplicate (n¼ 3) and the average thereof
was the final value. The values obtained for the most active compounds are
marked in bold.

904 A. STANA ET AL.

https://doi.org/10.1080/14756366.2019.1596086
https://doi.org/10.1080/14756366.2019.1596086


in Figure S3 (S. aureus) and Figure S4 (E. coli) in Supplementary
Materials. The docking pose of the compound with the best BA
toward the two targets, the thiazolin-4-one derivative 9e, is pre-
sented in Figure 2.

For the top binding conformation of each compound, the
number of other conformations out of the 50 predicted found in
the 2 Å cluster inclusion limit are presented in Table 7.

There is an obvious increase in the interaction with the bio-
logical targets for the compounds functionalised in position 5 of
the thiazolin-4-one nucleus, compared to the unsubstituted ones
(the thiazolin-4-ones 2, 5, 8 vs. the 5-arylidene-thiazolin-4-ones
3a–h, 6a–e, 9a–e). The best binding energies were obtained for
the compounds that have a bulky residue such as phenylamino
(compounds 6a–e) or alpha-naphthylamino (compounds 9a–e) in
position 2 of the thiazolin-4-one nucleus. The presence of a
smaller residue such as allylamino leads to diminished bind-
ing energies.

An increase in the BA towards the target is found also if the
residue introduced in position 5 of the thiazolin-4-one ring by
Knoevenagel condensation is a bulky, binuclear one (2-phenyl-
thiazolyl, chromonyl), to the detriment of mononuclear ones (phe-
nyl or substituted phenyl).

Considering the top binding conformations of thiazolin-4-one
derivatives to the active site of the TrpRSs, we further focused on
specific AA binding interactions. For each compound, the main
polar interactions made by the compounds’ best docking pose to
the amino acids residues from the catalytic site of each enzyme
are presented in Table 8.

A global difference regarding the binding mode of all the com-
pounds between the two targets has been found. Noting the sig-
nificant binding differences in the active sites of the compounds
tested between the two targets, both in terms of interaction and
binding homogeneity, we proceeded to analyze the sequence and
the catalytic sites of the two enzymes. The results of the catalytic

Table 7. The top binding affinity of compounds to E. coli TrpRS and S. aureus TrpRS, the computed inhibition constant and the mean binding affinities
of compounds’ conformations in the 2 Å cluster.

Compound

1I6K_P67592 (S. aureus) PDB 5V0I (E. coli)

BA (kcal/mol) Ki (nM)

2 Å cluster

BA (kcal/mol) Ki (nM)

2 Å cluster

No. conf Mean BA (kcal/mol) No. conf Mean BA (kcal/mol)

2 �5.13 173642.86 16 �4.88 �5.09 185770.75 25 �8.20
3a 27.96 1462.98 21 �7.72 �8.15 1061.61 22 �7.88
3b 28.11 1135.76 21 �7.92 �8.12 1116.75 14 �7.87
3c 29.33 144.88 42 �8.96 �7.56 2873.70 7 �7.25
3d 29.15 196.32 33 �9.10 28.9 299.37 12 �8.42
3e 28.94 279.83 31 �8.61 28.89 304.47 2 �8.87
3f 27.77 2016.09 39 �7.66 �8.42 673.06 35 �8.32
3g �7.63 2553.47 5 �7.56 �8.19 992.31 36 �8.04
3h �7.62 2596.94 10 �7.56 �7.86 1731.96 43 �7.81
5 �6.1 33778.23 47 �5.96 �6.79 10540.46 50 �6.77
6a 28.59 505.17 23 �8.50 29.79 66.65 18 �9.41
6b 28.97 266.01 21 �8.68 29.82 63.36 13 �9.37
6c 210.11 38.84 28 �9.99 28.86 320.28 10 �8.75
6d 210.57 17.87 48 �10.41 29.33 144.88 14 �9.11
6e 210.34 26.34 35 �10.20 210.31 27.71 3 �10.17
8 27.88 1674.47 50 �7.83 �8.58 513.77 46 �8.46
9a 210.51 19.77 33 �10.22 211.12 7.06 32 �10.77
9b 210.82 11.72 21 �10.48 211.84 2.09 22 �11.32
9c 211.24 5.77 22 �10.87 210.87 10.77 2 �10.48
9d 211.36 4.71 40 �10.97 210.82 11.72 1 �10.82
9e 212.1 1.35 37 �11.55 212.2 1.14 3 �11.95
10 �5.73 63074.05 17 �5.71 �6.48 17786.60 47 �6.45
11 �4.34 658771.95 48 �4.33 �4.37 626245.74 35 �4.36
Indolmycin 27.67 2386.77 5 �7.48 28.65 456.52 25 �8.20

Bold values: The best binding affinities (higher than those of the reference compound).
BA: binding affinity (expressed in kcal/mol); No. conf: number of conformations; Ki: inhibition constant.

Figure 2. Docking pose of compound 9e in the active site of S. aureus TrpRS (left image) and E. coli TrpRS (right image) – the target is depicted as nude thin sticks,
meanwhile the ligand is figured as pink sticks.
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site analysis are presented in the Figures S5 and S6, and Table T1
in Supplementary Materials. TrpRSs are known to have very flex-
ible structures, with significantly different conformations depend-
ing on the ligand bound13. The homology model 1I6K_P67592
was based on a crystal structure with tryptophanyl-adenylate
bound and the PDB 5V0I is a crystal structure with
tryptophanylþAMP. Besides the discrepancies between the tar-
gets’ primary sequences, the different ligands bound could also
be responsible for the differences observed between the active
sites of the two enzymes, the two targets having different con-
formational states.

4. Conclusions

Twenty-three previously synthesized thiazolin-4-one derivatives
and indolmycin have been investigated in vitro for their antibac-
terial potential against a gram-positive (S. aureus) and a gram-
negative (E. coli) bacterial strain with the help of two different
assays: the cup-plate agar diffusion method and the broth
microdilution method. Compounds 3a–c, 3e–h, 6b–c and 9a–c

were the most active against S. aureus, with MIC values similar
or better than those of moxifloxacin. All compounds displayed
antibacterial activity against E. coli, but inferior to that of
moxifloxacin, used as reference antibiotic. The results of the
inhibition zone diameter determination and MBC values deter-
mination were in agreement with the results obtained. The
MBC/MIC ratio calculated for these compounds suggested a bac-
tericidal effect.

The possible interactions with the TrpRSs were evaluated in sil-

ico. The molecular docking study, performed on TrpRS from S. aur-

eus and E. coli, revealed that the thiazolin-4-ones have a common
binding pattern to the enzyme, involving polar contacts between
exocyclic secondary amine group, the C¼O group from the thia-
zolin-4-one ring with AA residues from the active site of the
enzyme. Sixteen thiazolin-4-ones presented better binding affin-
ities to 1I6K_P67592 from S. aureus and twelve presented better
binding energies to PDB 5V0I from E. coli than indolmycin. The
substitution of position 2 of the thiazolin-4-one ring with a volu-
minous moiety seemed to enhance the BAs to the target
enzymes, leading to compounds that mimic better indolmycin.
Further in vitro studies are needed to confirm that the compounds
actually bind to the TrpRSs and to establish the mechanism of
action of the synthesized thiazolin-4-ones.

The antioxidant potential of the thiazolin-4-ones was also
evaluated by four different assays, in one of these, the radical
scavenging properties were tested (the DPPH� radical scaveng-
ing activity method) and the other three were based on the
compounds’ ability to act as reducing agents or to participate in
electron transfer reactions (the FRAP method, the reducing
power assay and the phosphomolybdate assay for TAC).
Compounds 3e, 6e and 9e bearing a chromonyl moiety pre-
sented the best antioxidant properties, comparable to the refer-
ence antioxidants.

From all compounds synthesized, compound 9e was the
most active compound regarding both biological activities, anti-
bacterial and antioxidant, and also displayed the best BAs
towards the bacterial TrpRSs in silico. This suggests that the
presence of an a-naphthylamino rest in position 2 of the thiazo-
lin-4-one ring and a chromonyl moiety in the structure is favour-
able for obtaining dual-targeting, antibacterial and antioxidant
compounds. These moieties also seem to be important for bac-
terial targeting, as they enhanced the BA of the molecule
towards the bacterial TrpRS.

These preliminary results obtained from the in vitro antibacter-
ial and antioxidant activity evaluation and the molecular docking
study may serve as a starting point for designing new heterocyclic
compounds with antioxidant potential and antibacterial activity,
acting as TrpRS inhibitors.
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Table 8. Polar contacts made by the top binding conformation of each com-
pound to the catalytic site of TrpRS.

Compound

1I6K_P67592 (S. aureus) PDB 5V0I (E. coli)

AA
residue (s) Interacting atom(s)

AA
residue (s)

Interacting
atom(s)

2 Tyr126 C¼O (tz4one) Gly9 C¼O (tz4one)
Gly7 N–H

3a Gly145 N–H Gly9 C¼O (tz4one)
Gly147 N–H

3b Asn18 N–H Gly9 N–H
3c Tyr126 S (tz4one) Gly9

Asn20
N (tz4one)
N¼OIle8 C¼O (tz4one)

Lys196 C¼O (carboxyl)
Ser195 C¼O (carboxyl)
Lys193 C¼O (carboxyl)

3d
Asn18 N (th) Gly9

PO4

PO4

N (th)
S (th)
N–H

Gly145 S (th)
Gln9 C¼O (tz4one)
Tyr126 N–H

3e
Gly145 C–O–C (chr) Asp135 C–O–C (chr)

Tyr128 N–HGly7 N–H
Gln150 S (th)

3f Gly145 N–H Gln11 N–H
3g Asn18 Ph–OH Met132

Gln11
Ph–OH
N (tz4one)Gly145 C–O–C

Gly7 S (tz4one)
Thr126 C¼O (tz4one)

3h
Asn18 Ph–OH Met132

Gln11
Ph–OH
N (tz4one)Tyr126 N–H

Gly7 C¼O (tz4one)
5 Gln9 C¼O (tz4one) Gly9 N–H

Thr126 S (tz4one) Gly147 C¼O (tz4one)
6a Gly145 N–H Gly9 N–H

Gly147 C¼O (tz4one)
6b Gly145 N–H Gly9 N–H

Gly147 C¼O (tz4one)

6c
Lys193 N¼O
Lys196 N¼O Gly9 N–H
Gly7 N–H Gly147 C¼O (tz4one)
Tyr126 C¼O (tz4one)

6d Gly7 N (th) Phe7 S (th)
Gly9 N (th)
His45 NH

6e N/A N/A N/A N/A
8 Gln9 C¼O (tz4one) Gly147 C¼O (tz4one)

Gly9 N–H
9a Gly145 C¼O (tz4one) N/A N/A
9b Asn18 N–H Gly9 N (tz4one)
9c Lys193 N¼O Gly9 N (tz4one)

Gly7 N–H
9d Asn18 N–H N/A N/A

Gly7 N (th)
9e Asn18 N–H Gly9 N (tz4one)
10 Asn18 N (tz4one) Gly9 N (tz4one)
11 Tyr126 C¼O (tz4one) Gly9 N (tz4one)

Gly7 N–H
Indolmycin Asp133 N–H (indole) Met132 N–H (indole)

His45 N–H (exoc)
Gln11 N (oz4one)

Tz4one: thiazolin-4-one; oz4one: oxazolin-4-one; th: thiazole; chr: chromone;
exoc: exocyclic.

906 A. STANA ET AL.

https://doi.org/10.1080/14756366.2019.1596086
https://doi.org/10.1080/14756366.2019.1596086


Funding

This research was supported by the “Iuliu Haţieganu” University of
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Abstract: The global spread of bacterial resistance to drugs used in therapy requires new potent
and safe antimicrobial agents. DNA gyrases represent important targets in drug discovery.
Schiff bases, thiazole, and triazole derivatives are considered key scaffolds in medicinal chemistry.
Fifteen thiazolyl-triazole Schiff bases were evaluated for their antibacterial activity, measuring the
growth inhibition zone diameter, the minimum inhibitory concentration (MIC), and the minimum
bactericidal concentration (MBC), against Gram-positive (Staphylococcus aureus, Listeria monocytogenes)
and Gram-negative (Escherichia coli, Salmonella typhimurium, Pseudomonas aeruginosa) bacteria.
The inhibition of S. aureus and S. typhimurium was modest. Compounds B1, B2, and B9 showed
a similar effect as ciprofloxacin, the antimicrobial reference, against L. monocytogenes. B10 displayed
a better effect. Derivatives B1, B5–7, B9, and B11–15 expressed MIC values lower than the
reference, against L. monocytogenes. B5, B6, and B11–15 strongly inhibited the growth of P. aeruginosa.
All compounds were subjected to an in silico screening of the ADMET (absorption, distribution,
metabolism, elimination, toxicity) properties. Molecular docking was performed on the gyrA and
gyrB from L. monocytogenes. The virtual screening concluded that thiazolyl-triazole Schiff base B8 is
the best drug-like candidate, satisfying requirements for both safety and efficacy, being more potent
against the bacterial gyrA than ciprofloxacin.

Keywords: Schiff base; thiazole; triazole; antibacterial activity; ADMET; molecular docking; DNA-gyrase

1. Introduction

The alarming worldwide spread of the bacterial resistance, to most of the drugs available
nowadays in therapy [1–3], urgently requires the development of new effective antibacterial agents.

The DNA topoisomerases manage the topological state of the DNA in the cell, being involved
in replication, transcription, recombination, and chromatin remodeling. In the bacterial proteome,
there are various types of topoisomerases, the most common being type I topoisomerases, type II
topoisomerases (DNA gyrases), and type IV topoisomerases [4].
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One of the major targets of antibacterial compounds is represented by DNA gyrase (Type II
topoisomerase), an enzyme playing an essential role in bacterial replication [5]. Structurally, the DNA
gyrase is built of two A subunits (gyrA) and two B subunits (gyrB) that form an A2B2 heterotetramer.
Topoisomerase IV consists of two constitutive subunits: parE (homologous to DNA gyrase subunit
B–gyrB) and parC (homologous to DNA gyrase subunit A–gyrA) [6]. DNA gyrase has four functional
domains (GO (Gene Ontology) terms) [7,8]. Domain 1, the N-terminal of domain gyrB, harbors the
ATPase activity. The type II topoisomerases use the hydrolysis of ATP, in the presence of Mg2+,
to simultaneously cut both strands of the double-helix, in order to manage DNA tangles and supercoils.
Domain 2, the C-terminal domain of gyrB, which consists of a Toprim structural motif and a tail
region, contributes to the binding of DNA, via the interaction with the gyrA subunit [9,10]. Domain 3,
the N-terminal domain of gyrA, is responsible for the breaking-rejoining function, through its capacity
to form protein-DNA bridges; meanwhile, Domain 4, the C-terminal domain of gyrA (TOP4c),
is able to non-specifically bind DNA [11]. The Toprim domain (also known as the Rao-Rossmann
fold) is a structural motif found in DNA primases, topoisomerases, and some enzymes involved in
phosphotransfers or able to hydrolyze phosphodiester bonds [10]. The central DNA-binding core of
gyrA contains the active site tyrosine residues located in the catabolite-activator-protein-like (CAP-like)
domain which includes the DNA binding helix-turn-helix (HTH) motif. The CAP-like tyrosine residues
are crucial for the breakage and religation of the DNA, by forming an ester with the 5′phosphate of the
DNA [12]. The Toprim domain of subunit B is adjacent to the catalytic tyrosine in the CAP domain of
subunit A and both form an active site, essential for the DNA-cleavage [10].

Quinolones are the only class of DNA gyrase inhibitors that are clinically used. Their effect is based
on the inhibition of the gyrA subunit, therefore perturbing the DNA cleavage and the introduction of
negative supercoils into the bacterial DNA [13]. Cyclothialidines [14] and aminocoumarins [15]
are studied for their inhibition of the ATP-binding site of the gyrB subunit. Because of the
bacterial resistance to fluoroquinolones used in therapy and also of their side effects and limitations,
there are gyrase inhibitors searched, from different chemical classes: benzimidazoles, benzoxazole,
benzothiazole, oxazolopyridines [16], aminopyrazinamides [17], thiazole derivatives [18–20],
and triazole derivatives [21,22], which differently bind the biological target.

Schiff bases are a group of compounds which have gained popularity as biologically active
scaffolds due to their ease of synthesis, their versatility, and their large spectra of activities, such as their
antimicrobial [23,24], anti-inflammatory, anticonvulsant, and antioxidant [25] properties. Schiff bases
have sufficient water solubility and are stable in vitro and in vivo [26]. The imine bond in Schiff bases
provides binding opportunities with different nucleophiles and electrophiles, inhibiting enzymes or
DNA replication. The isosteric replacement of the quinolones’ 3-carboxyl group, essential for gyrase
binding, with an amino-thiazolic fragment [27] or other azoles (thiazoles, triazoles), led to molecules
with improved antimicrobial effects and a wider spectrum of activity. These compounds express fewer
side effects and have a better capacity in overcoming bacterial resistance [28,29].

Even if research efforts are continuously made, there still remains the challenge to discover new
drugs of a high potential, large spectrum of activity, and with a good safety profile. As a continuation
of our efforts in discovering new heterocyclic Schiff bases with potent antimicrobial properties [30],
we synthesized a series of new Schiff bases of thiazolyl-triazole [31]. Prompted by the aspects described
above, the work presented here focuses on the investigation of the antibacterial potential of the new
azolyl-Schiff bases against Gram-positive and Gram-negative bacteria. A molecular docking study
was realized on DNA gyrases of Listeria monocytogenes. ADMET profiling for risks and safety risks was
also conducted for the new series of compounds.
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2. Result and Discussion

2.1. Antibacterial Activity

2.1.1. Determination of the Inhibition Zone Diameters

The antimicrobial activity was tested in vitro using the disk diffusion method, by measuring the
diameters of the inhibition zones. The synthesized compounds B1–15 (Figure 1) [31] were screened
against two Gram-positive (Listeria monocytogenes ATCC 35152, Staphylococcus aureus ATCC 25923) and
three Gram-negative (Escherichia coli ATCC 25922, Salmonella typhimurium ATCC 13311, P. aeruginosa

ATCC 27853) bacterial strains (Table 1).

 

Figure 1. Structures of the Schiff bases B1–15.

Table 1. The antibacterial activity of compounds B1–15.

Cp.

Gram-Positive Bacteria Gram-Negative Bacteria

Staphylococcus aureus
ATCC 25923

Listeria monocytogenes
ATCC 35152

Escherichia coli
ATCC 25922

Salmonella typhimurium
ATCC 13311

P. aeruginosa
ATCC 27853

Diameter
(mm)

%AI
Diameter

(mm)
%AI

Diameter
(mm)

%AI
Diameter

(mm)
%AI

Diameter
(mm)

%AI

B1 14 50 18 100 14 51.8 16 72.7 19 73
B2 14 50 18 100 14 51.8 18 81.8 19 73
B3 14 50 16 88.8 14 51.8 18 81.8 16 61.5
B4 14 50 14 77.7 14 51.8 18 81.8 18 69.2
B5 14 50 14 77.7 14 51.8 18 81.8 21 80.7
B6 14 50 14 77.7 14 51.8 16 72.7 21 80.7
B7 16 57.1 12 66.6 14 51.8 16 72.7 18 69.2
B8 12 42.8 12 66.6 14 51.8 16 72.7 18 69.2
B9 14 50 18 100 16 59.2 16 72.7 20 76.9

B10 18 64.2 20 111.1 16 59.2 18 81.8 18 69.2
B11 12 42.8 8 44.4 16 59.2 18 81.8 21 80.7
B12 12 42.8 14 77.7 14 51.8 18 81.8 21 80.7
B13 12 42.8 12 66.6 14 51.8 18 81.8 21 80.7
B14 12 42.8 16 88.8 16 59.2 18 81.8 21 80.7
B15 16 57.1 10 55.5 14 51.8 18 81.8 21 80.7
CIP 28 100 18 100 27 100 22 100 26 100

The values obtained for the most active compounds are marked in bold. Cp.: Compounds; CIP: ciprofloxacin;
%AI = percentage activity index ((Zone of the inhibition of synthetic compound/Zone of the inhibition of
reference drug) × 100).

For evaluating the antimicrobial activity, 100 µg/disk of the synthesized compounds and also
of the reference substance, ciprofloxacin, were used. The solvent for the preparation of the solutions,
dimethylsulfoxide (DMSO), exhibited no inhibitory activity on the bacterial strains considered for
this study.

Regarding the activity against the Gram-positive bacteria, the strain of Listeria monocytogenes was
more sensible to the tested compounds, three of them (B1, B2, and B9) showing a similar effect to
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ciprofloxacin, with an 18 mm inhibition zone and an AI value of 100%. B10 (3-nitro-phenyl) proved
to be more active than the antibacterial reference, displaying a 20 mm diameter and an AI of 111.1%.
The second Gram-positive bacterium, Staphylococcus aureus, was moderately inhibited by the new
molecules, with inhibition zones ranging from 12 to 18 mm, respectively, and AI between 42.8 and
64.2%. In the case of both strains, compound B10 exhibited the most pronounced effect.

The inhibitory activity against Escherichia coli, Salmonella typhimurium, and Pseudomonas aeruginosa

was modestly related to ciprofloxacin. The compounds determined zones of 14–16 mm (AI 51.8–59.2%)
against Escherichia coli. The values registered on Salmonella typhimurium ranged between 16–18 mm
(AI 72.7–81.8%). The percentage activity index against Pseudomonas aeruginosa was between 61.5%,
corresponding to a 16 mm inhibitory zone diameter, and 80.7%, corresponding to a 21 mm zone
diameter. The most potent derivatives were B5, B6, and B11–15.

From the results obtained, it can be observed that Schiff base B10 expressed the most pronounced
antibacterial effect.

2.1.2. Determination of MIC and MBC Values

The broth microdilution method was employed for the minimum inhibitory concentration
test. All synthesized compounds were tested against two Gram-positive bacterial strains
(Staphylococcus aureus ATCC 49444, Listeria monocytogenes ATCC 19115) and two Gram-negative
bacterial strains (Pseudomonas aeruginosa ATCC 27853, Salmonella typhimurium ATCC 14028).
Stock solutions (1 mg/mL) were prepared by dissolving the test compounds and the reference
antimicrobial, ciprofloxacin, in sterile DMSO. The results are presented in Table 2 (MIC and MBC).

Table 2. Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration (MBC)
(in µg/mL) of compounds B1–15.

Cp.
S. aureus

ATCC 49444
L. monocytogenes

ATCC 19115
P. aeruginosa
ATCC 27853

S. typhimurium
ATCC 14028

MIC MBC MIC MBC MIC MBC MIC MBC
B1 31.25 31.25 1.95 3.9 7.81 15.62 62.5 125
B2 31.25 31.25 3.9 7.8 7.81 15.62 62.5 62.5
B3 62.5 62.5 3.9 7.8 15.62 31.25 62.5 62.5
B4 31.25 62.5 3.9 7.8 7.81 15.62 62.5 62.5
B5 31.25 31.25 1.95 3.9 1.95 3.9 62.5 62.5
B6 31.25 62.5 1.95 3.9 1.95 3.9 62.5 62.5
B7 31.25 31.25 1.95 3.9 7.81 15.62 62.5 125
B8 62.5 62.5 3.9 3.9 7.81 15.62 62.5 125
B9 31.25 31.25 1.95 3.9 3.9 7.8 62.5 125
B10 31.25 31.25 3.9 7.8 7.81 15.62 62.5 62.5
B11 62.5 62.5 1.95 3.9 1.95 3.9 62.5 62.5
B12 31.25 62.5 1.95 3.9 1.95 1.95 62.5 125
B13 31.25 62.5 1.95 3.9 1.95 3.9 31.25 62.5
B14 15.62 31.25 1.95 3.9 1.95 3.9 62.5 125
B15 31.25 62.5 1.95 3.9 1.95 3.9 62.5 62.5

Ciprofloxacin 1.95 3.9 3.9 7.8 3.9 7.8 0.97 1.95
Inoculum Control +++ +++ +++ +++

Broth control
No

growth
No

growth
No

growth
No

growth

Cp.: Compounds; +++ Indicates growth in all concentrations. The values obtained for the most active compounds
are marked in bold.

Analyzing the results obtained, it can be seen that the growth inhibitory activity against the
Gram-positive bacteria was more pronounced against the strain of Listeria monocytogenes, where 10
of the compounds (B1, B5–7, B9, B11–15) expressed MIC values lower than that of ciprofloxacin.
The others showed the same effect as the reference. The strain of Staphylococcus aureus was less
sensitive to the activity of the new molecules.
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Growth of Pseudomonas aeruginosa was strongly inhibited by most of the compounds. It can be
observed that B5, B6, and B11–15 had MICs lower than the antibacterial used as the reference,
while B9 had the same active concentration, in agreement with the inhibitory zone diameters.
The inhibition of Salmonella typhimurium was modest for all the tested derivatives.

Determination of MBC confirmed the results previously obtained, when MIC was investigated.
The MBC value of Schiff base B8 (meta-hydroxy) against L. monocytogenes ATCC 19115 was inferior
to that of ciprofloxacin. For this compound, MIC was equal to the antibacterial reference. Also,
the MBC of 1.95 µg/mL should be noted, registered for B12 (ortho-methoxy-phenyl), against the strain
of P. aeruginosa, which is much smaller than that for ciprofloxacin. The MBC/MIC ratio (Table S1) is
one or two for all the tested compounds, suggesting that they may exert bactericidal activity [32,33].

2.2. Virtual Screening

Virtual screening (VS) emerged as an adaptive response of cheminformatics to organic chemistry
requirements, in order to prioritize the synthesis of the most promising drug candidates [34–37].
In this respect, various cheminformatics tools can be used to filter the candidate compounds, based on
their absorption, distribution, metabolism, excretion, toxicity (ADMET) [38–40], and their spatial
interaction with the targets and their binding affinity (BA) via molecular docking [40,41]. Development
of novel antimicrobials as DNA gyrase inhibitors (validated drugs targets) has been exploited in both
computational and wet-lab strategies [5,20,42].

In our VS setup, we assessed the activity and potency of the newly synthesized Schiff
bases, via molecular docking, on the two subunits of topoisomerases II (gyrA and gyrB) from
Listeria monocytogenes, comparing the results with ciprofloxacin, chosen as the reference drug. We also
evaluated the safety-related concerns by the means of ADMET profiling. An academic license of
MarvinSketch was used for the drawing and displaying of 2D structures, 3D optimization of all
ligands, and also for generating the input SDF files for ADMET profiling and Tripos MOL2 files for
docking, MarvinSketch 17.6.0, 2017, ChemAxon, Budapest, Hungary [43].

2.2.1. ADMET Profiling

ADMET profiling provides helpful guidance on the absorption, plasma clearance,
tissue distribution, metabolic effects, and both acute and later toxicity. The results of the
ADME study previously conducted and presented [31] showed that the thiazolyl-triazole Schiff
bases B1–15 displayed good pharmakocinetic properties and that all new molecules passed the
drug-likeness criteria.

Toxicity studies are mandatory for a new product, due to the fact that a drug has to not only manifest
its efficacy, but also have good tolerability and a low toxicity rate. Considering the above aspects as
a good starting point, we continued the analysis of the newly synthesized compounds (Table 3).

Table 3. ADMET profiling–risks and safety concerns.

Cp. MW (Da) logP tPSA (Å2) PPIs UMSs CIs
PAINS Filters

PPDI Med Chem GSK 4/400 Pfizer 3/75
A B C

B1 446.38 5.69 104.1 Yes thiol
hal. thiol ND ND ND NI hydr. bad warn.

B2 446.38 5.69 104.1 Yes thiol
hal. thiol ND ND ND NI hydr. bad warn.

B3 446.38 5.69 104.10 Yes thiol
hal. thiol ND ND ND NI hydr. bad warn.

B4 411.93 5.06 123.00 Yes thiol
hal. thiol ND ND ND NI hydr. bad warn.

B5 456.38 5.13 123.00 Yes hal. thiol ND ND ND NI hydr. bad warn.

B6 395.48 4.53 123.00 Yes thiol
hal. F thiol ND ND ND NI hydr. good warn.

B7 393.49 4.08 143.23 Yes thiol
phenol thiol I479

I479b ND ND NI hydr. good warn.
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Table 3. Cont.

Cp. MW (Da) logP tPSA (Å2) PPIs UMSs CIs
PAINS Filters

PPDI Med Chem GSK 4/400 Pfizer 3/75
A B C

B8 393.49 4.08 143.23 Yes thiol
phenol thiol ND ND ND NI hydr. good warn.

B9 393.49 4.08 143.23 Yes thiol
phenol thiol I215 ND ND NI hydr. good warn.

B10 422.48 4.26 149.92 Yes thiol
nitro thiol ND ND ND NI hydr. bad warn.

B11 422.48 4.26 149.92 Yes thiol
nitro thiol ND ND ND NI hydr. bad warn.

B12 407.51 4.41 132.23 Yes thiol thiol ND ND ND NI hydr. bad warn.

B13 407.51 4.41 132.23 Yes thiol thiol ND ND ND NI hydr. bad warn.

B14 383.51 4.45 151.24 Yes thiol
thp. thiol ND ND ND NI hydr. good warn.

B15 420.55 4.56 126.24 Yes thiol thiol ND ND ND NI hydr. bad warn.

CIP 331.34 0.28 81.98 Not hal. F ND I215 ND ND NI ND good bad

Cp.: Compounds; MW: molecular weight; logP: logarithm of compound partition coefficient between n-octanol
and water; tPSA: topological polar surface area; PPIs: protein-protein interactions; UMSs: undesirable moieties
and substructures; hal.: halogenure; hal. F: halogenure with Fluorine; thp.: thiophene; CIs: covalent inhibitors;
PAINS: Pan-Assay Interference Compounds; ND: none detected (compound is free of problematic sub-structures
for the corresponding risk criteria). I479: intermediate compound which embeds a low-risk structural PAINS
alert with a number of occurrences below the threshold, according to the PAINS filter more150_hzone_phenol_A.
I479b: intermediate compound which embeds a low-risk structural PAINS alert with a number of occurrences below
the threshold, according to the PAINS filter more150_hzone_phenol_A_bis. I215: intermediate compound which
embeds a low-risk structural PAINS alert with a number of occurrences below the threshold, according to the
PAINS filter more150_hzone_phenol_B. PPDI: phospholipidosis induction; NI: non-inducer of phospholipidosis;
hydr.: hydrazine; warn.: warning (have to be used with caution as blindly applying such recipes can discard from
development many interesting molecules)

The risks and safety profiling of the investigated compounds (Table 3) indicates that all compounds
are non-inducers of phospholipidosis. On the other hand, ciprofloxacin (CIP) was classified as not PPI
friendly, despite its approved drug status; meanwhile, all the Schiff bases successfully complied with
this safety criterion. Referring to the problematic moieties, CIP is free of covalent inhibitors; meanwhile,
all Schiff bases have in their framework structure the thiol (–SH) group, which is considered responsible
for covalent binding [44,45]. Moreover, all compounds contain at least one low risk UMSs substructure:
a halogenure in the case of CIP, respectively the aforementioned –SH group in the case of Schiff bases.
Compounds B1–6 also have a secondary low risk halogenure. Meanwhile, other low risk groups are
present as follows: phenol (B7–9), nitro (B10–11), and thiophene (B14). PAINS groups were detected
only in the structure of B7, B9, and CIP (Table 3).

It can be observed that only five Schiff bases (B6–9 and B14) and CIP have good predictions from
GSK 4/400 rules, which say that substances with clogP < 4 and a molecular weight <400 Da have
better drug-like properties [46]. Schiff bases, due to their hydrazone moiety, may have, according to
the MedChem rules [47], potentially reactive or promiscuous behavior and also received a warning
from the Pfizer 3/75 rule (substances with clogP > 3 and tPSA < 75 Å2 are more likely to have in vivo
toxicity), due to the likelihood of promiscuous binding [48].

2.2.2. Molecular Docking

The DNA gyrase is built of two A subunits (gyrA) and two B subunits (gyrB) that form an A2B2
heterotetramer. Topoisomerase IV consists of two constitutive subunits: parE (homologous to DNA
gyrase subunit B–gyrB) and parC (homologous to DNA gyrase subunit A–gyrA) [6].

Fluoroquinolones act by inhibiting the gyrA subunit and also as competitive inhibitors of the
ATP-binding site on the gyrB subunit [5].

The best antibacterial activity for our Schiff bases was displayed against the Gram-positive
Listeria monocytogenes. In this view, we selected as docking targets the two DNA gyrases (DNA gyrase
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subunit A–gyrA and DNA gyrase subunit B–gyrB) from L. monocytogenes, since these are validated
drug targets, currently used in drug design [5,21,42].

The results of the two molecular docking runs are presented briefly in Tables 4 and 5, in terms
of binding affinity (BA) for the best docking poses–using as scoring criteria a root-mean-square
deviation equal to zero. A graphical depiction of the docking results is illustrated in Figures 2 and 3.
Detailed binding patterns and the total energetic interactions are shown in Table S2.

Table 4. Predicted binding affinity, interaction domain, and polar interactions between compounds
B1–15 and the DNA gyrase A from Listeria monocytogenes.

Backbone of the
Compounds B1–15

 

−

−

−

−

−

−

−

Compound gyrA BA (kcal/mol) Atom ID of Ligand Interacting AA Residue

B1 −8.9
N (2) Ser112
N (4) Val113
N (21) Ser98

B2 −7.6

N (2) Ser112, Val113
N (4) Val113
N (21) Ser98
S (32) Val268

B3 −8.1

N (2) Val113
N (4) Val113, Val268
N (21) Ser98
S (32) Val268

B4 −8.5
N (2) Val113
N (4) Val113, Val268
N (21) Ser98

B5 −8.8

N (2) Val113
N (4) Val113, Val268
N (21) Ser98
S (32) Val268

B6 −8.8
N (2) Val113
N (4) Val113, Val268
N (21) Ser98

B7 −8.1

N (2) Val113
N (4) Val113, Val268
N (21) Ser98

Phenolic O Gln95, Ser98

B8 −8.7

N (2) Val113
N (4) Val113, Val268
N (21) Ser98

Phenolic O Tyr266
S (32) Val268

B9 −8.5

N (2) Val113
N (4) Val113, Val268
N (21) Ser98
S (32) Val268

B10 −9.1

N (2) Val113
N (4) Val113, Val 268
N (21) Ser98

Nitro N Tyr266
Nitro O Gln267
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Table 4. Cont.

Backbone of the
Compounds B1–15

 

−

−

−

−

−

−

−

Compound gyrA BA (kcal/mol) Atom ID of Ligand Interacting AA Residue

B11 −8.8

N (2) Val113
N (4) Val113, Val268
N (21) Ser98
S (32) Val268

B12 −8

N (4) Val113, Val268
N (21) Ser98

Methoxy O Ser98
S (32) Val268

B13 −8.8

N (2) Val113
N (4) Val113, Val268
N (21) Ser98

Methoxy O Tyr266

B14 −7.9

N (2) Val113
N (4) Val113, Val268
N (21) Ser98
S (32) Val268

B15 −8.8
N (2) Val113
N (4) Val113, Val268
N (21) Ser98

CIP −7.1
O (24) Ser172
O (25) Gly171

Table 5. Predicted binding affinity, interaction domain, and polar interactions between compounds
B1–15 and the DNA gyrase B from Listeria monocytogenes.

Backbone of the
compounds B1–15

 

−

−
−
−
−
−

−

−

−

−

−

−

−

−
−
−

Compound gyrB BA (kcal/mol) Atom ID of Ligand Interacting AA Residue

B1 −6.3
N (4) Asp611
S (32) Asp614

B2 −6.7 NA NA

B3 −6.6 NA NA

B4 −7.3 NA NA

B5 −6.3 N (2) Asp614, Thr618

B6 −7.2 NA NA

B7 −6.3
N (4) Asp611

Phenolic O (30) Thr618
Thiazole S (16) Asp614

B8 −7.3 Phenolic O (30) Lys610, Asp611

B9 −7.2
N (21) Asn608

Phenolic O (30) Asp611, Ala615
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Table 5. Cont.

Backbone of the
compounds B1–15

 

−

−
−
−
−
−

−

−

−

−

−

−

−

−
−
−

Compound gyrB BA (kcal/mol) Atom ID of Ligand Interacting AA Residue

B10 −6.8 Nitro O (31,32) Arg518

B11 −6.8
Nitro N (30) Arg518
Nitro O (32) Arg518

S (33) Gln542

B12 −6.4 NA NA

B13 −6.6
N (21) Gln542

Methoxy O (30) Arg518

B14 −6.5 NA NA

B15 −6.2 N (4) Asp611

CIP −6.5 O (25) Ala510

(A)

(B)

Figure 2. General view (A) and detail (B) of the best docking poses of ligands against gyrA.
Target is depicted as thin sticks with a secondary structure drawn as a cartoon backbone and
semi-transparent electrostatic molecular surface (cropped in the detailed view), where ligands are
figured as ball-and-stick (Schiff bases are CPK colored, meanwhile CIP is pink-magenta).
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(A)

(B)

(C)

′

Figure 3. General view (A) and details (B,C) of the best docking poses of ligands against gyrB.
Target is depicted as thin sticks with a secondary structure drawn as a cartoon backbone and
semi-transparent electrostatic molecular surface (cropped in the detailed view), where ligands are
figured as ball-and-stick (CIP is pink-magenta, B8 is green, meanwhile the rest of the Schiff bases
are CPK colored). In the general view (A), the right group is made from CIP, B10, B11, and B13;
meanwhile, the left group is made of the rest of the Schiff bases (including here B8); Detail (B) shows
the left group (B8 group), image being focused on B8 (green) binding mode, emphasizing the three
H-bonds established with Lys610 and Asp611 (2 H-bonds) (cropped view showing only the nearest
AAs residues–until a 7.5 Å distance from B8); Detail (C) shows the right group (CIP group), image
being focused on the CIP (pink-magenta) binding mode, emphasizing the H-bond established with
Ala510 (cropped view showing only the nearest AAs residues–until a 7.5 Å distance from CIP).

From Table 4, it can be easily observed that all Schiff bases are stronger binders than CIP (used as
the control inhibitor) to gyrA; meanwhile, on gyrB, all compounds are considerably weaker binders.
For CIP, the docking results are consistent with the data included in DrugBank [49,50]. From the
supplementary data (Table S2), it can be observed that Schiff bases have a common binding pattern
(also illustrated in Figure 2) against gyrA within the TOP4c domain (located between positions 12–465



Int. J. Mol. Sci. 2018, 19, 222 11 of 18

in Listeria monocytogenes, according with the UniProtKB ID: Q8YAV6), in the region described between
Phe88 and Lys270; meanwhile, CIP binds slightly differently, between Gly41 and Gln267. The TOP4c
domain or DNA topoisomerase, type IIA, subunit A/C-terminal domain, has been described as
having DNA-binding activity (according to Simple Modular Architecture Research Tool–SMART
accession number: SM00434) [51,52]. In medallions, the canonical sequence of gyrA with the TOP4c
domain (positions 12–465) (Figure 2A) and the canonical sequence of gyrB with the Toprim domain
(positions 430–544) (Figure 3A), marked with yellow, are depicted.

CIP formed two H-bonds, between the carboxyl group from position 3 (O24, O25) with Gly171
and Ser172 of the TOP4c domain (Figure 4A). All Schiff bases formed at least three H-bonds between
the azomethine nitrogen (N21) and serine (Ser98) and between the triazole nitrogens (N2 and N4)
and the valine residues (Val113, Val268). Additional H-bonds are formed by B7 (with Gln95),
B8 (with Tyr266–Figure 4B, Figure 5), B10 (with Tyr266 and Gln267), and B13 (with Tyr266).
Even though the Schiff bases and ciprofloxacin bind differently to the target, but in the same subunit
A (C-terminal domain of DNA topoisomerase IIA, (TOP4c)), both binding patterns competitively block
the access of O-(5′-phospho-DNA)-tyrosine intermediate at its binding site, located in position 123
(according UniProtKB ID: Q7BSI9), in Listeria monocytogenes. This confirms the importance of the imine
functional group for the binding mode of the Schiff bases.

(A) (B)

 
(C)

Figure 4. Details of the best docking poses of CIP (pink-magenta) and B8 (green) against gyrA
(target is depicted as thin sticks with a secondary structure drawn as a cartoon backbone, where ligands
are figured as sticks and H-bonds are depicted as dashed blue lines). In detail (A), the image
is focused on the CIP binding mode, emphasizing the two H-bonds established with Ser172 and
Gly171 (in order to simplify the image, only the nearest AAs residues–until a 5.0 Å distance from CIP,
are shown); In detail (B), the image is focused on the B8 binding mode, emphasizing the six H-bonds
established with Val113 (2 H-bonds), Val268 (2 H-bonds), Ser98, and Tyr266 (to simplify the image
are shown only the nearest AAs residues–until a 5.0 Å distance from B8); Detail (C) illustrates the
energy grid: green–steric favorable; light blue–hydrogen acceptor favorable; yellow–hydrogen donor
favorable; red and dark blue–electrostatic interactions (cropped view showing only the nearest AAs
residues–until a 7.5 Å distance from B8).
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Figure 5. Mapping of H-bonds and steric interactions between ligands (case of B8 and CIP) and gyrA
(H-bonds are illustrated as blue dashed lines, strong steric interactions are represented as red dashed
lines, the weak steric interaction are not figured, only the corresponding AAs are depicted).

Analyzing the docking results (Table 5), it can be observed that all screened compounds are weaker
binders of gyrB than of gyrA. Moreover, the binding patterns indicate the lack of pharmacological
relevance since the interacting region is placed partially outside the Toprim domain (Table S2,
Figure 3B,C). Moreover, the H-bonds are scarce, and only B1, B5, B7–11, B13, B15, and CIP are
able to establish such a type of interactions with gyrB (Table S2).

Analyzing the docking output, respectively, focusing on the best binders to gyrA, combined
with the ADMET profiling, the best drug-like candidates are B6–9 and B14, which comply with
the GSK 4/400 rule (CIP also falls in the same category). Moreover, two of these drug candidates
(B8 and B14) are also free of PAINS, which make them the most balanced compounds, in terms of
potency (being more potent than CIP) vs. safety (lacking of PAINS, meanwhile CIP being classified as
an intermediate compound in terms of safety concerns).

B8 is a stronger binder than B14 (Table 4), interacting with the TOP4c domain of gyrA in a binding
pocket described between Phe88 and Lys270 (Table S2, Figures 4 and 5).

From Figures 4 and 5, and data presented in Table S2, it can be observed that compound B8
forms six H-bonds with gyrA (one between azomethine N21 and Ser98, two between Val113 and the
triazolic nitrogens N2 and N4, two between Val268 and triazolic N4 and thiolic S32, and one between
hydroxy-phenol substituent from meta position and Tyr266), and multiple steric interactions with
surrounding AAs.

The competitive binding pattern of B8 prevents both ATP and DNA binding to gyrA,
with the formation of O-(5′-phospho-DNA)-tyrosine intermediate in the active site (located at position
123) being competitively blocked, resulting in the inhibition of its GO functions: ATP binding
function (GO:0005524), ATP-hydrolyzing activity (GO:0003918), and DNA binding (GO:0003677).
Such a binding pattern prevents the topological transformation of bacterial DNA. Due to the homology
of the subunit A (gyrA) of the bacterial DNA gyrase and parC domain of topoisomerase IV, it is also
expected that the GO functions of topoisomerase IV will be inhibited.

3. Materials and Methods

3.1. Antibacterial Activity Assay

3.1.1. Determination of the Inhibition Zone Diameters

The in vitro antimicrobial activity was evaluated using the cup-plate agar diffusion method,
according to the Clinical and Laboratory Standards Institute (CLSI) guidelines [53]. For the antibacterial
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testing, Mueller-Hinton agar medium was used. The cell density was adjusted to the density of
a 0.5 McFarland standard. A volume of 20 µL of each compound solution (5 mg/mL in dimethyl
sulfoxide-DMSO) was delivered into the wells (100 µg/well). Ciprofloxacin (100 µg/well) was used
as the standard drug. The controls were performed with sterile broth, overnight culture, and 20 µL
of DMSO. The plates were incubated at 35 ◦C. Zone diameters were measured after 24 h. Tests were
repeated three times. The solvent used for the stock solutions (5 mg/mL), DMSO (Merck, Germany),
did not express inhibitory activity against the tested bacterial strains.

3.1.2. Calculation of the Percentage Activity Index (% AI)

Percentage activity index (% AI) was determined using the mathematical formula [54]:

% AI = (Zone of the inhibition of synthetic compound/Zone of the inhibition of reference drug) × 100

3.1.3. Determination of MIC and MBC Values

The microorganisms used for the antimicrobial activity evaluation were obtained from
the University of Agricultural Sciences and Veterinary Medicine Cluj-Napoca, Romania.
The Gram-positive bacteria (Staphylococcus aureus ATCC 49444, Listeria monocytogenes ATCC 19115)
and Gram-negative bacteria (Pseudomonas aeruginosa ATCC 27853, Salmonella typhimurium ATCC
14028) were maintained on plate count agar slants, at 4 ◦C. The cultures were maintained on Mueller
Hinton agar (bioMérieux, Marcy l’Etoile, France). The bacteria were cultured overnight in 5 mm
Mueller Hinton broth (bioMérieux, Marcy l’Etoile, France) in a shaker incubator (Heidolph Inkubator
1000 coupled with Heidolph Unimax 1010, Germany), at 37 ◦C, 150 rpm, until the culture reached
an OD550 of 0.02 (Nanodrop Spectophotometer ND-1000, USA), corresponding to 108 CFU mL−1.
Before the incubation with materials, the cultures were diluted to 105 CFU mL−1.

Stock solutions (1 mg/mL) were prepared by dissolving the test compounds and the reference
antibiotic (ciprofloxacin), respectively, in sterile DMSO. These solutions were stored at 4 ◦C. Series of
double diluting solutions of the above compounds were prepared in RPMI 1640 medium, obtaining
final concentrations in the range of 500 µg/mL to 0.015 µg/mL.

The broth microdilution method was employed for the minimum inhibitory concentration (MIC)
test [53]. The growth control, sterility control, and control of antibacterial compounds were used.
Plates were incubated at 37 ◦C, for 24 h, and next, MICs were determined, by adding resazurin (20 µL,
0.02%), followed by a 2 h incubation. For determining the minimum bactericidal concentration (MBC),
a 0.01 mL aliquot of the medium drawn from the culture tubes, showing no macroscopic growth after
24 h, was subcultured on nutrient agar/potato dextrose agar plates, to determine the number of the
vital organisms and was incubated further at 37 ◦C, for 24 h. All MIC and MBC tests were repeated
three times.

3.2. Virtual Screening

3.2.1. ADMET Predictions

FAF-Drugs4 [55,56] was used to screen all ligands in order to predict their ADME-Tox
properties. The input files (previously generated SDF files) were formatted according to FAF-Drugs4’s
requirements using Bank-Formatter [55]. XLOGP3 [54] was chosen as the logP computation program
to estimate lipophilicity and the derived ADMET descriptors. ADMET screening was carried out using
a series of FAF-Drugs4’s built-in filters for drug-likeness. The Drug-Like Soft filter of FAF-Drugs4 is based
on the physicochemical and molecular properties and the bioavailability rules used widely for drug
discovery [57–61]. The Drug-Like Soft filter uses a built-in statistical analysis of drugs [55] extracted from
the e-Drugs3D library [62] for the threshold values of computed descriptors. Additional filters were used
for the detection of the non-peptidic inhibitors of protein-protein interactions (PPIs) [63], the detection
of the undesirable moieties and substructures (UMSs) involved in toxicity problems [46,63–65], covalent
inhibitors (CIs) [32,33], and Pan-Assay Interference Compounds (PAINS) [66,67]. The detection of



Int. J. Mol. Sci. 2018, 19, 222 14 of 18

PAINS was done using a set of three filters [55,67,68]. Finally, a series of ADMET filters, currently used
by pharmaceutical companies, were used to assess the safety profiling: MedChem rules [47], the GSK
4/400 rule [46], the Pfizer 3/75 rule [48], and the estimation of phospholipidosis induction (PPDI) [69].
The MedChem is a package of 275 rules developed by Eli Lilly and Company (Indianapolis, IN, USA) to
identify compounds that may interfere with the biological assays–we chose in our VS run a 100-demerit
cutoff (the regular setting of FAF-Drugs4).

3.2.2. Molecular Docking

The molecular docking was performed on DNA gyrase subunit A–gyrA and DNA gyrase subunit
B–gyrB from L. monocytogenes. A cross-search between The Universal Protein Resource–UniProt [70]
and RCSB Protein Data Bank–RCSB-PDB [71] did not reveal any experimental structure for DNA
gyrases from L. monocytogenes; consequently, there were constructed homologue models for both of
them, using SWISS-MODEL [72], via the ExPASy web server [73].

The previously optimised Tripos MOL2 files of corresponding Schiff bases were docked against
each of the two gyrases, in two separate runs, with PyRx–Python Prescription 0.9.5 [74] using AutoDock
Vina [75] as the docking algorithm. AutoDock Vina is able to automatically calculate the grid maps
and use an X-score inspired scoring function [76] to predict the noncovalent binding of ligands and to
cluster the results. Since Autodock Vina is able to automatically calculate the grid maps, both runs
were performed as blind docking [77] in order to detect all the possible binding sites and binding
patterns. The exhaustiveness of each docking run was set to 80 (increased 10 times from the default
value of software), in order to improve the accuracy of the predictions [75,78]. Supplementary, Molegro
Molecular Viewer v2.5–MMV v2.5 (Molegro, A CLC Bio Company, Aarhus N, Denmark) was used for
data extraction (binding patterns, energy contribution) and high-resolution renderings.

4. Conclusions

Fifteen thiazolyl-triazole Schiff bases, previously synthesized, have been investigated for their
antibacterial potential, against Gram-positive and Gram-negative bacterial strains. The determination
of the inhibitory zone diameters showed that compounds B1, B2, B9, and B10 were the most
potent against Gram-positive L. monocytogenes, with an equal or a superior effect (B10), compared
to ciprofloxacin. MICs and MBCs were in agreement with the results obtained. Regarding the
activity against the Gram-negative strains, most of the compounds inhibited the growth of P. aeruginosa,
but MICs were smaller than the reference (B5, B6, B11–15) or equal to ciprofloxacin (B9). The calculated
MBC/MIC ratio suggested a bactericidal effect for the new molecules.

The molecular docking study, performed on DNA-gyrA and gyrB from L. monocytogenes, revealed
that the thiazolyl-triazole Schiff bases have a common binding pattern to gyrA and competitively block
the access of O-(5′-phospho-DNA)-tyrosine intermediate at its binding site. All Schiff bases make at
least three H-bonds between the azomethine nitrogen, the triazole nitrogens (N2 and N4), respectively,
with AA residues from the TOP4c domain of gyrA. All screened compounds are weaker binders to
gyrB than gyrA and the binding patterns indicate the lack of pharmacological relevance, since the
interacting region is placed partially outside the Toprim domain.

The ADMET profiling revealed that all Schiff bases are non-inducers of phospholipidosis.
The virtual screening selected the thiazolyl-triazole derivative B8 as the best drug-like candidate,
which complied with the safety rules (GSK 4/400, PAINS), and was more efficient than CIP, on gyrA.
Plus, its binding pattern prevents both ATP and DNA binding to gyrA, and consequently, prevents the
topological transformation of bacterial DNA.

All data collected from the in vitro antibacterial evaluation and the virtual screening, may be
considered as a structural basis for the design of new antibacterial drugs, acting as DNA-gyrase
inhibitors, without severe side effects.
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Abstract

The lipophilic character of 20 previously reported compounds—derivatives of N1-arylidene-thiose-

micarbazone (series A) and their corresponding 1,3,4-thiadiazolines (series B)—has been deter-

mined by reversed-phase thin-layer chromatography, using i-propanol–water mixtures as eluents.

Principal component analysis (PCA) allowed an objective estimation of the retention behavior of

the tested compounds and also afforded to obtain a 2D scatterplot, described by the first two prin-

cipal components, which had the effect of separating the compounds from each other most effec-

tively. With the use of clustering methods (K-means clustering) based on PCA data, the studied

compounds were grouped into two congeneric classes. When comparing the obtained lipophilicity

parameters’ values with the antibacterial properties of the tested compounds, we noticed that the

lipophilic character had no significant influence on their growth inhibitory activity.

Introduction

Some physico-chemical properties of biologically active compounds,

such as solubility, stability, lipophilicity, and the acid-base character,

must be determined in early stages of drug development (1). Of these

properties, lipophilicity (affinity of a molecule or moiety for a lipo-

philic environment) is of principal importance in drug discovery and

development, because it affects three phases (pharmaceutical, phar-

macokinetic and pharmacodynamic) of the drug activity (2–5).

Even if lipophilicity is one of many factors involved in the bio-

logical activity of a drug, it is often one of the most influential. This

property pertains to many stages of the drug’s action. Prior to reach-

ing a pharmacological target, lipophilicity determines the solubility,

reactivity and degradation of drugs. The absorption of substances,

from the site of administration to the site of action, involves trans-

porting them through various biomembranes, such as skin, cornea,

intestinal mucosa, blood–brain barrier (BBB) and placenta. In gen-

eral, all these biomembranes are lipid bilayers containing phospholi-

pids, cholesterol and integral proteins. Most molecules cross cell

membranes by passive diffusion, while their lipophilic character has

a decisive impact on this process (1, 2, 6).

The biological activity of the molecules may be linked to their

lipophilic character by means of some quantitative parameters.

These parameters are known as lipophilicity evaluation parameters,

and they include those values (calculated by means of theoretical

methods or determined experimentally) that give the interaction

between the cell membranes and the molecules of biological interest

(6, 7).

The lipophilicity of a compound is commonly measured by its

distribution behavior in a biphasic system, either liquid–liquid (e.g.,

partition coefficient in octanol/water) or solid–liquid (e.g., retention

on reversed-phase high-performance liquid chromatography or thin-

layer chromatography system) (2, 8, 9).

As a continuation of our research on bioactive molecules’ lipo-

philicity determination (6, 10, 11), in the present paper, we report

the lipophilic character of some N1-arylidene-thiosemicarbazones

(TSCs) as well as of their corresponding 1,3,4-tiadiazoline (TDZ)

derivatives that were obtained by cyclization under acetylating con-

dition. These compounds were previously reported (12) for their

antimicrobial properties. The purpose of this research was to investi-

gate the feasibility of the scores, obtained by principal component
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analysis (PCA) based on RP-TLC retention data, as a measure of the

lipophilic character, in correlation with the biological activity of the

tested compounds. PCA also affords a useful graphical tool, since

scatterplots of the scores onto a plane, described by the first two or

three principal components, have the effect of separating the com-

pounds most effectively.

The clustering of the compounds into groups was possible

through PCA-guided search for K-means.

Experimental

Chemicals and reagents

Twenty compounds—ten arylidene-TSCs (A1–10) and their corre-

sponding 1,3,4-TDZs (B1–10)—were assessed for their lipophilic

character. The synthesis and physico-chemical characterization of

these compounds, along with their in vitro antimicrobial effects,

were previously reported (12). The chemical structures of the tested

compounds are compiled in Table I.

Principal component analysis

The lipophilicity of the 20 studied compounds was evaluated

by PCA based on RP-TLC data. It was performed in order to

explore and visualize the similarities and differences among the

tested compounds.

PCA is a technique used to summarize all the information con-

tained in a matrix (retention data, resulted from all compounds’ and

all mobile phases’ combination) in a form that is understandable by

a simple performance. It works by decomposing as a product of two

smaller matrices, which are called loadings (eigenvectors) and scores

(linear combinations of retention indices). The best way to extract

information from PCA is by graphically plotting the matrices in

order to obtain 2D or 3D plots and loading scores. In order to get

an overview of the data, one should look at the scores plot of the

most important principal components (in our case, the first two).

These plots represent a relative position of the objects in the 2D or

3D space of the principal components. The loadings define the size

of the contribution of each original variable to the principal compo-

nents. In addition, the loadings plot will provide an overview of the

importance of the original variables (4, 6).

By using PCA (also known as eigenvector analysis), it represents

an economic way to find the location of the objects in a reduced

coordinate system. Instead of n-axes (corresponding to n variables)

only P (P < n) can usually be used to describe the data set, with a

maximum possible information. The new variables are called princi-

pal components and they are given by the linear combination of the

n real variables (13).

PCA was performed on the retention data by the use of XL-

STAT extension. It displayed objects (the tested compounds) in a

reduced space by finding a direction (first principal component) that

best preserves the scatter of the observations (100 × Rf values) in a

multidimensional space. PCA gave both the coordinates (scores) of

the studied compounds and the loadings of the variables (solvents)

on the principal components.

K-means clustering

Since PCA only permits visualization of the similarities and differ-

ences of the tested compounds, dividing them into groups is only

possible through clustering methods.

Data clustering is a method of creating groups of objects or clus-

ters in such a way that all objects within a single cluster are very

similar, while objects in different clusters are quite distinct. K-means

algorithm is one of the most widely used clustering methods, being

simple and easy to understand. K-means clustering models ball-

shaped clusters using simple squared distances as distortion (14).

K-means clustering was performed based on PCA data, using the

XL-STAT extension.

Table I. The Chemical Structures of the Investigated Compounds
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Compound R1 R2 R3 R4

A1 B1 4-Br H CH3 H

A2 B2 2-OCOCH3 H CH3 H

A3 B3 2-Cl 6-Cl H H

A4 B4 2-Cl 4-Cl H H

A5 B5 2-OCH3 H H H

A6 B6 3-NO2 H H CH3

A7 B7 2-Cl 4-Cl H C6H5

A8 B8 3-NO2 H H C6H5

A9 B9 H

A10 B10 4-Br
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Chromatographic procedure

The lipophilicity of the 20 investigated compounds was evaluated

using PCA based on thin-layer chromatographic retention data.

The chromatographic behavior of the test compounds (Table I)

was studied on C18 silicagel bonded 60 RP-180F254S TLC (20 ×

20 cm) plates, purchased from Merck (Darmstadt, Germany). The

compounds were dissolved in DMSO (Merck) in order to achieve a

1- mg/mL concentration. Three microliters of each solution was

manually spotted at 10mm from the base and 5mm from the edge

of the plate, while the distance between successive spots was 10mm.

Chromatography was performed in a normal developing chamber,

at room temperature (~20°C), and a developing distance of 8.5 cm.

The mobile phase consisted of a water–i-propanol mixture. The

organic modifier’s (i-propanol) concentration ranged between 45

and 70% (v/v), with 5% increments. Before development, the cham-

ber was saturated with mobile phase for 15min. After being devel-

oped, the dried plates were visually inspected under UV light (λ =

254 nm). Each spot was clearly marked and its distance was manu-

ally measured, in order to calculate the Rf values.

Chromatographic lipophilicity parameters

Based on the Rf values, we were able to calculate one of the most

common lipophilic estimators, the isocratic retention factor RM,

using the Bate-Smith and Westall equation (15).

The use of RP-TLC provides retention data in the form of Rf

and corresponding RM (1) values, that can be used to derive chro-

matographic descriptors for the estimation of lipophilicity: RM0, b

and PCA.

The use of RP-TLC is based on the assumed linear relationship

between the molecular parameter (1) and logP (the logarithm of the

n-octanol–water partition coefficient), the standard measure of lipo-

philicity (6, 13):

⎡⎣ ⎤⎦= ( ) − ( )R Rlog 1/ 1 1M f

The RM value (related to the molecular lipophilicity) generally de-

pends linearly on the concentration of the organic component of the

mobile phase. To increase the accuracy of the lipophilicity determi-

nation, the RM values that were extrapolated to zero organic modi-

fier concentration (RM0) have been calculated from the linear

correlation between the RM values and the concentration of the

organic component of the mobile phase:

= + ( )R R bc 2M M0

where RM0 = lipophilicity estimation parameter, RM = retention of

the solute, b = slope and c = concentration of the mobile phase

organic modifier (i-propanol).

The intercept (RM0) in Equation (2) represents the extrapolated

RM values at 0% organic solvent. In other words, the intercept deter-

mined using this equation can be considered as an estimation of the

compounds’ partitioning between a non-polar stationary phase and

the aqueous system. Hence, all the studied compounds can be com-

pared on the basis of their lipophilicity determined this way (6, 13).

The lipophilic properties of the investigated compounds were

evaluated by PCA (XL-STAT). For a better interpretation of the re-

sults obtained, these were correlated with cLogP values of the tested

compounds, which were generated using the ChemBioDraw 11.0

software.

Results

The lipophilicity of the 20 studied compounds was evaluated using

PCA based on RP-TLC data.

Table II lists the eigenvalues of the covariance matrix, ordered

from the largest to the smallest; the third column shows the differ-

ence between each eigenvalue and the next smallest one. The fourth

column shows the proportion. These results suggested two compo-

nent model that explained 98.993% of the total variance (informa-

tion). The first component (P1) explained 96.890% of the total

variance, while the second one (P2) only 2.103%.

Table III displays the eigenvectors associated with the first two

principal components. The first eigenvector goes with the first eigen-

value and so on. The results obtained confirmed that the six solvents

(mobile phases) are strongly related to each other, so they could be

reduced. This shows that, for most of the investigated compounds,

there was generally a regular increase in Rf values with the increas-

ing i-propanol content.

The results of the regression analysis using Equation (2) are com-

piled in Table IV. The statistics obtained illustrate that the linear

equation fits in a good way the experimental data, the linear model

explaining ~98% of the total variance (see R2 values), in the major-

ity of cases.

Discussion

A good correlation was also found between the intercept’s (RM0, li-

pophilicity) and slope’s (b, specific hydrophobic surface area) values

of Equation (2). This finding suggested that the studied N1-aryli-

dene-TSCs A1–10 and their corresponding 1,3,4-TDZs B1–10

might form a “homologous series” of compounds, as has been sug-

gested by some authors (16, 17).

Moreover, a high correlation (R2
= 0.946) was obtained

between RM0 and the scores on the first principal component (P1),

as it is described by the linear Equation (3).

= − ( )R P1.699 0.168 3M0 1

Table II. The Eigenvalue of the Five Components (Mobile Phases)

Component Eigenvalue Difference Proportion, % Cumulative

1 5.813 5.687 96.890 96.890

2 0.126 0.084 2.103 98.993

3 0.042 0.031 0.698 99.691

4 0.011 0.006 0.183 99.874

5 0.005 0.003 0.089 99.963

6 0.002 0.037 100.000

Table III. Eigenvectors Associated with the First Two Principal

Components

Component Eigenvector

P1 P2

1 0.402 0.570

2 0.403 0.502

3 0.413 0.050

4 0.411 −0.268

5 0.410 −0.428

6 0.410 −0.407
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On the basis of these findings, and as it can be seen in data pro-

vided in Table IV, the scores on the first principal component can

efficiently replace the RM0 values in the estimation experiments of

the lipophilicity of these compounds. In addition, as it is shown in

Figure 1, score plots are very useful as a display tool for examining

the relationships between compounds by looking for trends, group-

ings or outliers. By graphing scores onto the plane described by P1

and P2, we obtained a “congeneric lipophilicity chart” (in which

a strongly lipophilic compound is characterized by a low value

of the P1 parameter). It appears that A1–10 TSCs, as well as their

corresponding TDZ derivatives B1–10, obtained by cyclization in

the presence of acetic anhydride, had a similar behavior. We can

conclude that the lipophilicity is not significantly changed by

cyclization.

The 2D graphic display of the scores described by P1 and P2

(Figure 1) afforded a good visualization of the similarities and differ-

ences between the compounds tested in the present study and sup-

ports that they might practically form two distinct congeneric

classes, in a very good agreement with the selected eigenvectors and

their chemical structures.

K-means clustering based on PCA data grouped the tested com-

pounds into two congeneric classes (clusters)—1: compounds A1,

A3, A4, A7, A8, A9, A10, B1, B4, B7, B8, B10 and 2: A2, A5, A6,

B2, B3 B5, B6, B9. It can be noticed that, with the exception of A3,

A9, B3 and B9, in each of the two classes, the compounds are found

in pairs—TSCs and their corresponding TDZs.

Analysis of all retention parameters showed that the lipophilic

character did not significantly change after cyclization of TSCs

A1–10 to TDZs B1–10. The highest values of the lipophilicity

parameters were obtained for compounds B7, A7, A10, B8, A8,

A3 and A4, while the lowest belonged to compounds A5, B5, B2

and A6. The presence of electron-withdrawing substituents on the

benzene ring in Position 5 of the TDZ system (Cl, Br, NO2)

increased lipophilicity, while the introduction of electron-donating

substituents (OH, OCH3) leads to a decrease in lipophilic

character.

Further on, for all TDZs investigated, we decided to establish

(when possible), a correlation between their biological effects and

their lipophilicity (12). We considered the results (diameter of the

inhibition zone) obtained for the antibacterial screening against

Bacillus cereus. In order to compare values of similar orders of mag-

nitude, the logarithm of the diameter of the inhibition zones

(logDIZ) was calculated, and the comparison was made after a hier-

archization of these compounds based on logDIZ values (Table V).

We remind that the smaller the value of P1 is, the more lipophilic a

compound is.

Table IV. Regression Data and Scores on the Two First Principal

Components for the Investigated Compounds and cLogP values

for the Studied Compounds

Compound RM0 b R2 P1 P2 cLogP

A1 1.741 −3.024 0.983 −0.185 −0.169 3.348

A2 1.194 −2.552 0.983 3.205 0.291 2.264

A3 1.796 −3.124 0.970 −0.142 −0.354 3.593

A4 1.894 −3.051 0.964 −1.905 0.006 3.593

A5 1.381 −2.671 0.995 1.757 0.173 1.920

A6 1.445 −2.650 0.967 0.808 0.096 1.614

A7 1.891 −2.985 0.964 −2.356 0.172 5.386

A8 2.247 −3.503 0.969 −2.927 −0.177 3.703

A9 1.855 −3.123 0.976 −0.886 −0.205 3.083

A10 2.064 −3.446 0.909 −1.097 −0.658 3.953

B1 1.593 −2.806 0.981 0.075 −0.014 3.187

B2 0.905 −2.217 0.968 4.312 0.662 1.673

B3 1.472 −2.724 0.984 0.996 0.035 3.231

B4 1.672 −2.920 0.981 −0.080 −0.117 3.231

B5 1.199 −2.574 0.982 3.284 0.217 1.724

B6 1.375 −2.638 0.982 1.600 0.098 2.304

B7 2.859 −3.906 0.978 −6.840 0.923 5.422

B8 1.873 −3.233 0.980 −0.308 −0.393 3.739

B9 1.569 −2.951 0.984 1.441 −0.191 2.247

B10 1.966 −3.330 0.980 −0.750 −0.395 3.116

Figure 1. Congeneric lipophilicity chart (2D plot) obtained by plotting scores corresponding to P1 and P2. *Groups (classes, clusters) were established via

K-means clustering.
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Data analysis showed that there is no proportionality (direct or

reversed) relationship between the lipophilic character and the inhib-

itory activity against Bacillus cereus of these compounds, since their

inhibitory effects were very similar, regardless of their lipophilicity.

Conclusions

In summary, 20 previously reported compounds, derivatives of

N1-arylidene-TSC and their corresponding TDZs, were investigated

for their lipophilic character. After applying the PCA method based

on chromatographic data (RP-TLC) and K-means clustering based

on PCA data, the compounds were finally grouped into two classes,

based on the influence of certain substituents on the lipophilic char-

acter of the whole molecule. In general, cyclization of TSCs to their

corresponding TDZs did not have a significant influence on the lipo-

philic character of these compounds. The results obtained showed

how a particular substituent attached to a pharmacophore (thiazole,

TDZ) influences the chromatographic retention of a compound.

Electron-withdrawing substituents (Br, Cl, NO2) increased lipophili-

city, whereas the presence of electron-donating groups (OH, OCH3)

leads to lower lipophilicity parameters’ values. The results obtained

also showed that the hydrophobic character of the investigated com-

pounds does not significantly influence their antibacterial activity.
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3-5 Manăştur Street, RO-400372 Cluj-Napoca, Romania

3 National Institute for Research and Development for Cryogenic and Isotopic Technologies,
4th Uzinei Street, RO-240050 Râmnicu Vâlcea, Romania; radu.tamaian@icsi.ro

4 SC Biotech Corp SRL, 4th Uzinei Street, RO-240050 Râmnicu Vâlcea, Romania
5 National Institute for Research and Development of Isotopic and Molecular Technologies,

RO-400293 Cluj-Napoca, Romania; adrian.pirnau@itim-cj.ro
6 Department of Pharmaceutical Technology and Biopharmaceutics, “Iuliu Hat,ieganu”

University of Medicine and Pharmacy, 41 Victor Babes, Street, RO-400012 Cluj-Napoca, Romania;
vlaselaur@yahoo.com

* Correspondence: dan.vodnar@usamvcluj.ro (D.C.V.); ionut.ioana@umfcluj.ro (I.I.);
Tel.: +40-747-341-881 (D.C.V.); +40-747-507-629 (I.I.)

Academic Editor: Christo Christov
Received: 22 November 2016; Accepted: 9 January 2017; Published: 17 January 2017

Abstract: Twenty-three thiazolin-4-ones were synthesized starting from phenylthioamide or thiourea
derivatives by condensation with α-monochloroacetic acid or ethyl α-bromoacetate, followed by
substitution in position 5 with various arylidene moieties. All the synthesized compounds were
physico-chemically characterized and the IR (infrared spectra), 1H NMR (proton nuclear magnetic
resonance), 13C NMR (carbon nuclear magnetic resonance) and MS (mass spectrometry) data were
consistent with the assigned structures. The synthesized thiazolin-4-one derivatives were tested
for antifungal properties against several strains of Candida and all compounds exhibited efficient
anti-Candida activity, two of them (9b and 10) being over 500-fold more active than fluconazole.
Furthermore, the compounds’ lipophilicity was assessed and the compounds were subjected to in
silico screening for prediction of their ADME-Tox properties (absorbtion, distribution, metabolism,
excretion and toxicity). Molecular docking studies were performed to investigate the mode of action
towards the fungal lanosterol 14α-demethylase, a cytochrome P450-dependent enzyme. The results
of the in vitro antifungal activity screening, docking study and ADME-Tox prediction revealed that
the synthesized compounds are potential anti-Candida agents that might act by inhibiting the fungal
lanosterol 14α-demethylase and can be further optimized and developed as lead compounds.

Keywords: thiazolin-4-one; antifungal activity; lipophilicity; lanosterol 14α-demethylase; molecular
docking; ADME-Tox predictors

1. Introduction

Of the five-membered heterocyclic rings containing sulfur and nitrogen, the thiazolin-4-ones
are considered biologically privileged molecules and enjoy special attention from researchers in the
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field of medicinal chemistry due to their multifarious biological activities and good tolerability in
humans [1,2].

Thiazolin-4-ones and their derivatives have great biological importance because they were found
to have valuable pharmacological activities, such as antibacterial [1,3], antifungal [1,4], antiviral [5],
anti-inflammatory (through COX inhibition) [6], hypoglycemic [7], antioxidant [8], neuroprotective
and anticonvulsant [9], antitubercular [10] and antitumor [2,4,11] activities.

Despite the numerous antifungals approved for the treatment of infections, the emergence of
fungal infectious diseases and the dramatically increasing number of pathogens resistant to different
classes of currently available antimycotic agents resulted in the acute need to implement new strategies
for developing new antifungal chemotherapeutics towards which there is little antimicrobial resistance
or no cross-resistance [12]. The lanosterol 14α-demethylase (or CYP51A1) is a key enzyme in the
synthesis of ergosterol, an essential component of the fungal cell membrane and constitutes an
important biological target for the most popular class of antifungals (the azoles) [13]. This enzyme
catalyzes the conversion of lanosterol into ergosterol through C14-demethylation. Fluconazole,
a triazole derivative, and ketoconazole, an imidazole derivative, from the azole class of antifungals
inhibit CYP51A1 by forming a coordinate bond between the nucleophilic nitrogen of the azole
heterocycle (N3 of imidazole and N4 of triazole) and the heme iron in the ferric state from the active
site of enzyme. Inhibition of lanosterol 14α-demethylase leads to accumulation of 14-a-methylsterols
on the fungal surface and alteration of plasma membranes’ permeability and rigidity, which results
in arrest of fungal growth. Because this enzyme is found in all eukaryotes (including humans) and
because the azoles interact also with other cytochrome P450 dependent enzymes (CYP3A4), a selective
inhibition towards the fungal CYP51A1 is essential for an increased therapeutic index [13].

The pharmacological activity of some compounds is strictly related to their lipophilicity as
for the manifestation of therapeutic properties they must pass through a series of biological
barriers, from the administration site to the site of action. Therefore, from the physicochemical
properties of biologically active compounds, lipophilicity is of great importance and should be
determined from the early stages of drug development because it affects basic steps of a drug’s
pharmacokinetics and pharmacodynamics, such as absorption, distribution, metabolism, excretion
and toxicity (ADME-Tox) [14].

Virtual screening (VS) is an important tool for the identification of good leads as one of the
first essential steps in the drug discovery process. Therefore, the VS output allows prioritizing the
development of the most promising compounds (drug-like or lead-like molecules) prior to high
throughput screening (HTS) [15]. Computational prediction of lipophilicity, as a critical aspect of VS,
is crucial for the improvement of ADME-Tox properties of the most promising drug/lead candidates,
from the first steps. Suboptimal pharmacokinetic properties and increased toxicity are some of the most
important reasons for a drug’s failure in the development phases. In silico prediction of ADME-Tox
properties of new drug candidates is more economic and time sparing compared to the in vivo
experimental determination of these parameters and could be useful for eliminating the molecules
that are likely to fail in the early stage of drug discovery.

In order to predict the binding affinity (BA), the activity and the potential mechanism of action of
a molecule, molecular docking predicts the binding orientation of small molecule drug candidates to
their biological targets [16].

Based on the proven biological potential of the compounds with thiazolin-4-one core in their
structure and as a continuation to our increased interest in the chemistry of thiazole and its
derivatives [17], herein we report the synthesis of new thiazolin-4-ones diversely substituted in
positions 2 and 5, with structures that include, in addition to the thiazolin-4-one ring, other heterocycles
with known biological potential such as thiazole [18] and chromone [19]. The synthesized compounds
were evaluated for their antifungal potential and, furthermore, lipophilicity studies, in silico ADME-Tox
predictions and molecular docking studies were conducted in order to establish their affinity towards
the biological target and a potential mechanism of action. Considering the numerous data from
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the literature that attest the ability to inhibit the fungal lanosterol 14α-demethylase of antifungal
azoles (fluconazole, a triazole; ketoconazole, an imidazole; and ravuconazole and isavuconazole,
both triazoles with a thiazole moiety in their structure) [20], thiazolidine-4-one [21] and rhodanine
derivatives [22], the fungal CYP51A1 was chosen as biological target in the docking study.

2. Results and Discussion

2.1. Chemistry

A series of new 2-(allyl-amino)-5-arylidene-thiazol-4(5H)-ones, 2-(phenyl-amino)-5-arylidene-
thiazol-4(5H)-ones and 2-(1-naphthyl-amino)-5-arylidene-thiazol-4(5H)-ones were synthesized starting
from various thiourea derivatives.

The synthetic route for the synthesis of thiazolin-4-ones, substituted in position 2 with phenyl,
alkyl-amino or aryl-amino radicals is illustrated in Scheme 1. The thiazolin-4-one derivatives 2, 5, 8, 10
and 11 were synthesized through the condensation of various thiourea derivatives or phenylthioamide
with α-monochloroacetic acid or ethyl α-bromoacetate, in refluxing absolute ethanol, in the presence
of anhydrous sodium acetate. The 2-substituted thiazolin-4-ones 2, 5, 8, 10 and 11 were previously
reported in the literature [23–27].

α

α α

−

−

−

ν
−

Scheme 1. Synthesis of 2-substituted thiazolin-4-ones.

Subsequently, the position 5 of the substituted 2-amino-thiazolin-4-ones was modulated through
Knoevenagel condensation of the obtained intermediates 2, 5 and 8, with various aromatic or
heteroaromatic aldehydes, in absolute ethanol and in the presence of anhydrous sodium acetate,
in order to obtain, in good yields (59%–94%) the 2-(allyl/aryl-amino)-5-arylidene-thiazolin-4-ones
3a–h, 6a–e and 9a–e (Scheme 2).

The results of the C, H, N, S quantitative elemental analysis of the synthesized compounds were
consistent with the calculated values, within ±0.4% of the theoretical values.

The structural confirmation of the synthesized compounds was performed using spectral analysis
by recording infrared spectra, mass spectra and nuclear magnetic resonance spectra. All spectral and
analytical data were in accordance with the assumed structures. Details of the synthetic procedures,
yields, physical, analytical and spectral data for the synthesized compounds are presented in the
Experimental Section.

Mass spectra were recorded for both the 5-unsubstituted thiazolin-4-one derivatives 2, 5, 8, 10,
and 11 and the 5-arylidene-thiazolin-4-ones 3a–h, 6a–e and 9a–e, which gave information regarding
the fragmentation of the compounds with their corresponding mass and, in all cases, revealed the
correct molecular ion peaks (M+ or M +1), as suggested by their molecular formulas.

In the IR spectra of compounds 3a–h, 6a–e and 9a–e, there is a strong absorption band at
1728–1681 cm−1 due to the stretching vibration of the C=O group from the thiazolin-4-one ring
and a low intensity absorption band at 3438–3427 cm−1 due to valence vibration of the NH bond of the
secondary amine. The IR spectra of 5-((6-chloro-4-oxo-4H-chromen-3-yl)methylene) thiazolin-4-ones
3e, 6e and 9e, displayed, in addition, a high intensity absorption band at 1653–1647 cm−1, characteristic
to νC=O stretching vibration, two strong absorption bands at 1273–1270 and 1045–1041 cm−1,
characteristic to the stretching vibration of the C–O group and a high intensity absorption band at
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1173–1167 cm−1, characteristic to the νC–Cl stretching vibration of the 6-chloro-4-oxo-4H-chromen-3-yl
rest. The absorption bands at 1523–1519 and 1330–1326 cm−1 in the IR spectra of compounds 3c, 6c
and 9c are dued to the anti-symmetric and symmetric stretching vibration of the nitrogen-oxygen
bonds of the aromatic NO2 group. The IR spectra of the compounds 3a–b, 6a–b and 9a–b presented
high intensity absorption bands at 1158–1093 cm−1, due to the valence vibrations of the C–Cl bonds.
Compound 3g exhibited in the IR spectrum two strong absorption bands at 1046 and 1019 cm−1 due
to the νC–O stretching vibration of the phenyl-methyl-ether group. In the IR spectra of compounds 3g
and 3h, the phenolic OH group registered an absorption band at 1336–1331 cm−1 corresponding to
the νC–O valence vibration and an absorption band at 3289–3285 cm−1 corresponding to the νO–H
stretching vibration.

− ν
−

−

−

ν
−

ν − ν

 

Scheme 2. Synthesis of 5-arylidene-thiazolin-4-ones 3a–h, 6a–e and 9a–e.

In the 1H NMR spectra of compounds 3a–h, 6a–e and 9a–h were recorded the
signal characteristic for the methine proton (=CH–) as a singlet in the 7.50–7.74 ppm
region, which confirmed the success of the Knoevenagel condensation between the 2-amino
substituted thiazolin-4-ones and the corresponding aromatic aldehydes, with the formation of
2-(aryl/allyl-amino)-5-arylidene-thiazolin-4-ones. The absence of a singlet signal, corresponding
to the methylene protons from the 5th position of the thiazolin-4-one core, at 3.97–4.12 ppm in the
1H NMR spectra of all the newly synthesized compounds, further confirmed the formation of the
5-substituted derivatives. In the 7.04–8.91 ppm region of the 1H NMR spectra, the aromatic protons
resonated as characteristic doublets, triplets and multiplets, that appeared as split signals based on the
presence of other protons in their immediate vicinity. The phenolic OH group proton appeared as a
singlet at 9.31–9.35 ppm. The protons of the methoxy group resonated as a singlet in the 3.83 ppm
region of the spectrum. The 13C NMR spectra of the synthesized compounds were consistent with the
proposed structures.
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2.2. Antifungal Activity

2.2.1. Determination of Inhibition Zone Diameters

All synthesized compounds were initially subjected to in vitro antifungal screening using the
cup-plate agar diffusion method, against a fungal strain of Candida albicans ATCC 10231.

Fluconazole is an antifungal triazole that belongs to the well represented azole class and it is
currently used to treat a wide variety of fungal infections. It acts by inhibiting the fungal lanosterol
14α-demethylase, its mechanism of action involving the nucleophilic nitrogen of the azole heterocycle
coordinating as the sixth ligand of the heme iron in the ferric state of the enzyme [13]. It was chosen
as positive control due to the presence of two triazole rings in its structure that are essential for the
biological activity.

The results of the antimicrobial activity testing of the 2-substituted-thiazolin-4-ones 2, 5, 8, 10, and
11 (1 mg/mL), and of the 2-(allyl/aryl-amino)-5-arylidene-thiazolin-4-ones 3a–h, 6a–e and 9a–e (1 mg/mL)
in comparison with those of the reference compound, fluconazole (1 mg/mL), are given in Table 1.

Table 1. The antifungal activity of the synthesized thiazolin-4-one derivatives (inhibition zone
diameters (mm)).

α

  

α

α

α

α

α

α

α

 

α

α

α

α

α

α

2, 5, 8, 10, 11 Fluconazole 3a–h, 6a–e, 9a–e

Compound R Ar C. albicans ATCC 10231

2 CH2=CH–CH2–NH– - 20 ± 0.2

5 C6H5–NH– - 22 ± 0.5

8 α-C10H7–NH– - 24 ± 1

10 CH3–NH– - 22 ± 1

11 C6H5– - 18 ± 1

3a CH2=CH–CH2–NH–

α

α

α

α

α

α

α

20 ± 0.5

6a C6H5–NH– 20 ± 0.5

9a α-C10H7–NH– 18 ± 1

3b CH2=CH–CH2–NH–

α

α

α

α

α

α

α

20 ± 0.5

6b C6H5–NH– 20 ± 1

9b α-C10H7–NH– 18 ± 0.2

3c CH2=CH–CH2–NH–

α

α

α

α

 α

α

α

18 ± 1

6c C6H5–NH– 20 ± 1

9c α-C10H7–NH– 20 ± 0.5

3d CH2=CH–CH2–NH–

α

α

α

α

α

 α

α

20 ± 0.2

6d C6H5–NH– 20 ± 1

9d α-C10H7–NH– 20 ± 1

3e CH2=CH–CH2–NH–

α

α

α

α

α

α

α

20 ± 0.5

6e C6H5–NH– 16 ± 1

9e α-C10H7–NH– 22 ± 0.5

3f CH2=CH–CH2–NH–

α

α

α

α

α

α

α

22 ± 0.2

3g CH2=CH–CH2–NH–

α

α

α

α

α

α

α

22 ± 0.2

3h CH2=CH–CH2–NH–

α

α

α

α

α

α

α

20 ± 0.5

Fluconazole 22 ± 0.5

The value obtained for each compound represents the mean of three independent measurements ± SD.
The values obtained for the most active compounds are marked in bold.
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All the synthesized compounds showed moderate to good inhibitory activity against C. albicans

ATCC 10231 (16–22 mm inhibition zone diameters) (Table 1). Of these, compounds 5, 3f, 3g, 8, 9e
and 10 exhibited similar or better antifungal activities than that of fluconazole, used as reference
antimycotic (p < 0.05). The 5-unsubstituted 2-(alkyl/aryl-amino)-thiazolin-4-ones 5, 8, and 10 and
the 2-(allylamino)-5-arylidene-thiazolin-4-ones 3a–h were generally more active than the rest of the
compounds against C. albicans ATCC 10231 at tested concentration, suggesting that the presence of an
allyl substituent at the exocyclic amine from position 2 of the thiazolin-4-onic core is favorable to the
antifungal activity.

2.2.2. Determination of Minimum Inhibitory Concentration (MIC) and Minimum Fungicidal
Concentration (MFC) Values

The incidence of fungal infections has increased significantly over the past decades,
thus contributing to morbidity and mortality through microbial infections. Candida species are
the major human fungal pathogens that cause both mucosal and deep tissue infections and over 90% of
invasive infections are caused by Candida albicans, Candida glabrata, Candida parapsilosis, Candida tropicalis

and Candida krusei [28].
Prompted by the results obtained in the antimicrobial screening using the agar diffusion method,

minimum inhibitory concentrations and fungicidal concentrations were determined, employing the
broth microdilution method. All the synthesized compounds were tested against four strains of
fungi (Candida albicans ATCC 10231, Candida albicans ATCC 18804, Candida krusei ATCC 6258 and
Candida parapsilosis ATCC 22019). As reference antifungals, fluconazole (a systemic use azole, also used
as positive control in the previous study) and ketoconazole (a topical azole) were chosen.

The results of the minimum inhibitory concentration test and those of the minimum fungicidal
concentration assay are depicted in Table 2.

Table 2. Minimum Inhibitory Concentration (MIC) (µg/mL) and Minimum Fungicidal Concentration
(MFC) (µg/mL) of the thiazolin-4-one derivatives.

Samples
C. albicans

ATCC 10231
C. albicans

ATCC 18804
C. krusei

ATCC 6258
C. parapsilosis

ATCC 22019

MIC MFC MIC MFC MIC MFC MIC MFC

2 0.12 0.24 0.24 0.48 0.24 0.48 0.12 0.24
5 0.24 0.48 0.12 0.24 0.06 0.12 0.06 0.12
8 0.12 0.24 0.12 0.24 0.06 0.12 0.03 0.12

10 0.015 0.03 0.015 0.03 0.015 0.015 0.015 0.015
11 0.24 0.48 0.12 0.24 0.12 0.48 0.06 0.12
3a 31.25 31.25 15.62 31.25 15.62 31.25 7.81 15.62
3b 31.25 31.25 15.62 15.62 15.62 31.25 7.81 15.62
3c 31.25 31.25 31.25 31.25 15.62 15.62 15.62 31.25
3d 31.25 62.5 31.25 62.5 15.62 31.25 7.81 15.62
3e 31.25 62.5 15.62 31.25 15.62 31.25 7.81 15.62
3f 1.95 3.9 7.81 15.62 3.9 7.81 1.95 3.9
3g 0.48 1.95 0.48 0.97 0.48 1.95 0.24 0.48
3h 0.24 0.48 0.48 0.97 0.24 0.97 0.12 0.97
6a 15.62 31.25 7.81 15.62 7.81 3.9 3.9 3.9
6b 15.62 31.25 15.62 31.25 7.81 7.81 3.9 3.9
6c 0.97 1.95 1.95 3.9 0.97 1.95 0.97 1.95
6d 3.9 7.81 7.81 15.62 7.81 15.62 3.9 7.81
6e 1.95 3.9 0.97 3.9 0.97 3.9 0.48 0.97
9a 3.9 7.81 1.95 7.81 0.48 0.97 0.48 0.97
9b 0.015 0.03 0.015 0.03 0.015 0.015 0.015 0.015
9c 1.95 3.9 1.95 3.9 0.97 1.95 0.03 0.06
9d 7.81 15.62 3.9 3.9 0.24 0.48 0.12 0.24
9e 7.81 15.62 1.95 3.9 1.95 3.9 1.95 3.9

Fluconazole 15.62 31.25 15.62 31.25 15.62 31.25 7.81 15.62
Ketoconazole 7.81 15.62 7.81 15.62 7.81 15.62 3.9 7.81

Inoculum control +++ - +++ - +++ - +++ -
Broth control No growth - No growth - No growth - No growth -

- indicates the compound has no inhibitory activity; +++ indicates growth in all concentrations. The values
obtained for the most active compounds are marked in bold.
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The antifungal activity against two strains of C. albicans, one C. krusei strain and one strain of C.

parapsilosis showed MIC values ranging from 0.015 µg/mL (compounds 10 and 9b) to 31.25 µg/mL
and MFC values ranging from 0.015 µg/mL (compounds 10 and 9b) to 62.5 µg/mL. Most of the
compounds exhibited similar or much higher MIC and MFC values than those of fluconazole
(MIC = 7.81–15.62 µg/mL, MFC = 15.62–31.25 µg/mL) and ketoconazole (MIC = 3.9–7.81 µg/mL,
MFC = 7.81–15.62 µg/mL). All the compounds displayed similar or much better antifungal activity
than fluconazole (p << 0.05), and of these, 16 were more active than ketoconazole (p << 0.05) against
C. krusei ATCC 6258. In addition, 16 compounds presented better inhibitory activity than fluconazole
(p << 0.05) and 15 displayed better antifungal potential than ketoconazole (p << 0.05) against the
C. albicans strains used in the assay. All the compounds except 3c exhibited similar or much higher
MIC and MFC values against C. parapsilosis ATCC 22019 than fluconazole (p << 0.05) and of these,
18 were as active as or even more active than ketoconazole (p << 0.05).

Overall, the synthesized thiazolin-4-ones presented good to excellent antifungal activities.
The MFC/MIC ratio for all tested compounds ranged from 1 to 4, suggesting that the synthesized
thiazolin-4-one derivatives could act as fungicidal agents [29]. The most active compounds were the
2-(methylamino)thiazol-4(5H)-one 10 and the 5-(2,4-dichlorobenzylidene)-2-(naphthalen-1-ylamino)
thiazol-4(5H)-one 9b, being over 250 times more active than ketoconazole.

2.3. Lipophilicity Evaluation

The lipophilicity of the synthesized compounds was assessed using PCA based on RP-TLC data.
Compounds 3f, 10 and 11 were not included in this study because their Rf could not be calculated due
to the lack of their spots’ visibility in UV light.

In Table 3 are presented from the largest to the smallest, the eigenvalues of the covariance matrix,
the proportion and also the difference between each eigenvalue and the next smallest one. The obtained
results suggested a one component model as the first principal component (P1) explained 96.609% of
the total initial information (variance).

Table 3. The eigenvalues of the five components (i-propanol concentration).

Component Eigenvalue Difference Variability (%) Cumulative (%)

1 4.830 4.671 96.609 96.609
2 0.159 0.153 3.175 99.784
3 0.006 0.002 0.123 99.907
4 0.004 0.003 0.071 99.978
5 0.001 - 0.022 100.000

For a better interpretation and a better graphical representation of the obtained results, we took
into consideration the scores of the first two principal components obtained for the tested compounds.
The eigenvectors associated with the first two principal components are displayed in Table 4.
The results obtained confirmed that the five mobile phases used are strongly related to each other
so they could be reduced. This shows that for all the investigated compounds there was a regular
increase in Rf values with the increasing concentration of the organic modifier (i-propanol).

Table 4. Eigenvectors associated with the first two principal components.

Component
Eigenvector

P1 P2

1 0.437 0.693
2 0.450 0.361
3 0.452 −0.240
4 0.451 −0.310
5 0.446 −0.485
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The results of the regression analysis are compiled in Table 5. The statistics obtained are in
accordance with the experimental data, the linear model explaining approximately 95% of the total
variance (see R2 values) in most of the cases.

A good correlation (R2 = 0.9507) was found between the intercept’s—RM0 (lipophilicity)—and the
slope’s—b (specific hydrophobic surface area)—values (Table 5). This suggested that the compounds
used in this study might form a homologous series. In addition, a very good correlation (R2 = 0.901)
was observed between RM0 and the scores of the first principal component (P1) as described by the
following equation (Equation (1)):

RM0 = 1.9864 − 0.3317 × P1 (1)

Table 5. Regression data, scores of the two first principal components and cLogP values for the
studied compounds.

Compound RM0 b R2 P1 P2 cLogP

2 0.0414 −1.1059 0.9014 4.335 0.879 0.779
3a 2.0801 −3.6152 0.9413 −0.090 −0.268 3.725
3b 2.2398 −3.6102 0.9716 −1.263 −0.062 4.438
3c 1.7553 −3.314 0.9537 1.049 −0.259 2.755
3d 2.2119 −3.7366 0.9427 −0.549 −0.241 3.454
3e 2.2869 −3.9184 0.9455 −0.349 −0.354 2.965
3g 0.6734 −1.9546 0.9598 3.365 0.453 2.1942
3h 1.1465 −2.6897 0.9407 2.905 0.056 2.345
5 0.9459 −2.2931 0.9239 2.796 0.238 0.851

6a 2.1738 −3.9258 0.9316 0.485 −0.534 4.86
6b 2.4679 −4.0118 0.9544 −1.253 −0.186 5.573
6c 1.7388 −3.3696 0.9487 1.394 −0.304 3.89
6d 2.1996 −3.8092 0.9346 −0.168 −0.359 4.589
6e 2.22 −3.9066 0.9518 0.079 −0.443 4.1
8 1.6225 −3.0931 0.9344 1.125 −0.163 2.025

9a 2.5309 −4.1292 0.9555 −1.227 −0.239 6.034
9b 2.9283 −4.3675 0.9661 −2.876 0.232 6.747
9c 2.7789 −4.1555 0.9654 −2.722 0.228 5.264
9d 3.287 −4.6935 0.8744 −3.746 0.618 5.763
9e 2.3983 −3.319 0.9422 −3.292 0.708 5.274

Based on these findings and as can be seen in data provided in Table 5, the scores of the first
principal component can efficiently replace the RM0 values in the estimation experiments of these
compounds’ lipophilicity. It can be observed that RM0 and P1 profiles (Figure 1) are well correlated with
the profile of the computed cLogP values, all describing similar patterns. Furthermore, scores plots are
very useful as a display tool for observing the relationship between compounds, looking for trends,
groupings or outliers, as shown in Figure 2. Therefore, by graphing scores onto the plane described by
the first two principal components, P1 and P2, a “congeneric lipophilicity chart” was obtained, where a
highly lipophilic compound was characterized by a low value of the P1 parameter.
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α

Figure 1. The relationship between experimental lipophilicity indices (RM0, P1) and computed
cLogP values.

 

α

Figure 2. Congeneric lipophilicity chart (2D plot) obtained by plotting the scores corresponding to P1

and P2.

The highest values of the lipophilicity parameters were obtained for compounds 9d, 9e, 9b, 9c,
3b, 6b and 9a while the lowest values were characteristic for compounds 2, 3g, 3h, 5, 6c, 8 and
3c. By analyzing the relationships between the compounds’ chemical structures and P1 values
as a parameter used for estimating lipophilicity it was observed that the lipophilic character of
the compounds was significantly influenced by both substituents from position 2 and 5 of the
thiazolin-4-one ring. Regarding the 5-unsubstituted thiazolin-4-one derivatives, the substituent in
position 2 caused an increase in lipophilicity with the increase of its molecular mass; thereby the most
lipophilic 5-unsubstituted thiazolin-4-one derivatives were the 2-α-naphthylamino- thiazolin-4-one
8, followed by the less lipophilic 2-phenylamino-thiazolin-4-one 5 and then by the least lipophilic
2-allylamino-thiazolin-4-one 2.

For all the studied compounds it was observed that the substitution in position 5 of the
thiazolin-4-onic heterocycle led to an increase in lipophilicity.

The lowest lipophilicity was registered for the compounds with an allylamino rest in position 2 of
the thiazolin-4-one moiety. By introducing an arylidene or hetarylidene rest in position 5, a lipophilicity
augmentation was noticed. The presence of a polar group (OH, OCH3) on the phenyl rest from
position 5 determined a less pronounced lipophilicity raise. Moreover, the introduction of one or
two chloride atoms on the aromatic or heteroaromatic ring generally resulted in an increase of the
compound’s lipophilicity.
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2.4. Virtual Screening

All thiazolin-4-one derivatives and the reference compounds (fluconazole (Flu), and ketoconazole
(Ket)) were virtually screened for prediction of the ADME-Tox properties and docked against fungal
lanosterol 14α-demethylase, the biological target of the antifungals used as positive control in the
previous studies.

2.4.1. ADME-Tox Predictions

The results of VS carried out with FAF-Drugs3 [30] are presented subsequently for lead-likeness,
drug-likeness descriptors and penetration of the blood–brain barrier (Table 6). Additional data
are presented in Table S1, referring to protein–protein interactions (PPIs), undesirable moieties and
substructures involved (UMSs) in toxicity problems, respectively in Table S2 referring to covalent
inhibitors and PAINS (Pan Assay Interference Compounds) moieties. In Table S3 are presented the
results of VS using the customized filters developed by well-known pharmaceutical companies for
drug safety profiling.

Table 6. The results of VS carried out for lead-like and drug-like descriptors.

ID
MW
(Da)

LogP HBA HBD
tPSA
(Å2)

RtB RiB Rs MxS Cs HA H/C Crg TCrg SC

2 156.21 0.79 3 1 66.76 3 7 1 5 6 4 0.67 1 −1 0
3a 278.76 3.54 3 1 66.76 4 14 2 6 13 5 0.38 0 0 0
3b 313.20 4.17 3 1 66.76 4 14 2 6 13 6 0.46 0 0 0
3c 289.31 2.74 6 1 112.58 5 16 2 6 13 7 0.54 0 0 0
3d 327.42 3.64 4 1 107.89 5 19 3 6 16 6 0.38 0 0 0
3e 346.79 3.18 5 1 96.97 4 20 2 10 16 7 0.44 0 0 0
3f 323.21 3.61 3 1 66.76 4 14 2 6 13 5 0.38 0 0 0
3g 290.34 2.53 5 2 96.22 5 14 2 6 14 6 0.43 0 0 0
3h 260.31 2.56 4 2 86.99 4 14 2 6 13 5 0.38 0 0 0
5 192.24 1.70 3 1 73.08 2 12 2 6 9 4 0.44 1 -1 0

6a 314.79 4.46 3 1 66.76 3 19 3 6 16 5 0.31 0 0 0
6b 349.23 5.09 3 1 66.76 3 19 3 6 16 6 0.38 0 0 0
6c 325.34 3.66 6 1 112.58 4 21 3 6 16 7 0.44 0 0 0
6d 363.46 4.56 4 1 107.89 4 24 4 6 19 6 0.32 0 0 0
6e 382.82 4.09 5 1 96.97 3 25 3 10 19 7 0.37 0 0 0
8 242.30 2.95 3 1 73.08 2 17 2 10 13 4 0.31 1 −1 0

9a 364.85 5.71 3 1 66.76 3 24 3 10 20 5 0.25 0 0 0
9b 399.29 6.34 * 3 1 66.76 3 24 3 10 20 6 0.30 0 0 0
9c 375.40 4.91 6 1 112.58 4 26 3 10 20 7 0.35 0 0 0
9d 413.51 5.81 4 1 107.89 4 29 4 10 23 6 0.26 0 0 0
9e 432.88 5.34 5 1 96.97 3 30 3 10 23 7 0.30 0 0 0
10 130.17 0.15 3 1 66.76 1 6 1 5 4 4 1.00 1 −1 0
11 177.22 1.98 2 0 54.73 1 12 2 6 9 3 0.33 0 0 0
Flu 306.27 0.52 7 1 81.65 5 16 3 6 13 9 0.69 0 0 1
Ket 531.43 3.26 8 0 69.06 7 30 5 6 26 10 0.38 0 0 2

DLStv 100–600 −3–6 ≤12 ≤5 ≤180 ≤11 ≤30 ≤6 ≤18 3–35 1–15 0.1–1.1 ≤3 −2–2 -
LLStv 150–400 −3–4 ≤7 ≤4 ≤160 ≤9 ≤30 ≤4 ≤18 3–35 1–15 0.1–1.1 ≤3 −2–2 ≤2
CNStv 135–582 −0.2–6.1 ≤5 ≤3 3–118 - - - - - - - - - -

DLStv: Threshold values of the Drug-Like Soft filter; LLStv: Threshold values of the Lead-Like Soft filter; CNStv:
Threshold values of the CNS filter; Underlined values: Overpass the thresholds for lead-likeness filters; * bold,
italic values: Overpass the thresholds for drug-likeness filters; Red values: Overpass the thresholds for CNS
activity filters (penetration of BBB).

The results of VS, carried out with FAF-Drugs3, are summarized in Table 6. These were carried
out for the following lead-likeness and drug-likeness descriptors: molecular weight (MW, expressed in
Daltons), the logarithm of the partition coefficient between n-octanol and water (LogP) characterizing
lipophilicity, hydrogen bond donors (HBD, sum of all –OHs and –NHs, according to Lipinski’s rule
of five (RO5) definition [31]), hydrogen bond acceptors (HBA, sum of all oxygen and nitrogen atoms,
according to RO5 definition [31]), topological Polar Surface Area (tPSA, summation of tabulated surface
contributions of polar fragments—topologically calculated), number of rotatable bonds (RtB, number of
any single non-ring bond, bounded to non-terminal heavy atom—amide C–N bonds are not considered
because of their high rotational energy barrier [32]), number of rigid bonds (RiB, number of non-flexible
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bonds—e.g., double and triple bonds, bonds involved in ring systems and additionally amide bonds),
number of the smallest set of smallest rings (Rs, the smallest ring building blocks necessary to form
other ring systems), maximum size of the biggest ring system (MxS, number of atoms involved in the
biggest ring system), number of carbon atoms (Cs), number of heteroatoms (HA, number of non-carbon
atoms—hydrogen atoms are not included), the ratio between the number of non-carbon atoms and the
number of carbon atoms (H/C), number of charged groups (Crg), formal total charge of the compound
(TCrg) and stereo centers (SC—computed only for leads, the presence of stereo centers and the number
of chiral centers, are descriptors of complexity). The activity at the central nervous system level (CNS),
respectively the penetration of blood–brain barrier (BBB) were evaluated only based on the values
predicted for MW, LogP, HBA, HBD and tPSA, as specified in the literature [33].

As it can be observed in Table 6, more than half of the synthesized thiazolin-4-one derivatives (2, 3a,
3c–h, 5, 6c, 8 and 11) were qualified as potential leads. Only one thiazolin-4-one derivative (10) cannot
be qualified as a good lead due its way too low MW, meanwhile the rest of rejected thiazolin-4-one
derivatives exhibited higher values than upper thresholds for LogP (3b, 6a, 6b, 6d, 6e, and 9a–e).
Except 9b, all thiazolin-4-one derivatives were accepted as drug-like compounds. In addition, the
predictions made for 9b and four of the drug-like thiazolin-4-one derivatives (3c, 6c, 9c and 10)
indicated their inability to penetrate the BBB. Therefore, for those compounds, a CNS level inactivity is
forecasted. Additionally, from Table S1 it can be observed that all thiazolin-4-one derivatives comply
with Veber’s rule [32] and Egan’s rule [34] regarding the molecular properties that influence oral
bioavailability. In addition, all thiazolin-4-one derivatives fit into RO5 for oral bioavailability [31],
even though the computations for five compounds (6b, 9a, 9b, 9d and 9e) slightly overpassed the
threshold values for LogP considered by Christopher A. Lipinski and coworkers [31], this being only
one violation of the rule, while the predictions for their oral bioavailability are considered good.

Table S1 summarizes the results of VS carried out with FAF-Drugs3 for detection of non-peptidic
inhibitors of PPI and UMSs involved in toxicity problems. It can be observed that only eight
thiazolin-4-one derivatives (6c–e, and 9a–e) are PPI friendly, same as Ket, the rest of compounds
requiring further structural optimization prior to their use as possible “hits” in the drug development
process. Moreover, those PPI friendly derivatives and three compounds which require further
structural optimization (2, 6a–b) should be refined in order to decrease even more their toxicity
predictions generated by the presence of Michael acceptors (double bonds)—a “warhead” moiety
present in the structure of all those compounds, together with other low risk UMSs: terminal vinyl from
the structure of derivative 2, thiazole found in 6d and 9d, respectively nitro and nitrobenzene present
in 6c and 9c. In the case of eight 2-(allyl-amino)-5-arylidene-thiazolin-4-ones (3a–h) the prediction
is bad, the compounds being rejected by the imposed filter, due the presence of high risk Michael
acceptors in their structure combined with some low risk moieties: terminal vinyl (detected also in all
of those derivatives), nitro and nitrobenzene (found in 3c), thiazole (found in 3d), and phenol (found
in the structure of 3g and 3h). Four of the not so PPI friendly derivatives were found free of UMSs:
5, 8, 10 and 11 (all are 5-unsubstituted thiazolin-4-one derivatives).

Table S2 summarizes the results of VS carried out with FAF-Drugs3, in order to detect the
problematic groups involved in covalent binding with biological macromolecules and structural
alerts for PAINS, compounds that appear as frequent hitters in HTS. The results presented in
Table S2 indicated that the same UMSs-free 5-unsubstituted thiazolin-4-one derivatives, as shown
in Table S1 (5, 8, 10 and 11), do not contain any covalent inhibitor group—the reference compounds
are all free of this kind of substructures. The rest of the thiazolin-4-one derivatives have Michael
acceptors (double bonds) in their structure, functional groups responsible for both electrophilic
protein-reactive false positives in HTS [35,36] and covalent binding with peptides. Moreover, with the
exception of derivative 2, the rest of thiazolin-4-one derivatives contain a second covalent inhibitor:
α, β-unsaturated carbonyl, substructure with possible undesirable effects [37]. According to two
PAINS filters (A and C), all 5-unsubstituted thiazolin-4-one derivatives are free of “promiscuous
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substructures”, meanwhile the filter B detected a low-risk structural alert at compounds 3a–h, 6a–e
and 9a–e.

Table S3 shows the results of VS using the customized filters for drug safety profiling: the GSK
4/400 rule, the Pfizer 3/75 rule, phospholipidosis induction and the MedChem rules (for identifying
potentially reactive or promiscuous compounds) [35].

The integrated analysis of various rules taken into consideration for drug safety profiling (Table S3)
indicates possible safety issues at the administration of 9d–e, according to GSK 4/400 rule (this rule
is based on lowering the MW and LogP area of physicochemical property space to obtain improved
ADME-Tox parameters), the rest of the screened compounds having a good prediction. On the other
hand, according to the Pfizer 3/75 rule, compounds 3a–b, 3f, 6a–b are likely to cause toxicity and
experimental promiscuity, because they have LogP > 3 and tPSA < 75 Å2 (as shown in Table 6).

None of the thiazolin-4-one derivatives were classified as phospholipidosis inducers, meanwhile
Ket is considered as being one.

Compound 11 successfully overpassed the thresholds of MedChem rules; meanwhile the rest of
thiazolin-4-one derivatives and the reference compound (Ket) may exhibit some safety issues due to
the presence of various flagged substructures. A flagged interference, the amino_naphthalene rule,
is related to posible lack of druggability attendant on excessive lipophilicity and flexibility due to
the number of successive methylenes (C4 through C7) detected in compounds 8 and 9a–e. Moreover,
some problematic substructures were also detected in one of the reference compounds (Ket), but,
according to the MedChem rules, 19 drugs out of 123 best-selling drugs failed the rules as an outright
rejection, and another 18 failed on demerits.

2.4.2. Docking against the Fungal Lanosterol-14-α-demethylase

Lanosterol 14-α demethylase is a cytochrome P450 enzyme that plays a crucial role in sterol
biosynthesis in eukaryotes because it catalyzes the C14-demethylation of lanosterol which is critical
for ergosterol biosynthesis, a fundamental component of fungal membranes. The azole antifungal
drugs selectively inhibit the fungal lanosterol 14α-demethylase, their mechanism of action involving
the nucleophilic nitrogen of the azole heterocycle coordinating as the sixth ligand of the heme iron in
the ferric state and the azole drug side chains interacting with the polypeptide structure [13].

All investigated molecules (the thiazolin-4-one derivatives and the reference compounds) were
virtually subjected to docking, against the designated fungal target (lanosterol 14-α demethylase) in
order to investigate the potential binding mode and binding affinity of these inhibitors. Docked ligand
conformations (poses) were analyzed in terms of binding affinity (BA, expressed in kcal/mol)
and hydrogen bonding between the best poses and their target protein. Detailed analyses of the
ligand–receptor interactions were carried out, and final possible orientations of the ligands and
receptors were saved.

All thiazolin-4-one derivatives and the antifungal reference compounds (Flu and Ket) were
docked against the generated homology model for lanosterol-14α-demethylase and the results are
presented in Table 7 and Figure 3 and Figure S1.

Table 7. Binding affinity of the tested compounds (best poses) towards lanosterol-14α-demethylase.

ID
BA

(kcal/mol)
H-Bonds: Best Pose Interaction(s) with Lanosterol-14α-demethylase

AA Residue(s) of Target Interacting Atom(s) of the Ligand (#atom)

2 −5.4 Asn440 Oxygen (#6)
3a −8.1 Asn440 Nitrogen (#2)
3b −7.9 N/A N/A(N/A)
3c −7.9 Asn440 Nitrogen (#2)
3d −8.4 N/A N/A(N/A)
3e −8.4 Met508 Nitrogen (#2)
3f −8.0 Asn440 Nitrogen (#2)
3g −7.6 Asn440 Nitrogen (#2)
3h −7.6 Asn440 Nitrogen (#2)
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Table 7. Cont.

ID
BA

(kcal/mol)
H-Bonds: Best Pose Interaction(s) with Lanosterol-14α-demethylase

AA Residue(s) of Target Interacting Atom(s) of the Ligand (#atom)

5 −7.4 Tyr460
Ser436

Hydrogen (#16)
Oxygen (#6)

6a −9.5 Ile304 Hydrogen (#22)
6b −8.8 N/A N/A(N/A)
6c −8.8 N/A N/A(N/A)
6d −10.1 N/A N/A(N/A)
6e −10.3 N/A N/A(N/A)
8 −9.4 Asn440 Oxygen (#6)
9a −10.0 N/A N/A(N/A)
9b −10.3 His468 Nitrogen (#2)
9c −10.2 N/A N/A(N/A)
9d −11.2 N/A N/A(N/A)
9e −11.4 N/A N/A(N/A)
10 −4.6 Asn440 Oxygen (#6)
11 −6.9 N/A N/A(N/A)

Flu −7.6 Thr311 Nitrogen (#8)
Ket −10.0 N/A N/A(N/A)

N/A: Not available/assigned; #atom: Atoms numbering; Bold values: The best binding affinities (similar to or
higher than those of the reference compounds).

α

−
−
−
−
−
−
−
−
−
−
−
−
−
−
−

 

α

α

Figure 3. General view of docking poses of the screened compounds in the active site of
lanosterol-14α-demethylase (target is depicted as thin sticks with secondary structure drawn as
cartoon backbone, meanwhile ligands are figured as sticks): there can be described three binding
patterns—Group A (left): 2, 3a, 3c, 3f–h, 5, 8, 10 and 11; Group B (right): 3b, 3d–e, 6d, 9a–9c and Ket;
and Group C (center): 6a–c, 6e and Flu.

The results of docking against lanosterol-14α-demethylase (Table 7) indicated that most of the
screened derivatives and Flu make H-bonds especially with amino acids residues with polar uncharged
side chains (asparagine, serine and threonine), meanwhile 10 derivatives (3b, 3d, 6b–e and 9c–e) and
Ket do not interact with their target by hydrogen bonding. Three derivatives (3e, 5 and 6a) bind to
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amino acids residues with hydrophobic side chains and only one compound (9b) binds to histidine,
an amino acid residue with an electropositively charged side chain. Moreover, compound 5 binds
both to amino acids residues with polar uncharged side chains (Ser436) and hydrophobic side chains
(Tyr460). Some of the tested derivatives (2, 10 and 11) are weaker inhibitors than Flu (the weakest
inhibitor from the two reference compounds), meanwhile compounds 6d, 6e and 9a–e are stronger
inhibitors than Ket.

3. Materials and Methods

3.1. Chemistry

All chemicals (reagent grade) were obtained from commercial sources and were used as supplied,
without further purification.

Melting points were determined with an MPM-H1 Electrothermal melting point meter using
the open glass capillary method and are uncorrected. The reaction progress and purity of the
synthesized compounds were monitored by analytical thin layer chromatography (TLC) using
Merck precoated Silica Gel 60F254 sheets (Darmstadt, Germany), heptane–ethyl-acetate 3:7 elution
system and UV light for visualization. Elemental analysis was registered with a Vario El CHNS
instrument (Hanau, Germany) and the results obtained for all synthesized compounds were in
agreement with the calculated values within ±0.4% range. MS analyses were performed at 70 eV
with an Agilent gas chromatograph 6890 (Darmstadt, Germany) equipped with an apolar Macherey
Nagel Permabond SE 52 capillary column (Dueren, Germany) and with an LC-MS Shimadzu Mass
Spectrometer (Shimadzu Corporation, Torrance, CA, USA). IR spectra were recorded using the ATR
technique (Attenuated Total Reflectance) on a JASCO FT-IR—4100 spectrometer (Cremella, Italy).
Nuclear magnetic resonance (1H NMR) spectra were recorded on a Bruker Avance NMR spectrometer
(Karlsruhe, Germany) operating at 400 and 500 MHz, at room temperature, using tetramethylsilane
(TMS) as internal standard. Chemical shifts were reported in ppm (δ). The samples were prepared by
dissolving the compounds in DMSO-d6 (δH = 2.51 ppm) as solvent and the spectra were recorded using
a single excitation pulse of 12 µs (1H NMR). Spin multiplets are given as s (singlet), d (doublet), t (triplet)
and m (multiplet). 13C NMR spectra were recorded on Bruker Avance NMR spectrometer (Karlsruhe,
Germany) operating at 125 MHz in DMSO-d6, using a waltz-16 decoupling scheme. All spectral
analyses data were in accordance with the assigned structures.

3.1.1. General Procedure for the Synthesis of 2-Substituted Thiazol-4(5H)-ones 2, 5, 8, 10 and 11

To a solution of 20 mmol of the appropriate thiourea derivative or phenylthioamide in absolute
ethanol (15 mL) were added 40 mmol (3.28 g) of anhydrous sodium acetate and 20 mmol ethyl
α-bromoacetate or α-monochloroacetic acid. The obtained reaction mixture was refluxed for 6–8 h
and, after cooling, it was poured into ice-cold water. Subsequently, the resulted precipitate was
isolated by filtration and washed on filter with a mixture of ethanol and distilled water. Afterwards,
the crude product was purified by recrystallization from absolute ethanol in order to obtain the pure
2-substituted thiazol-4(5H)-one.

Compounds 2, 5, 8, 10 and 11 were previously reported in the literature [23–27] and were
synthesized following the procedure described above.

2-(allylamino)thiazol-4(5H)-one 2: yield 60%, m.p. 90–91 ◦C (lit [23], m.p. 89–90 ◦C).
2-(phenylamino)thiazol-4(5H)-one 5: yield 75%, m.p. 179 ◦C (lit [24], m.p. 178–179 ◦C).
2-(naphthalen-1-ylamino)thiazol-4(5H)-one 8: yield 89%, m.p. 213 ◦C (lit [25], m.p. 213–214 ◦C).
2-(methylamino)thiazol-4(5H)-one 10: yield 78%, m.p. 196–197 ◦C (lit [26], m.p. 196–199 ◦C).
2-phenylthiazol-4(5H)-one 11: yield 59%, m.p. 108–110 ◦C (lit [27], m.p. 107 ◦C).
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3.1.2. General Procedure for the Synthesis of 2-(Allyl/aryl-amino)-5-arylidene-thiazolin-4-ones 3a–h,
6a–e and 9a–e

2 mmol of the appropriate 2-(allyl/aryl-amino)-thiazolin-4-one were suspended in 8 mL of
absolute ethanol and then, to the obtained suspension were added 8 mmol (0.656 g) of anhydrous
sodium acetate and 2 mmol of the corresponding aromatic aldehyde. The reaction mixture was refluxed
for 6 h, and, after the reaction was completed, it was dropwise poured into ice-cold water. The resulting
precipitate was filtered off and washed on the filter with distilled water and ethanol. The obtained
compound was recrystallized from an appropriate solvent (absolute ethanol or absolute methanol).

2-(Allylamino)-5-(3-chlorobenzylidene)thiazol-4(5H)-one (3a). Yield 87% (0.485 g); light yellow powder;
m.p. 198 ◦C; IR (ATR, ν (cm−1)): 3437 (N–Hamine), 1726 (C=OTZ), 1155 (C–Cl); 1H NMR (500 MHz,
DMSO-d6, δ/ppm): 7.74 (t, 1H, NH), 7.50 (s, 1H, –CH=), 7.36–7.50 (m, 4H, Ar–H), 6.03 (m, 1H, CH=),
5.23 (d, 2H, =CH2), 3.98 (m, 2H, CH2); 13C NMR (125 MHz, DMSO-d6, δ/ppm): 168.12 (C=O), 157.23
(C), 139.54 (CH), 136.75 (C), 135.62 (C), 133.81 (C), 131.05 (CH), 130.55 (CH), 129.11 (CH), 128.33 (CH),
126.27 (CH), 118.44 (CH2), 50.15 (CH2); MS (EI, 70 eV) m/z (%): 279 (M + 1, 100), 280 (M + 2, 10.6),
281 (M + 3, 36.8), 252 (29.0), 226 (6.7), 209 (22.6), 195 (100), 176 (19.0); Anal. Calcd. for C13H11ClN2OS
(278.76): C, 56.01; H, 3.98; N, 10.05; S, 11.50; Found: C, 56.32; H, 3.79; N, 10.12; S, 11.52.

2-(Allylamino)-5-(2,4-dichlorobenzylidene)thiazol-4(5H)-one (3b). Yield 65% (0.407 g); white powder; m.p.
238 ◦C; IR (ATR, ν (cm−1)): 3438 (N–Hamine), 1714 (C=OTZ), 1158 (C–Cl), 1093 (C–Cl); 1H NMR
(500 MHz, DMSO-d6, δ/ppm): 7.93 (t, 1H, NH), 7.56 (s, 1H, –CH=), 7.10–7.12 (m, 3H, Ar–H), 6.31
(m, 1H, CH=), 5.34 (d, 2H, =CH2), 3.66 (m, 2H, CH2); 13C NMR (125 MHz, DMSO-d6, δ/ppm): 166.20
(C=O), 158.42 (C), 138.94 (CH), 137.77 (C), 135.31 (C), 133.15 (C), 131.56 (C), 130.99 (CH), 129.78 (CH),
126.63 (CH), 124.88 (CH), 117.08 (CH2), 49.94 (CH2); MS (EI, 70 eV) m/z (%): 313 (M + 1, 100), 314
(M + 2, 13.3), 315 (M + 3, 95.5), 316 (M + 4, 17.3), 317 (M + 5, 19.2), 277 (100), 256 (7.2), 208 (14.1), 185
(5.9), 149 (5.1); Anal. Calcd. for C13H10Cl2N2OS (313.20): C, 49.85; H, 3.22; N, 8.94; S, 10.24; Found: C,
49.93; H, 3.35; N, 8.98; S, 10.36.

2-(Allylamino)-5-(4-nitrobenzylidene)thiazol-4(5H)-one (3c). Yield 89% (0.514 g); pale yellow powder;
m.p. 265 ◦C; IR (ATR, ν (cm−1)): 3431 (N–Hamine), 1705 (C=OTZ), 1523 (NO2 asymmetric), 1326 (NO2

symmetric); 1H NMR (500 MHz, DMSO-d6, δ/ppm): 7.98 (t, 1H, NH), 7.62 (s, 1H, –CH=), 7.13–7.84
(m, 4H, Ar–H), 5.98 (m, 1H, CH=), 5.25 (d, 2H, =CH2), 3.84 (m, 2H, CH2); 13C NMR (125 MHz,
DMSO-d6, δ/ppm): 175.30 (C=O), 161.57 (C), 148.11 (C), 142.59 (C), 138.72 (CH), 134.09 (C), 131.25
(2CH), 129.44 (CH), 125.22 (2CH), 117.45 (CH2), 50.11 (CH2); MS (EI, 70 eV) m/z (%): 290 (M + 1, 100),
291 (M + 2, 17.2), 292 (M + 3, 6.3), 248 (97.0), 245 (100), 203 (7.3), 174 (10.2), 141 (17.9); Anal. Calcd. for
C13H11N3O3S (289.31): C, 53.97; H, 3.83; N, 14.52; S, 11.08; Found: C, 53.88; H, 3.97; N, 14.67; S, 11.23.

2-(Allylamino)-5-((2-phenylthiazol-4-yl)methylene)thiazol-4(5H)-one (3d). Yield 80% (0.523 g); white
powder; m.p. 339 ◦C; IR (ATR, ν (cm−1)): 3435 (N–Hamine), 1728 (C=OTZ); 1H NMR (500 MHz,
DMSO-d6, δ/ppm): 8.02 (s, 1H, NH), 8.00 (s, 1H, C5-thiazole-H), 7.70 (s, 1H, –CH=), 7.42–7.71 (m,
5H, Ar–H), 6.05 (m, 1H, CH=), 5.32 (d, 2H, =CH2), 4.15 (m, 2H, CH2); 13C NMR (125 MHz, DMSO-d6,
δ/ppm): 172.20 (C=O), 169.85 (C), 158.33 (C), 150.08 (C), 140.88 (CH), 138.63 (C), 134.66 (CH), 133.19
(C), 130.97 (2CH), 129.14 (2CH), 128.93 (CH), 127.51 (CH), 117.68 (CH2), 50.42 (CH2); MS (EI, 70 eV)
m/z (%): 328 (M + 1, 100), 329 (M + 2, 11.7), 330 (M + 3, 11.5), 301 (5.1), 287 (28.7), 261 (22.5), 246 (39.6),
218 (100), 155 (14.1); Anal. Calcd. for C16H13N3OS2 (327.42): C, 58.69; H, 4.00; N, 12.83; S, 19.59; Found:
C, 58.82; H, 4.21; N, 12.99; S, 19.68.

2-(Allylamino)-5-((6-chloro-4-oxo-4H-chromen-3-yl)methylene)thiazol-4(5H)-one (3e). Yield 91% (0.631 g);
pale pink powder; m.p. 299–301 ◦C; IR (ATR, ν (cm−1)): 3432 (N–Hamine), 1684 (C=OTZ), 1647
(C=Ochromone), 1273 (C–Ochromone), 1167 (C–Cl), 1045 (C–Ochromone); 1H NMR (500 MHz, DMSO-d6,
δ/ppm): 7.93 (t, 1H, NH), 7.74 (s, 1H, –CH=), 7.11–8.74 (m, 4H, Ar–H), 6.27 (m, 1H, CH=), 5.27 (d, 2H,
=CH2), 3.73 (m, 2H, CH2); 13C NMR (125 MHz, DMSO-d6, δ/ppm): 178.55 (C=O), 167.64 (C=O), 159.21
(C), 155.82 (C), 153.03 (CH), 149.43 (CH), 136.97 (C), 136.16 (CH), 134.68 (CH), 130.74 (CH), 128.42 (C),
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125.55 (C), 119.25 (C), 119.01 (CH), 118.14 (CH2), 51.26 (CH2); MS (EI, 70 eV) m/z (%): 347 (M + 1, 100),
348 (M + 2, 19.9), 349 (M + 3, 33.8), 330 (9.8), 305 (36.5), 290 (14.8), 277 (20.3), 265 (74.2), 237 (100), 213
(1.9), 205 (1.8), 155 (26.7); Anal. Calcd. for C16H11ClN2O3S (346.79): C, 55.41; H, 3.20; N, 8.08; S, 9.25;
Found: C, 55.65; H, 3.33; N, 8.31; S, 9.34.

2-(Allylamino)-5-(3-bromobenzylidene)thiazol-4(5H)-one (3f). Yield 75% (0.485 g); white powder; m.p.
330 ◦C; IR (ATR, ν (cm−1)): 3429 (N–Hamine), 1689 (C=OTZ),1035 (C–Br); 1H NMR (500 MHz, DMSO-d6,
δ/ppm): 7.96 (t, 1H, NH), 7.58 (s, 1H, –CH=), 7.44–7.86 (m, 4H, Ar–H), 6.30 (m, 1H, CH=), 5.29 (d, 2H,
=CH2), 3.86 (m, 2H, CH2); 13C NMR (125 MHz, DMSO-d6, δ/ppm): 168.74 (C=O), 158.62 (C), 138.42
(CH), 136.33 (C), 135.10 (C), 133.96 (C), 131.14 (CH), 130.27 (CH), 129.19 (CH), 128.45 (CH), 126.47 (CH),
118.21 (CH2), 51.17 (CH2); MS (EI, 70 eV) m/z (%): 323 (M + 1, 100), 324 (M + 2, 52.1), 325 (M + 3, 50.1),
306 (9.0), 279 (17.6), 259 (13.6), 240 (20.8), 235 (11.0), 177 (17.7), 161 (22.6), 145 (9.3), 121 (12.7); Anal. Calcd.
for C13H11BrN2OS (323.21): C, 48.31; H, 3.43; N, 8.67; S, 9.92; Found: C, 48.45; H, 3.55; N, 8.54; S, 9.85.

2-(Allylamino)-5-(4-hydroxy-3-methoxybenzylidene)thiazol-4(5H)-one (3g). Yield 77% (0.447 g); pale yellow
powder; m.p. 240 ◦C; IR (ATR, ν (cm−1)): 3435 (N–Hamine), 3285 (O–Hphenol), 1705 (C=OTZ), 1336
(C–Ophenol), 1046 (C–Omethoxy), 1019 (C–Omethoxy); 1H NMR (500 MHz, DMSO-d6, δ/ppm): 9.31 (s, 1H,
OH), 8.06 (t, 1H, NH), 7.72 (s, 1H, –CH=), 7.13–7.74 (m, 3H, Ar–H), 6.31 (m, 1H, CH=), 5.34 (d, 2H,
=CH2), 4.01 (m, 2H, CH2), 3.83 (s, 3H, –OCH3); 13C NMR (125 MHz, DMSO-d6, δ/ppm): 187.08 (C=O),
174.77 (C), 159.42 (C), 152.06 (CH), 148.20 (C), 134.12 (CH), 132.66 (C), 129.01 (C), 122.81 (CH), 117.30
(CH2), 116.57 (CH), 111.96 (CH), 55.13 (CH3), 50.56 (CH2); MS (EI, 70 eV) m/z (%): 291 (M + 1, 100), 292
(M + 2, 12.8), 293 (M + 3, 13.2), 265 (5.1), 238 (3.1), 180 (6.6), 138 (10.6); Anal. Calcd. for C14H14N2O3S
(290.34): C, 57.92; H, 4.86; N, 9.65; S, 11.04; Found: C, 57.87; H, 4.83; N, 9.61; S, 11.17.

2-(Allylamino)-5-(4-hydroxybenzylidene)thiazol-4(5H)-one (3h). Yield 59% (0.307 g); pale yellow powder;
m.p. 338 ◦C; IR (ATR, ν (cm−1)): 3428 (N–Hamine), 3289 (O–Hphenol), 1695 (C=OTZ), 1331 (C–Ophenol);
1H NMR (500 MHz, DMSO-d6, δ/ppm): 9.35 (s, 1H, OH), 7.88 (t, 1H, NH), 7.67 (s, 1H, –CH=), 7.35–7.71
(m, 4H, Ar–H), 6.29 (m, 1H, CH=), 5.31 (d, 2H, =CH2), 3.85 (m, 2H, CH2); 13C NMR (125 MHz,
DMSO-d6, δ/ppm): 184.14 (C=O), 162.56 (C), 159.13 (C), 152.47 (CH), 134.75 (CH), 132.86 (C), 129.91
(2CH), 127.50 (C), 117.49 (CH2), 116.04 (2CH), 50.32 (CH2); MS (EI, 70 eV) m/z (%): 261 (M + 1, 100),
262 (M + 2, 8.7), 263 (M + 3, 3.3), 209 (1.9), 183 (1.4), 158 (1.3), 138 (5.0); Anal. Calcd. for C13H12N2O2S
(260.31): C, 59.98; H, 4.65; N, 10.76; S, 12.32; Found: C, 59.79; H, 4.76; N, 10.93; S, 12.36.

5-(3-Chlorobenzylidene)-2-(phenylamino)thiazol-4(5H)-one (6a). Yield 74% (0.466 g); light brown powder;
m.p. 278–280 ◦C; IR (ATR, ν (cm−1)): 3427 (N–Hamine), 1721 (C=OTZ), 1157 (C–Cl); 1H NMR (500 MHz,
DMSO-d6, δ/ppm): 11.95 (s, 1H, NH), 7.57 (s, 1H, –CH=), 7.04–7.84 (m, 9H, Ar–H); 13C NMR (125
MHz, DMSO-d6, δ/ppm): 187.52 (C=O), 176.43 (C), 142.15 (CH), 139.42 (C), 136.01 (C), 134.28 (C),
132.98 (C), 130.21 (CH), 129.68 (2CH), 128.77 (CH), 126.79 (CH), 126.30 (CH), 122.84 (CH), 120.71 (2CH);
MS (EI, 70 eV) m/z (%): 315 (M + 1, 100), 316 (M + 2, 20.0), 317 (M + 3, 53.4), 286 (1.7), 196 (1.0), 169
(0.9), 118 (0.9); Anal. Calcd. for C16H11ClN2OS (314.79): C, 61.05; H, 3.52; N, 8.90; S, 10.19; Found: C,
61.09; H, 3.65; N, 8.94; S, 10.27.

5-(2,4-Dichlorobenzylidene)-2-(phenylamino)thiazol-4(5H)-one (6b). Yield 61% (0.426 g); light brown
powder; m.p. 204–206 ◦C; IR (ATR, ν (cm−1)): 3434 (N–Hamine), 1717 (C=OTZ), 1156 (C–Cl), 1096
(C–Cl); 1H NMR (500 MHz, DMSO-d6, δ/ppm): 11.97 (s, 1H, NH), 7.61 (s, 1H, –CH=), 7.06–7.80 (m,
8H, Ar–H); 13C NMR (125 MHz, DMSO-d6, δ/ppm): 188.02 (C=O), 177.67 (C), 140.30 (CH), 139.15
(C), 135.45 (C), 133.36 (C), 131.63 (C), 130.33 (CH), 129.52 (2CH), 128.82 (CH), 127.94 (CH), 125.66 (C),
123.74 (CH), 120.78 (2CH); MS (EI, 70 eV) m/z (%): 349 (M + 1, 100), 350 (M + 2, 13.2), 351 (M + 3, 87.6),
352 (15.8), 353 (27.0), 315 (12.0), 313 (100), 138 (0.9); Anal. Calcd. for C16H10Cl2N2OS (349.23): C, 55.03;
H, 2.89; N, 8.02; S, 9.18; Found: C, 55.12; H, 2.91; N, 8.15; S, 9.34.

5-(4-Nitrobenzylidene)-2-(phenylamino)thiazol-4(5H)-one (6c). Yield 87% (0.566 g); yellow powder; m.p.
347 ◦C; IR (ATR, ν (cm−1)): 3436 (N–Hamine), 1710 (C=OTZ), 1519 (NO2 asymmetric), 1330 (NO2

symmetric); 1H NMR (500 MHz, DMSO-d6, δ/ppm): 11.99 (s, 1H, NH), 7.69 (s, 1H, –CH=), 7.23–7.91
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(m, 9H, Ar–H); 13C NMR (125 MHz, DMSO-d6, δ/ppm): 187.65 (C=O), 176.13 (C), 148.62 (C), 143.23
(CH), 141.85 (C), 139.99 (C), 132.44 (C), 130.09 (2CH), 129.27 (2CH), 123.95 (2CH), 122.11 (CH), 120.74
(2CH); MS (EI, 70 eV) m/z (%): 326 (M + 1, 100), 327 (M + 2, 14.2), 328 (M + 3, 6.0), 313 (8.8), 281 (100),
280 (93.0), 180 (13.4), 119 (40.9); Anal. Calcd. for C16H11N3O3S (325.34): C, 59.07; H, 3.41; N, 12.92; S,
9.86; Found: C, 59.19; H, 3.53; N, 12.98; S, 9.89.

2-(Phenylamino)-5-((2-phenylthiazol-4-yl)methylene)thiazol-4(5H)-one (6d). Yield 89% (0.647 g); light brown
powder; m.p. 287–289 ◦C; IR (ATR, ν (cm−1)): 3430 (N–Hamine), 1719 (C=OTZ); 1H NMR (500 MHz,
DMSO-d6, δ/ppm): 11.92 (s, 1H, NH), 8.11 (s, 1H, C5-thiazole-H), 7.73 (s, 1H, –CH=), 7.34–8.01 (m,
10H, Ar–H); 13C NMR (125 MHz, DMSO-d6, δ/ppm): 187.24 (C=O), 171.76 (C), 156.61 (C), 149.98 (C),
143.85 (CH), 139.48 (C), 138.53 (C), 132.07 (C), 130.69 (2CH), 129.78 (2CH), 129.15 (2CH), 128.66 (CH),
126.31 (CH), 122.54 (CH), 120.35 (2CH); MS (EI, 70 eV) m/z (%): 364 (M + 1, 100), 365 (M + 2, 22.4), 366
(M + 3, 10.5), 338 (18.4), 261 (95.5), 243 (10.4), 246 (58.9), 219 (22.0), 218 (100), 201 (12.2); Anal. Calcd. for
C19H13N3OS2 (363.46): C, 62.79; H, 3.61; N, 11.56; S, 17.64; Found: C, 62.84; H, 3.73; N, 11.67; S, 17.77.

5-((6-Chloro-4-oxo-4H-chromen-3-yl)methylene)-2-(phenylamino)thiazol-4(5H)-one (6e). Yield 94% (0.720 g);
brown powder; m.p. 356 ◦C; IR (ATR, ν (cm−1)): 3429 (N–Hamine), 1699 (C=OTZ), 1653 (C=Ochromone),
1270 (C–Ochromone), 1173 (C–Cl), 1041 (C–Ochromone); 1H NMR (500 MHz, DMSO-d6, δ/ppm): 11.98 (s,
1H, NH), 7.71 (s, 1H, –CH=), 7.12–8.86 (m, 9H, Ar–H); 13C NMR (125 MHz, DMSO-d6, δ/ppm): 188.58
(C=O), 170.33 (C=O), 158.46 (C), 156.02 (C), 151.65 (CH), 149.39 (CH), 139.87 (C), 136.43 (C), 136.05
(CH), 130.58 (CH), 129.81 (2CH), 129.17 (C), 126.01 (C), 122.22 (CH), 120.75 (2CH), 119.30 (C), 119.12
(CH); MS (EI, 70 eV) m/z (%): 383 (M + 1, 100), 384 (M + 2, 20.2), 385 (M + 3, 31.9), 386 (M + 4, 11.3),
326 (30.03), 312 (12.7), 259 (7.8), 205 (5.9), 183 (5.5), 138 (4.8); Anal. Calcd. for C19H11ClN2O3S (382.82):
C, 59.61; H, 2.90; N, 7.32; S, 8.38; Found: C, 59.66; H, 2.97; N, 7.41; S, 8.47.

5-(3-Chlorobenzylidene)-2-(naphthalen-1-ylamino)thiazol-4(5H)-one (9a). Yield 81% (0.591 g); yellow
powder; m.p. 140 ◦C; IR (ATR, ν (cm−1)): 3430 (N–Hamine), 1686 (C=OTZ), 1151 (C–Cl); 1H NMR
(500 MHz, DMSO-d6, δ/ppm): 12.01 (s, 1H, NH), 7.71 (s, 1H, –CH=), 7.05–7.92 (m, 11H, Ar–H); 13C
NMR (125 MHz, DMSO-d6, δ/ppm): 175.20 (C=O), 161.05 (C), 154.43 (CH), 144.60 (C), 135.89 (C),
134.38 (C), 134.07 (C), 132.10 (C), 130.24 (CH), 128.41 (CH), 128.11 (CH), 127.57 (CH), 126.89 (CH),
126.45 (CH), 126.26 (CH), 124.81 (CH), 123.47 (C), 121.35 (CH), 116.43 (CH), 105.63 (CH); MS (EI, 70 eV)
m/z (%): 365 (M + 1, 100), 366 (M + 2, 2.5), 367 (M + 3, 19.7), 368 (M + 4, 7.7), 369 (M + 5, 1.4), 336 (3.3),
322 (2.2), 252 (4.9), 210 (2.1), 197 (64.5), 171 (10.3), 169 (100), 134 (52.2); Anal. Calcd. for C20H13ClN2OS
(364.85): C, 65.84; H, 3.59; N, 7.68; S, 8.79; Found: C, 65.90; H, 3.66; N, 7.63; S, 8.84.

5-(2,4-Dichlorobenzylidene)-2-(naphthalen-1-ylamino)thiazol-4(5H)-one (9b). Yield 63% (0.503 g); yellow
powder; m.p. 185 ◦C; IR (ATR, ν (cm−1)): 3433 (N–Hamine), 1713 (C=OTZ), 1155 (C–Cl), 1099 (C–Cl); 1H
NMR (500 MHz, DMSO-d6, δ/ppm): 12.06 (s, 1H, NH), 7.62 (s, 1H, –CH=), 7.11–8.08 (m, 10H, Ar–H);
13C NMR (125 MHz, DMSO-d6, δ/ppm): 175.74 (C=O), 161.42 (C), 154.35 (CH), 143.89 (C), 135.94 (C),
134.51 (C), 132.68 (C), 131.33 (C), 130.12 (CH), 128.60 (CH), 128.19 (CH), 127.76 (CH), 126.81 (CH),
126.40 (CH), 125.53 (C), 124.99 (CH), 123.93 (C), 121.17 (CH), 118.32 (CH), 105.25 (CH); MS (EI, 70 eV)
m/z (%): 399 (M + 1, 90.5), 400 (M + 2, 22.2), 401 (M + 3, 100), 402 (M + 4, 17.0), 365 (31.6), 363 (100), 297
(1.0), 168 (13.2), 159 (3.4); Anal. Calcd. for C20H12Cl2N2OS (399.29): C, 60.16; H, 3.03; N, 7.02; S, 8.03;
Found: C, 60.35; H, 3.08; N, 7.11; S, 8.05.

2-(Naphthalen-1-ylamino)-5-(4-nitrobenzylidene)thiazol-4(5H)-one (9c). Yield 72% (0.540 g); yellow powder;
m.p. 152 ◦C; IR (ATR, ν (cm−1)): 3426 (N–Hamine), 1706 (C=OTZ), 1521 (NO2 asymmetric), 1328 (NO2

symmetric); 1H NMR (500 MHz, DMSO-d6, δ/ppm): 12.23 (s, 1H, NH), 7.68 (s, 1H, –CH=), 7.13–8.18
(m, 11H, Ar–H); 13C NMR (125 MHz, DMSO-d6, δ/ppm): 174.88 (C=O), 161.31 (C), 154.10 (CH), 147.66
(C), 141.41 (C), 140.73 (C), 134.56 (C), 132.46 (C), 129.41 (2CH), 128.57 (CH), 127.32 (CH), 126.18 (CH),
125.86 (CH), 124.91 (C), 123.77 (2CH), 121.05 (CH), 118.81 (CH), 105.95 (CH); MS (EI, 70 eV) m/z (%):
376 (M + 1, 100), 378 (M + 2, 16.4), 379 (M + 3, 9.3), 330 (30.6), 316 (5.7), 208 (10.7), 180 (21.3), 170 (22.3),
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169 (100), 150 (3.8), 134 (37.7); Anal. Calcd. for C20H13N3O3S (375.40): C, 63.99; H, 3.49; N, 11.19; S,
8.54; Found: C, 63.78; H, 3.52; N, 11.24; S, 8.64.

2-(Naphthalen-1-ylamino)-5-((2-phenylthiazol-4-yl)methylene)thiazol-4(5H)-one (9d). Yield 86% (0.711 g);
pale yellow powder; m.p. 312 ◦C; IR (ATR, ν (cm−1)): 3429 (N–Hamine), 1728 (C=OTZ); 1H NMR
(500 MHz, DMSO-d6, δ/ppm): 12.31 (s, 1H, NH), 7.69 (s, 1H, –CH=), 7.12–8.91 (m, 13H, Ar–H +
C5-thiazole-H); 13C NMR (125 MHz, DMSO-d6, δ/ppm): 174.67 (C=O), 169.54 (C), 161.11 (C), 149.69
(C), 142.33 (CH), 140.61 (C), 138.89 (C), 134.54 (C), 131.26 (C), 130.97 (2CH), 129.38 (2CH), 128.88 (CH),
128.79 (CH), 127.64 (CH), 126.78 (CH), 125.99 (CH), 125.07 (CH), 124.76 (C), 121.13 (CH), 118.92 (CH),
105.86 (CH); MS (EI, 70 eV) m/z (%): 414 (M + 1, 100), 415 (M + 2, 22.2), 416 (M + 3, 15.7), 387 (4.1),
261 (30.1), 246 (10.5), 218 (100), 213 (6.8), 174 (4.5), 158 (7.9), 130 (2.5); Anal. Calcd. for C23H15N3OS2

(413.51): C, 66.80; H, 3.66; N, 10.16; S, 15.51; Found: C, 66.66; H, 3.74; N, 10.19; S, 15.44.

5-((6-Chloro-4-oxo-4H-chromen-3-yl)methylene)-2-(naphthalen-1-ylamino)thiazol-4(5H)-one (9e). Yield 90%
(0.779 g); orange powder; m.p. 266–268 ◦C; IR (ATR, ν (cm−1)): 3434 (N–Hamine), 1701 (C=OTZ), 1649
(C=Ochromone), 1271 (C–Ochromone), 1170 (C–Cl), 1044 (C–Ochromone); 1H NMR (500 MHz, DMSO-d6,
δ/ppm): 12.51 (s, 1H, NH), 7.70 (s, 1H, –CH=), 7.11–8.74 (m, 11H, Ar–H); 13C NMR (125 MHz,
DMSO-d6, δ/ppm): 174.21 (C=O), 160.63 (C=O), 154.38 (2C), 135.15 (CH), 134.36 (C), 131.09 (CH),
128.45 (2C), 127.49 (CH), 127.03 (C), 126.56 (CH), 126.49 (C), 125.06 (C), 124.95 (2CH), 124.49 (CH),
123.48 (2CH), 121.78 (C), 121.48 (CH), 118.76 (CH), 116.60 (CH); MS (EI, 70 eV) m/z (%): 433 (M + 1,
100), 434 (M + 2, 17.8), 435 (M + 3, 52.6), 436 (M + 4, 10.9), 413 (5.6), 401 (100), 376 (28.4), 290 (34.2), 299
(3.5), 267 (32.8), 265 (100), 237 (85.8), 205 (22.2), 165 (21.1); Anal. Calcd. for C23H13ClN2O3S (432.88): C,
63.82; H, 3.03; N, 6.47; S, 7.41; Found: C, 63.70; H, 3.01; N, 6.50; S, 7.53.

3.2. Antifungal Activity Assay

3.2.1. Determination of Inhibition Zone Diameters

The in vitro antifungal activity was determined using the cup-plate agar diffusion method
according to the Clinical and Laboratory Standards Institute (CLSI) guidelines [38].

Mueller-Hinton medium supplemented with 2% glucose (providing adequate growth of yeasts)
and 0.5 mg/mL methylene blue (providing a better definition of the inhibition zone diameter) was
used. The inoculum was prepared by suspending five representative colonies, obtained from an
18–24 h culture on non-selective nutritive agar medium, in sterile distilled water. The cell density
was adjusted to the density of a 0.5 McFarland standard by spectrophotometrically measuring the
absorbance at 530 nm and adding sterile distilled water as required (corresponding to a population
of 1 to 5 × 106 CFU/mL). A sterile swab was soaked in the suspension and then the Mueller-Hinton
agar plates were inoculated by streaking the entire surface. After drying for 10–15 min, six-millimeter
diameter wells were cut from the agar using a sterile cork-borer and a volume of 20 µL of each
compound solution (1 mg/mL in dimethyl sulfoxide (DMSO)) were delivered into the wells
(20 µg/well). Fluconazole (20 µg/well) was used as standard drug. The controls were performed
with only sterile broth, overnight culture and 20 µL of DMSO. The plates were incubated at 35 ◦C.
Zone diameters were measured to the nearest whole millimeter at a point in which there was no visible
growth after 24–48 h. Results were obtained in triplicate. The solvent used for the preparation of each
compound stock solution (1 mg/mL), DMSO (Merck, Darmstadt, Germany) presented no inhibitory
activity against the tested fungal strains.

3.2.2. Determination of MIC and MFC Values

The microorganisms used for the antimicrobial activity evaluation were obtained from the
University of Agricultural Sciences and Veterinary Medicine Cluj-Napoca, Romania. The antifungal
activity was evaluated against cultures of Candida albicans ATCC 10231, Candida albicans ATCC 18804,
Candida krusei ATCC 6258, Candida parapsilosis ATCC 22019. The cultures were store on potato dextrose
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agar (Sifin, Berlin, Germany). Prior to antifungal susceptibility testing, each strain was inoculated on
potato dextrose agar plates to ensure optical growth characteristics and purity. Then, yeast cells were
suspended in saline and adjusted spectrophotometrically to RPMI 1640 medium.

Stock solutions (1 mg/mL) were prepared by dissolving the test compounds and the reference
antifungals (ketoconazole and fluconazole) in sterile DMSO. These solutions were stored at 4 ◦C.
Series of double diluting solutions of the above compounds were prepared in RPMI 1640 medium
obtaining final concentrations in the range of 500 to 0.015 µg/mL.

The broth microdilution method (according to the CLSI guidelines [39]) was employed for
minimum inhibitory concentration test. Media was placed into each 96 wells of the microplates.
Sample solutions at high concentration (100 µg/mL) were added into the first rows of the microplates
and two-fold dilutions of the compounds were made by dispensing the solutions into the remaining
wells. Ten-microliter culture suspensions were inoculated into all the wells. The sealed microplates
were incubated at 37 ◦C for 18 h. The initial density of Candida sp. was approximately 2 × 106 colony
forming units (CFU)/mL. Inoculums (density of 0.5 in McFarland scale) were prepared in a sterile
solution of 0.9% NaCl. Then the tested strains were suspended in nutrient broth and RPMI 1640 media
to give a final density of 2 × 105 CFU/mL. Solutions of the test compounds and suspensions of
fungi were inoculated onto 96 wells microplates. Growth control, sterility control and control of
antifungal compounds were used. Plates were incubated under normal atmospheric conditions
25 ◦C for 48 h (Candida albicans ATCC 10231, Candida albicans ATCC 18804, Candida krusei ATCC 6258,
Candida parapsilosis ATCC 22019), and next minimum inhibitory concentration (MIC) values have
been determined by recording the optical density at 600 nm using a spectroscopically method with
a microplate reader Biotek Synergy HT. The MIC was defined as the lowest concentration required
arresting the growth of the fungi. For determination of minimum fungicidal concentration (MFC),
a 0.01 mL aliquot of the medium drawn from the culture tubes showing no macroscopic growth at the
end of the 24 h culture was subcultured on nutrient agar/potato dextrose agar plates to determine
the number of vital organisms and incubated further at 37 ◦C for 24 h, respectively 25–30 ◦C for 48 h.
The MFC was defined as the lowest concentration of the agent at which no colonies are observed.
All MIC and MFC experiments were repeated three times.

3.2.3. Statistical Analysis

The results obtained in the determination of the inhibition zone diameters assay were expressed
as mean ± standard deviation (SD) of three independent experiments. Statistical comparisons between
the groups were made using one-way analysis of variance (ANOVA) test. A value of p < 0.05 was
considered to be statistically significant. Analysis was performed using standard software (Excel for
Windows, version 14.0 included in Microsoft Office Professional Plus 2010).

3.3. Lipophilicity Assay

The lipophilic character of twenty thiazolin-4-one derivatives was assessed with the help of
the principal component analysis (PCA) based on the reversed-phase thin-layer chromatography
(RP-TLC) data.

3.3.1. Chromatographic Procedure

The chromatographic behavior of the test compounds was studied on C18 silicagel bonded
60 RP-180F254S TLC (20 × 20 cm) plates, purchased from Merck (Darmstadt, Germany).
The test compounds’ solutions (1 mg/mL) were prepared by dissolving the samples in DMSO
(Merck, Darmstadt, Germany). The plates were manually spotted with 3 µL aliquots of each solution at
10 mm from the base and 5 mm from the edge of the plate, leaving a 10 mm distance between successive
spots, and developed by the ascending technique, without preconditioning. Chromatography was
performed in a normal developing chamber at room temperature (~24 ◦C), the developing distance
being of 9 cm. The solvent system used as mobile phase consisted of a water-i-propanol mixture,
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with a varying content of organic modifier (i-propanol—concentration ranged between 45% and 65%
(v/v), with 5% vol. increments). Before the development, the chamber was saturated with the mobile
phase for 15 min. After being developed, the dried plates were visually inspected under the UV
light (λ = 254 nm), each spot was clearly marked and its distance was manually measured in order
to calculate the Rf values. The spots of the compounds 3f, 10 and 11 were not visible in UV light,
thus their Rf values could not be calculated, therefore they were excluded from this assay.

3.3.2. Chromatographic Lipophilicity Parameters

Based on the Rf values, one of the most common lipophilic estimator, meaning the isocratic
retention factor RM was calculated using the Bate-Smith and Westall equations [40].

RP-TLC provides retention data in the form of Rf and the corresponding RM values (Equation (2))
that can be used to derive chromatographic descriptors for estimating lipophilicity: RM0, b and PCA.
The most popular lipophilicity descriptor estimated by this method is RM and it is derived from the
retention factor (Rf) according to the following formula:

RM = log[(1/Rf) − 1] (2)

where Rf is calculated on the basis of migration distance of a compound and the solvent front.
The use of RP-TLC is based on the assumed linear relationship between the molecular parameter

(Equation (2)) and the standard measure of lipophilicity, logP (the logarithm of the n-octanol-water
partition coefficient).

As RM value (related to the molecular lipophilicity) depends linearly on the concentration of the
organic modifier in the mobile phase, the value is extrapolated to pure water as mobile phase. In order
to increase the accuracy of the lipophilicity determination, the RM values extrapolated to zero organic
modifier concentration (RM0) have been calculated from the linear correlation between the RM values
and the concentration of the organic component of the mobile phase:

RM = RM0 + bc (3)

where RM0 is the lipophilicity estimation parameter, RM is the retention of the solute, b is the slope,
and c is the concentration of the mobile phase organic modifier (i-propanol).

The intercept (RM0) in Equation (3) represents the extrapolated RM values at 0% organic modifier.
In other words, the intercept determined using this equation can be considered an estimation of the
partitioning of compounds between the nonpolar stationary phase and the aqueous system, hence all
compounds studied can be compared on the basis of their lipophilicity determined this way [41].

The lipophilic properties of the investigated compounds were evaluated by using the principal
component analysis (PCA, XL-STAT). For a better interpretation of the obtained results, these were
correlated with cLogP values of the tested compounds, which were generated by the ChemBioDraw
11.0 software.

3.3.3. Principal Component Analysis (PCA)

PCA, also known as eigenvector analysis, is a statistical procedure used to represent in an
economic way the location of the objects in a reduced coordinate system where instead of n-axes
(corresponding to n variables) only p (p ≤ n) can usually be used to describe the data set with
maximum possible information. The new variables are called principal components and they are given
by the linear combination of the n real variables [42].

PCA was performed on the obtained retention parameters with the help of XL-STAT
extension. It displayed objects (the tested compounds) in a reduced space by finding a direction
(first principal component) that best preserved the scatter of the observations (100 × Rf values) in the
multidimensional space. PCA gave the coordinates (scores) of the studied compounds and also the
loadings of the variables (solvents) on the principal components.
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3.4. Virtual Screening

Identification of good “hits” (lead/drug-like molecules) is the first critical step in the drug
discovery and development process. The qualities of the “hits” may dramatically set the stage for
subsequent efforts to improve their therapeutic efficacy through potency against their designated target,
their selectivity against related targets (including here protein binding specificity versus promiscuity),
adequate pharmacokinetics, and lowering toxicity and their side effects [43].

The synthesized thiazolin-4-one derivatives and the reference compounds (fluconazole and
ketoconazole) were screened in silico for both prediction of ADME-Tox properties (including here
lipophilicity) and the binding modes with their designated targets. An academic license of
MarvinSketch was used for drawing, displaying of 2D structures and 3D optimization of all screened
compounds and generations of input files (SDF and Tripos MOL2 file formats) for virtual screening,
MarvinSketch 15.1.5.0, 2015, ChemAxon (https://www.chemaxon.com/).

3.4.1. ADME-Tox Predictions

Achieving the desired specificity and activity alone is not a self-sufficient goal to produce
high-quality leads or drug candidates. Therefore, pharmacokinetic and metabolic characteristics should
be taken into consideration as early as possible hence the major reasons preventing many candidates
from reaching market are the side effects, respectively the inappropriate ADME-Tox properties.
Therefore, from an economical point-of-view, it is desirable that compounds with inappropriate
ADME-Tox properties are optimized or removed from the early discovery phase rather than during
the expensive drug development phases.

The use of cheminformatics to predict the ADME-Tox properties can provide helpful guidance
on absorption, plasma clearance and tissue distribution, activity at the level of central nervous
system (penetration of compounds through the BBB), various metabolic effects and toxicity
aspects. In this respect, FAF-Drugs3 [30], a web-based software, hosted on the public domain of
The Ressource Parisienne en Bioinformatique Structurale (RPBS) (http://fafdrugs3.mti.univ-paris-
diderot.fr/), was used to screen all thiazolin-4-one derivatives and the reference compounds for
ADME-Tox properties.

Prior to screening, the input SDF files were formatted according to the software’s requirements
using Bank Formatter (the files formatter service of FAF-Drugs3) and XLOGP3 was chosen as method to
estimate lipophilicity (and the derived ADME-Tox descriptors) due to its prediction accuracy. VS was
carried out using a series of FAF-Drugs3’s built-in filters for lead-likeness, drug-likeness, activity at CNS
level [33], detection of non-peptidic inhibitors of protein–protein interactions, detection of undesirable
moieties and substructures involved in toxicity problems [35,36], covalent inhibitors, PAINS and
customized filters for safety profiling [35].

The chosen Lead-Like Soft filter uses well-known lead-like descriptors, while the Drug-Like Soft filter

is based on physico-chemical, molecular properties and bioavailability rules, widely used for drug
discovery—both soft filters use a built-in statistical analysis of drugs [30] extracted from the e-Drugs3D

library for the threshold values of descriptors.
PPIs are essential to a healthy life, but aberrant PPIs contribute to many diseases and therefore

represent a very populated class of essentially untouched targets for rational drug design. In this
respect, FAF-Drugs3 uses a decision tree constructed with the help of two trained Dragon descriptors
(Ui and RDF070m).

For the detection of the undesirable moieties and substructures involved in toxicity problems,
the FAF-Drugs3 built-in filters based on a comprehensive literature data were used. As a particular
threshold of the software, with direct interest for our work, is the acceptance of up to 3 nitro
groups, otherwise well-known structural alerts, because several approved and experimental drugs
(e.g., nitroimidazole antibiotics) have at least one nitro group and because this group can be replaced
during the optimization process. Similar to the detection of UMSs, FAF-Drugs3 uses built-in filters to
identify covalent inhibitors.

https://www.chemaxon.com/
http://fafdrugs3.mti.univ-paris-diderot.fr/
http://fafdrugs3.mti.univ-paris-diderot.fr/
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The detection of the possible frequent hitters, compounds that appear in many biochemical
high throughput screens—PAINS moieties, was done using three filters (A, B and C), in order to
detect problematic compound classes in the WEHI (The Walter and Eliza Hall Institute of Medical
Research, Parkville, Australia) 93K HTS library that contain over 150 analogs (filter A), from 15 to
149 analogs (filter B), respectively, 1 to 14 analogs (filter C) [30].

A series of customized filters developed by pharmaceutical companies were used to assess the
safety profiling: the GSK 4/400 rule, the Pfizer 3/75 rule, estimation of phospholipidosis induction
(directly linked with the molecular substructure of compounds) and the MedChem rules rating [35].
The MedChem rules is a set of 275 rules developed by Eli Lilly and Company (Indianapolis, IN,
USA), to identify compounds that may interfere with biological assays, allowing their removal from
screening sets. For this particular VS run, the MedChem rules were used with the regular settings
(100-demerit cutoff).

3.4.2. Molecular Docking Studies

The thiazolin-4-one derivatives and the corresponding reference compounds (generated as
Tripos MOL2 files) were docked in silico against their corresponding target (the same species used
for determination of MIC and MFC values were considered): a fungal enzyme (lanosterol 14-α
demethylase). Due to the lack of experimentally determined high-resolution crystal structures
from Research Collaboratory for Structural Bioinformatics—Protein Data Bank (RCSB-PDB:
http://www.rcsb.org/), as best recommended for docking [44], a homology model was used for
the target protein.

The homology model for lanosterol-14α-demethylase was generated with SWISS-MODEL

(a fully automated protein structure homology-modeling server, accessible via ExPASy web server:
http://www.expasy.org/) [45] starting from the corresponding amino acid sequence (Accession Code:
P10613) of the enzyme for Candida albicans (strain SC5314/ATCC MYA-2876) obtained from the
Universal Protein Resource (UniProt) (http://www.uniprot.org/) and using as template a validated
experimental structure from Saccharomyces cerevisiae (PDB ID: 4WMZ) [45].

Lanosterol 14-α demethylase (cytochrome P450 14α-lanosterol-demethylase) catalyzes the
C14-demethylation of lanosterol which is critical for ergosterol biosynthesis (transforms lanosterol
into 4,4′-dimethyl cholesta-8,14,24-triene-3-beta-ol). Therefore, lanosterol 14-α demethylase is an
enzyme with a crucial role in sterol biosynthesis in eukaryotes, being thus a druggable protein for
antifungal design and development of new inhibitors. The active site of enzyme includes a triazole
ring perpendicularly positioned to the porphyrin plane with a ring nitrogen atom coordinated to
the Hem iron. Docking of thiazolin-4-one derivatives and reference compounds (fluconazole and
ketoconazole) against the generated homology model for lanosterol-14α-demethylase was carried out
setting an extended search space (X:26.610; Y:18.853; Z:19.715), with a volume bigger than 27.000 Å3

and manually increasing the exhaustiveness to 80 in order to improve docking accuracy.

4. Conclusions

Twenty-three thiazoline-4-ones were synthesized, of which 18 are new 5-arylidene-thiazoline-4-one
derivatives. The newly synthesized compounds were characterized by quantitative elemental analysis,
IR, 1H NMR, 13C NMR and MS. All compounds were evaluated for their antifungal activity against
four strains of Candida and the compounds’ lipophilicity was assessed. Most of the compounds
presented excellent anti-Candida properties, two of them (10 and 9b) being 250-fold more active than
ketoconazole and over 500-fold more active than fluconazole. For all the studied compounds, it was
observed a lipophilicity augmentation with the increase of the molar mass of the substituent from
position 2 of the thiazolin-4-one core, and also, by introducing an arylidene or hetarylidene rest
in position 5. A comprehensive VS was carried out for ADME-Tox profiling of the thiazolin-4-one
derivatives and it can be concluded that based on the predicted values of physico-chemical descriptors,
almost all derivatives are drug-like small-molecules (except 9b), non-inducer of phospholipidosis

http://www.rcsb.org/
http://www.expasy.org/
http://www.uniprot.org/
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and with good predictions for oral bioavailability according to RO5, Veber’s rule and Egan’s rule,
thus making them suitable for systemic use. Most of the drug-like derivatives forecasted good activity
at CNS level (except 3c, 6c, 9b, 9c and 10), but all require further structural optimization due multiple
safety alerts. Therefore, compound 11 appears to be the safest drug-like derivative since it has only
two alerts (PPI unfriendly and a warning from Pfizer 3/75 rule).

On the other hand, some of thiazolin-4-one derivatives were also qualified as potential leads
(2, 3a, 3c–h, 5, 6c, 8 and 11) able to penetrate BBB (except 3c and 6c) and with good predictions for
oral bioavailability. However, all those lead-like compounds require further optimization in the drug
development process. In regards to this aspect, we can identify as “hits” compounds 5 and 8 (both free
of UMSs, covalent inhibitors and PAINS—according to all three PAINS’s filters, but PPI unfriendly
and with different safety concerns according to the MedChem rules); compound 6c (the only lead
compound which is PPI friendly), and compound 11 (with the already discussed safety concerns as
drug candidate).

Regarding the thiazolin-4-one derivatives inhibitory activity as antifungals we can summarize
that from the identified “hits”, two derivatives (5 and 11) are weaker inhibitors than both reference
drugs (Flu and Ket), meanwhile 6c and 8 have a better binding affinity than Flu, but with lesser safety
concerns than Ket—both virtually predicted and referred in the literature [46]. Moreover, three of the
identified “hits” (5, 8 and 11) block the same entry of the active site of lanosterol 14α-demethylase,
while only 6c binds deeply inserted in the active site.
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Abstract 

In order to obtain a chemical and biological characterization of Heracleum sphondylium subsp. sphondylium, we proposed 
the qualitative and quantitative analysis of polyphenolic compounds from roots, stems, leaves, flowers and fruits, as well as 
the antioxidant and antibacterial potential evaluation. For the identification and quantification of the phenolic compounds, 
chromatographic and spectrophotometric methods were employed. The antioxidant activity was evaluated using DPPH (2,2-
diphenyl-1-picrylhydrazyl) radical scavenging, FRAP (ferric reducing antioxidant power) and EPR (electron paramagnetic 
resonance) methods. The antibacterial test was performed by means of agar diffusimetric method. The HPLC (high 
performance liquid chromatography) phenolic profile has revealed high amounts of rutin in flowers (983.88 mg/100 g) and in 
leaves (477.08 mg/100 g), other flavonoids: quercitrin (15.60 mg/100 g leaves), quercetin (13.38 mg/100 g flowers) and 
phenol acids: ferulic acid (13.04 mg/100 g) and chlorogenic acid (4.32 mg/100 g) in roots. The flowers and leaves extracts 
showed the highest antioxidant capacity, according to the phenolic content. The antimicrobial tests revealed a good inhibitory 
activity against S. aureus and L. monocytogenes for all samples. The results of the present investigation showed both 
qualitative and quantitative differences between the parts of H. sphondylium, so it is recommended to use in practice the 
extract obtained from a specific organ that furnishes the higher yield of active constituents. 
 
Rezumat 

În vederea caracterizării chimice și biologice a speciei Heracleum sphondylium subsp. sphondylium, ne-am propus analiza 
calitativă și cantitativă a compușilor polifenolici din rădăcini, tulpini, frunze, flori și fructe, precum și evaluarea potențialului 
lor antioxidant și antibacterian. Identificarea și dozarea compușilor fenolici s-a realizat prin metode cromatografice și 
spectrofotometrice. Activitatea antioxidantă a fost evaluată prin metodele DPPH (2,2-difenil-1-picrilhidrazil), FRAP (activitatea 
antioxidantă totală prin reducerea fierului) și EPR (rezonanța electronică paramagnetică), iar cea antibacteriană prin metoda 
difuzimetrică. Profilul fenolic a pus în evidenţă cantități mari de rutozidă în flori (983,88 mg/100 g) şi în frunze (477,08 mg/100 g), 
dar şi alte flavonoide: quercitrină în frunze (15,60 mg/100 g), quercetol în flori (13,38 mg /100 g) și acizi fenolici: acid ferulic 
(13.04 mg/100 g) și acid clorogenic (4.32 mg/100 g) în rădăcini. Extractele obţinute din flori şi frunze au avut cea mai mare 
capacitate antioxidantă, în concordanţă cu conținutul în compuși fenolici. Testele antimicrobiene au evidențiat o activitate 
antibacteriană bună pe S. aureus și L. monocytogenes, pentru toate probele. Rezultatele acestui studiu au arătat diferențe 
calitative și cantitative semnificative între cele cinci produse naturale medicinale, care stau la baza unei utilizări corecte în 
practică a extractelor obținute din organele care conțin cele mai multe principii active. 
 
Keywords: Heracleum sphondylium, plant parts, polyphenols, antioxidant, antibacterial 
 
Introduction 

The genus Heracleum L. from the Apiaceae family 
contains 3 species, 3 subspecies and a hybrid, spread 
in Romania. Among them, Heracleum sphondylium 
L. (hogweed) is an herbaceous plant with stem 
hollow, leaves pinnate, often with 5 broad, lobed 
and toothed segments, upper leaves with large 
inflated bases, white flowers, 5 to 10 mm in large 

umbels up to 15 cm across with 12 to 25 rays and 
petals of outer flowers very unequal [1, 2, 13].  The 
roots and aerial parts are widely used in traditional 
food and medicine for its tonic, aphrodisiac, vaso-
dilator, antihypertensive, sedative, digestive properties, 
in the treatment of digestive disorders (dyspepsia, 
diarrhoea), hypertension, healing wounds, menstrual 
problems [1, 2]. In Romania, the extract of aerial parts 
is reputed to be aphrodisiac and antihypertensive 
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and to treat the male and female sterility, impotence, 
frigidity, hypertension etc. [14]. Modern biological 
studies have shown that H. sphondylium has a vaso-
relexant action, H. sphondylium subsp. artvinense is 
antimicrobial, H. sphondylium subsp. ternatum is 
antioxidant, anti-bacterial, cytotoxic and the extract 
of H. sphondylium subsp. sphondylium upper aerial 
part revealed anti-oxidant, antifungal and germination 
inhibitory activity [3-5, 9-11, 14]. Phytochemical 
investigations on this species showed the predominance 
of furocoumarins (bergapten, isopimpinellin, heraclenin,) 
in fruits, seeds and roots and the presence of 
essential oil (with octyl acetate, octyl butanoate, n-
octanol, apiol, ar-curcumene) [8-12, 14]. 
The present studies carried out on roots, stems, 
leaves, flowers and fruits harvested from Romanian 
(north-west area) H. sphondylium subsp. sphondylium 
are the first report in terms of the phenolic chemical 
composition and the evaluation of the biological 
potential for possible therapeutic applications in 
modern medicine. 
 
Materials and Methods 

Plant materials consisted of roots, stems, leaves, 
flowers and fruits of H. sphondylium subsp. 
sphondylium (Voucher No. 37), identified and 
harvested in 2015 from the spontaneous flora from 
Ciucea (Bihor, Romania) by Prof. Dr. biologist 
Mircea Tămaş. The samples preparation: 5 g of 
plant material powder were extracted with 50 mL 
of 70% ethanol (Merck), for 30 min on water bath, 
at 60ºC. The samples were then cooled down and 
centrifuged at 4500 rpm for 15 min. and the 
supernatants were recovered [6, 7, 16]. 
Chemicals: All necessary substances were purchased 
from Sigma-Aldrich (Steinheim, Germany), Merck 
(Darmstadt, Germany) and Alfa-Aesar (Karlsruhe, 
Germany). 
HPLC analysis. HPLC-MS analysis was performed 
using the chromatographic conditions previously 
described [6, 7, 16]. Quantitative determinations 
were performed using an external standard method. 
The polyphenolic compounds of the extracts were 
identified based on their retention time, UV and MS 
spectra as compared to the standards. Calibration 
curves in the 0.5 - 50 mg/mL range with good 
linearity (R2 > 0.999) for a five points plot were 
used to determine the concentration of polyphenols.  
Determination of polyphenolic compounds. 
Quantitative determinations of total polyphenols 
(TPC), flavonoids and caffeic acid derivatives were 
carried out using spectrophotometric methods. 
Gallic acid, rutin and caffeic acid reagents were 
used as standards [6, 7, 16]. 
Evaluation of the antioxidant activity. The extracts 
were screened for antioxidant activity using three in 

vitro assay models, the DPPH (2,2-diphenyl-1-

picrylhydrazyl), FRAP (ferric reducing/antioxidants 
power) and EPR (electron paramagnetic resonance) 
assays [6, 7, 15, 16]. The DPPH· scavenging 
activity assay is based on the spectrophotometric 
measurement of the DPPH concentration change, 
resulting from the reaction with an antioxidant. The 
FRAP method is based on the change in the colour 
of a complex with iron (III) ion of the 2,4,6-tri(2-
pyridyl)-1,3,5-triazine (TPTZ) radical, due to 
the reduction of the ferric ion to the ferrous iron in 
this complex. As antioxidant standard Trolox was 
used. An absorbance curve was built in function of 
Trolox mass, the correlation coefficient (R2) for this 
curve being 0.992. The final results were converted 
to µM Trolox equivalents/100 mL extract. EPR 
measurements for the DPPH test have been made 
on a Bruker EPR spectrometer which is equipped 
with X-band (9.54 GHz) Microwave Bridge; EPR 
spectra have been registered at various time points. 
The relative concentration changes of the para-
magnetic species have been achieved with double 
integration of the spectra (Integral intensity) using 
X EPR software [6, 7]. 
Determination of the antibacterial activity 

The extracts were investigated concerning the 
activity on the most common human pathogenic 
microbial strains: S. aureus (ATCC 49444), L. 

monocytogenes (ATCC 13076), S. typhimurium 
(ATCC 14028), E.coli (ATCC 25922), using a disc-
diffusion assay previously described [16]. 
 
Results and Discussion 

The concentrations of the identified polyphenolic 
compounds by HPLC method in all the five analysed 
samples are presented in Table I and the HPLC 
chromatograms are shown in Figures 1 and 2. Gentisic 
acid was identified only in H. sphondylium flowers 
while the caffeic acid was also found in leaves and 
fruits. Chlorogenic acid was identified in all the 
parts of the plant, but it was quantified only in the 
roots and stems extracts (about 4.5 mg/100 g). The 
p-coumaric acid was found in roots, leaves, flowers 
and fruits extracts, but in small quantities. Ferulic 
acid was present in flowers and leaves and in higher 
quantity in roots (13.04 mg/100 g). Three flavonoid 
glycosides (isoquercitrin, rutin, quercitrin) were 
found in high concentrations in leaves and flowers 
(eg. Iso-quercitrin: 14.37 mg/100 g flowers and 
15.60 mg/ 100 g leaves; quercitrin 15.60 mg/100 g 
leaves). The levels of rutin in the five samples have 
dropped in the order: flowers > leaves > stems > 
fruits > roots, the flowers extracts being the richest 
in rutin (983.88 mg/100 g). Four flavonoid aglycones 
(luteolin, quercetin, kaempferol and apigenin) were 
identified, but only quercetin was present in all 
samples, the flowers containing the greatest amount 
(13.38 mg/ 100 g). Our results showed that the 
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extracts of leaves, flowers and fruits are rich in 
flavonoids, especially rutin, whereas the extract of 

roots contains phenol acids, especially ferulic acid. 

Table I 
Phenolic compounds in different organs of H. sphondylium (mg polyphenols/100 g plant material) 

Phenolic compounds RT ± SD (min) H. roots H. stems H. leaves H. flowers H. fruits 

Caffeic acid 5.60 ± 0.04   < 0.2 < 0.2 < 0.2 
Chlorogenic acid 5.62 ± 0.05 4.32 ± 1.12 4.70 ± 0.20 < 0.2 < 0.2 < 0.2 
Gentisic acid 6.52 ± 0.04    < 0.2  
p-Coumaric acid 9.48 ± 0.08 1.22 ± 0.04  < 0.2 2.06 ± 0.23 0.38 ± 0.04 
Ferulic acid 12.8 ± 0.10 13.04 ± 0.95  < 0.2 1.06 ± 0.15  
Isoquercitrin 19.60 ± 0.10  0.81 ± 0.13 15.60 ± 0.59 14.37 ± 0.62  
Rutin 20.20 ± 0.15 0.11 ± 0.02 40.79 ± 3.20 477.08 ± 7.93 983.88 ± 15.11 11.99 ± 0.65 
Quercitrin 23.64 ± 0.13   15.60 ± 2.39 0.92 ± 0.07  
Quercetin 26.80 ± 0.15 < 0.2 < 0.2 0.61 ± 0.08 13.38 ± 1.11 0.11 ± 0.03 
Luteolin 29.10 ± 0.19     0.88 ± 0.11 
Kaempferol 32.48 ± 0.17    1.27 ± 0.06  
Apigenin 33.10 ± 0.15    < 0.2  

Notes: H, Heracleum; SD, standard deviation. Values are the mean ± SD (n = 3). 

 

 
Figure 1. 

HPLC chromatograms of H. sphondylium roots (A) and stems (B) 
 

 
Figure 2. 

HPLC chromatograms of H. sphondylium leaves (C), flowers (D) and fruits (E) 
 

Table II 
Polyphenolic contents and antioxidant activity of H. sphondylium extracts 

Heracleum 

samples 

TPC 

(g GAE/100 g) 

Flavonoids 

(g RE/100 g) 

Caffeic acid derivatives 

(g CAE/100 g) 

DPPH 

IC50 µg/mL) 

FRAP 

 µM Trolox/100 mL 

EPR 

Integral 

intensity 

roots (H1) 0.56 ± 0.08 0.02 ± 0.005 - > 200 153 ± 7.00 115 ± 5 
stems (H2) 0.18 ± 0.01 0.10 ± 0.01 - > 200 63 ± 6.00 113 ± 7 
leaves (H3) 3.48 ± 0.51 1.03 ± 0.06 2.26 ± 0.23 116.22 ± 2.78 1128 ± 12.00 101 ± 9 
flowers (H4) 3.32 ± 0.27 2.84 ± 0.35 0.43 ± 0.05 168.94 ± 6.05 710 ± 9.00 59 ± 4 
fruits (H5) 0.69 ± 0.10 - 0.26 ± 0.03 > 200 48 ± 2.00 104 ± 6 
Trolox - - - 11.20 ± 0.20 2073.91 ± 14.09  
DPPH      543 ± 37 

Notes: Each value is the mean ± SD of three independent measurements. GAE, RE, CAE: gallic acid, rutin, caffeic acid equivalents; IC50: 

half maximal inhibitory concentration. 

 
The levels of TPC in the five samples decreased in 
the order: leaves > flowers > fruits > roots > stems. 

The flowers contain a large amount of flavonoids 
(2.84%). The highest level of caffeic acid derivatives 
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was found in leaves (2.26%), while in roots and 
stems were not found. Similar results to ours were 
obtained for the aerial parts of H. sphondylium from 
Serbia [11]. 

 

 
Figure 3. 

EPR - the rate of interaction between the extracts 
and DPPH radical 

 
The antioxidant potential was determined by three 
methods. The antioxidant properties values obtained 
by DPPH and FRAP revealed a great antioxidant 
activity of the tested leaves and flowers extracts, 
while the roots, stems and fruits extracts revealed a 
weak antioxidant capacity (IC50 > 200 µg/mL). 
Other authors reported a good antioxidant activity 

of H. sphondylium aerial parts extract (Pitești, 
Romania) [5]. Concerning the EPR method, as 
expected, the integral intensity of DPPH is notably 
reduced by the antioxidant extracts with the integral 
intensity values of the five extracts (Table II, Figure 3). 
Thus the flowers extract exhibited an antioxidant 
effect by two times higher than the other samples. 
The EPR measurement are in line with the DPPH 
and FRAP assays results. 
The results of the in vitro activity of H. sphondylium 
extracts against bacteria are summarized in Table III. 
The results showed a variation in the antimicrobial 
properties of the five extracts. Gram-negative 
bacteria tested did not show any sensitivity to 
all extracts (inhibition diameter - 6 mm), while all 
samples demonstrated some activity against gram-
positive strains. The most pronounced activity on S. 

aureus (inhibition diameter - 18 mm) was shown by 
the leaves and flowers extracts, quite similar with 
the gentamicin. The roots and fruits extracts showed a 
moderate antibacterial activity against L. monocytogenes 

(roots) and S. aureus (fruit) and low activity against 
the other tested bacterial pathogens. The results of 
the present investigation suggested that the extracts 
obtained from different parts of H. sphondylium, 

the leaves and flowers extracts especially, exhibited 
activity against Gram-positive bacteria. 

Table III 
Antibacterial activity of H. sphondylium extracts 

Heracleum samples Zone of inhibition (mm) 

Staphylococcus aureus Listeria monocytogenes Escherichia coli Salmonella typhimurium 
 roots 10 ± 1.50 16 ± 1.00 6 ± 0.00 6 ± 0.00 
 stems 8 ± 0.50 12 ± 0.50 6 ± 0.00 6 ± 0.00 
 leaves 18 ± 2.00 12 ± 0.30 6 ± 0.00 6 ± 0.00 
 flowers 18 ± 0.00 14 ± 0.10 6 ± 0.00 6 ± 0.00 
 fruits 16 ± 0.02 10 ± 0.00 6 ± 0.00 6 ± 0.00 
Gentamicin 19 ± 0.60 18 ± 1.00 22 ± 0.50 18 ± 0.00 

Each value is the mean ± SD of four independent measurements. Gentamicin (10 µg/well) was used as positive control. 

 
Conclusions 

In the present investigation, it was determined the 
phenolic composition, the antioxidant and anti-bacterial 
activities for Romanian Heracleum sphondylium 
subsp. Sphondylium, with the aim of better phyto-
chemical and biological assessments. The comparative 
phytochemical study on roots, stems, leaves, 
flowers and fruits, showed large qualitative and 
quantitative differences between the organs of the 
plant. The leaves and flowers extracts were rich in 
active principles (TPC, flavonoids and caffeic acid 
derivatives). The antioxidant activity evaluated by 
the DPPH, FRAP and EPR methods indicated that 
the leaves and flowers extracts were more anti-
oxidant, related with the polyphenolic total content. 
Concerning the antibacterial effect, H. sphondylium 
aerial parts extracts (leaves, flowers) could be use 
as agents especially against S. aureus strains. 

Therefore, our results highlight that the leaves and 
flowers of H. sphondylium subsp. sphondylium may 
be used as a source of antioxidant flavonoids, as 
well as antibacterial agents in pharmaceuticals and 
food chains. 
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Abstract: In the context of the dangerous phenomenon of fungal resistance to the available therapies,
we present here the chemical synthesis of a new series of thiazolyl-triazole Schiff bases B1–B15,
which were in vitro assessed for their anti-Candida potential. Compound B10 was found to be more
potent against Candida spp. when compared with the reference drugs Fluconazole and Ketoconazole.
A docking study of the newly synthesized Schiff bases was performed, and results showed good
binding affinity in the active site of co-crystallized Itraconazole-lanosterol 14α-demethylase isolated
from Saccharomyces cerevisiae. An in silico ADMET (absorption, distribution, metabolism, excretion,
toxicity) study was done in order to predict some pharmacokinetic and pharmacotoxicological
properties. The Schiff bases showed good drug-like properties. The results of in vitro anti-Candida

activity, a docking study and ADMET prediction revealed that the newly synthesized compounds
have potential anti-Candida activity and evidenced the most active derivative, B10, which can be
further optimized as a lead compound.

Keywords: Schiff base; triazole; fungicidal activity; docking; ADME

1. Introduction

Over the last years, invasive fungal infections caused by Candida have become a major cause of
morbidity and mortality in immunocompromised patients. In clinic, the number of antifungal agents
that are available is limited. These drugs belong to major classes of azoles, allylamines, polyenes,
fluropyrimidines, and thiocarbamates. The azole molecules are the most widely used [1]. They act
by inhibiting CYP51 (lanosterol-14α-demethylase), an enzyme that catalyzes the demethylation of
lanosterol into ergosterol. Due to the inhibition, the steroid accumulates and alters the permeability
and rigidity of plasma membranes. Azole antifungal agents inhibit the enzyme by forming a bond
between the heterocyclic nitrogen atom (N-3 of imidazole and N-4 of triazole) and the heme iron atom
in the binding site of CYP51. Because of the existence of CYP51 in fungi and mammals and because of
the effects of these compounds on CYP3A4 (Cytochrome P450 3A4), the selective inhibition of fungal
CYP51 is very important and results in an increased therapeutic index [2].
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Unfortunately, the extensive use of azole molecules as antifungals has led to the appearance
of severe fungal resistance. The majority of candidiasis is caused by Candida albicans, followed by
C. glabrata, C. tropicalis, C. parapsilosis and C. krusei. Some types of Candida became resistant to the
first and second line of antifungal treatment (fluconazole, echinocandins). Most of the isolated strains
are of C. glabrata. A growing concern worldwide is represented by the multidrug-resistant Candida

infections, which no longer respond to the treatment with fluconazole or echinocandins. The number
of drugs available is surpassed by the large spread of fungal infections. Furthermore, they present
a series of disadvantages, such as reduced bioavailability, marked hepatotoxicity and many drug
interactions, which limit their use. Due to the facts presented above, the resistance and the toxicity of
available antifungals, and the development of new antifungal molecules, which can act by a different
mechanism of action, have a better pharmacokinetic and safety profile and are efficient against the
resistant strains, are urgently required.

Schiff bases, key intermediates in organic synthesis and also as common ligands in the
coordination chemistry [3], have been shown to exhibit a broad range of biological activities, including
antifungal, antibacterial [4], antiviral, antihelmintic, antiproliferative [5], antioxidant [6]. The imine
group present in such compounds has been shown to be essential for their biological activities [7].
Thiazoles, triazoles and their derivatives play an important part in heterocyclic chemistry due to
their biological activity [8–10]. Fluconazole and voriconazole, broad spectrum antifungals, contain
these heterocyclic systems incorporated into their structures. The ample evidence reported in the
literature on the biological potential of Schiff bases containing thiazole and triazole moieties in their
structure [11] led us to the synthesis, physico-chemical characterization and antifungal evaluation of
new Schiff bases containing both heterocycles.

The pharmacokinetic and pharmacodynamic behavior of molecules inside the human body is
influenced by their molecular properties, molecular size, flexibility and the presence of different
pharmacophore features. Almost one half of the drug failures in development phases are due to
suboptimal pharmacokinetic properties and unacceptable toxicity [12]. The in vivo experimental
determination of pharmacokinetic parameters of newly synthesized compounds is uneconomical and
time consuming. From this point of view, computational methods which can predict the ADMET
(absorption, distribution, metabolism, excretion, toxicity) properties of the new compounds could
help to eliminate the molecules likely to fail in the early stage of drug discovery. In order to predict
some pharmacokinetic and pharmacotoxicological properties, an in silico ADME-Tox (absorption,
distribution, metabolism, excretion, toxicity) study was realized on the newly synthesized compounds.

Docking studies are useful in drug discovery to predict the docked structure of the ligandreceptor
complex and to rank the ligand molecules based on their binding energy. Docking protocols help
elucidating the most energetically favorable binding pose of a ligand to its receptor. The new
derivatives were docked into the active site of lanosterol-14α-demethylase from Saccharomyces cerevisiae,
to facilitate the understanding of the antifungal mechanism of action of the synthesized Schiff bases.

2. Results and Discussion

2.1. Chemistry

The general synthetic route for the synthesis of 4-amino-5-(4-methyl-2-phenylthiazol-5-yl)-4H-1,2,4-
triazole-3-thiol is illustrated in Scheme 1. The general method known as Hantzsch condensation
has been used for the synthesis in good yields (85%–90%) of 4-methyl-2-phenylthiazole carboxylate 1.
The 4-methyl-2-phenylthiazole-5-carbohydrazide 2 was obtained by treating compound 1 with
hydrazine hydrate, under reflux, in a water bath, for 3 h. Then, compound 2 was treated with CS2

and KOH, at room temperature, to give the potassium 2-(4-methyl-2-phenylthiazole-5-carbonyl)
hydrazine-carbodithioate 3. Finally, the 4-amino-5-(4-methyl-2-phenylthiazol-5-yl)-4H-1,2,4-triazole-
3-thiol 4 was obtained, in good yields (80%), by treating compound 3 with hydrazine hydrate, under
reflux, for 2 h. Schiff bases B1–B15 were synthesized in good yields by the condensation of compound
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4 with various aromatic or heteroaromatic aldehydes, in the presence of concentrated H2SO4, used as
a catalyst (Scheme 2).

 

− −

−

Scheme 1. The synthesis of 4-amino-5-(4-methyl-2-phenylthiazol-5-yl)-4H-1,2,4-triazole-3-thiol.
a EtOH, reflux; b H2N-NH2/EtOH, reflux; c CS2/KOH, room temperature.

 

− −

−

Scheme 2. Synthesis of Schiff bases.

The structures of thiazolyl-triazole Schiff bases were established by elemental analysis and on
the basis of their mass spectra (MS), infrared spectra (IR), nuclear magnetic resonance (1H-NMR and
13C-NMR) spectra. The results of the C, H, N, S quantitative elemental analysis of all synthesized
compounds were in accordance with the calculated values, within ±0.4% of the theoretical values. The
spectral data confirmed the formation of the B1–B15 Schiff bases. Details of the synthetic procedures,
the yields and the physical, analytical and spectral data of the synthesized compounds are presented
in the Experimental Section. Compounds 1–3 were previously reported in the literature [13,14].

Mass spectra recorded for the final products B1–B15 gave an idea about the fragmentation of
the compounds with their corresponding mass and, in all cases, revealed the correct molecular ion
peaks (M + 1), as suggested by their molecular formulas. The absence of the NH2 asymmetric and
symmetric stretching vibrations at 3281 cm−1 and 3186 cm−1 and also the presence of N=CH stretch
absorption bands at 1635–1618 cm−1 in the final compounds’ IR spectra provided strong evidences for
the formation of Schiff bases B1–B15.

In the 1H-NMR spectrum of compound 4, a signal was recorded, characteristic for the amino
protons, as a singlet, at 5.73 ppm. The absence of this signal from the 1H-NMR spectra of the new
synthesized compounds (B1–B15), and also the presence of a singlet characteristic to the N=CH
proton at 9.36–9.52 ppm further confirmed the condensation between the 4-amino-5-(4-methyl-2-
phenylthiazol-5-yl)-4H-1,2,4-triazole-3-thiol 4 and the corresponding aromatic aldehydes. The 3-mercapto-



Molecules 2016, 21, 1595 4 of 19

1,2,4-triazoles could exist in two tautomeric forms (Figure 1), because the labile hydrogen may be
attached either to the nitrogen (the thione form) or to the sulphur atom (the thiol form) [15].

 

−

−

−

μ

Figure 1. Thiol-thione tautomerism shown by the synthesized Schiff bases.

In the IR spectra of compounds 4 and B1–B15, absorption peaks were observed at 3131–3086 cm−1;
due to the stretching vibration of the N-H group from the triazole ring, the absorption bands were at
1288–1257 cm−1, corresponding to C=S stretching vibrations and the absence of the thiol SH absorption
band at about 2600–2550 cm−1 (characteristic for the thiol form), proving that the compounds were
in thione form, in solid state. Furthermore, in the 13.91–14.18 ppm region of the 1H-NMR spectra of
compounds 4 and B1–B15, the NH proton resonated as a singlet, indicating that the crystal structures
of the compounds correspond to the thione form. The 13C-NMR spectra of the newly synthesized
compounds were consistent with the proposed structures and exhibited only the presence of thionic
tautomeric form (C=S) through the presence of the exocyclic C=S peaks, at 169.88–170.25 ppm. The
spectral investigations performed by us proved that thiazolyl-triazole Schiff bases B1–B15 exist in their
thione form, in solid state.

2.2. Antifungal Activity

2.2.1. Determination of Inhibition Zone Diameters

The anti-Candida activity was tested in vitro using the disk diffusion method, by measuring the
diameters of the inhibition zones. The synthesized compounds B1–B15 were screened against the
fungal strain of Candida albicans ATCC 90028. The concentrations used for evaluating the antimicrobial
activity were 100 µg/disk for the synthesized compounds and for the reference substance used,
fluconazole. Because the compounds are not soluble in water, the solvent used to prepare the solutions
of the synthesized compounds, dimethylsulfoxide (DMSO), exhibited no inhibitory activity on the
fungal strain used in the study. The obtained results are presented in Table 1, compared to fluconazole.

Table 1. The inhibition zone diameters on Candida albicans.

Cp Inhibition Zone Diameter (mm)

Candida albicans ATCC 90028

B1 16
B2 18
B3 18
B4 18
B5 20
B6 18
B7 18
B8 18
B9 18
B10 20
B11 20
B12 18
B13 18
B14 18
B15 18

Fluconazole 25

The values obtained for the most active compounds are marked in bold.
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Analyzing the results obtained, we can observe that all the tested compounds showed zone
inhibition diameters inferior to Fluconazole, used as an antifungal reference drug. Concerning the
relationships between the structure of the compounds and the anti-Candida activity, we observed
that the compounds substituted on the phenyl bound to the azomethinic group with para-Br (B5),
meta-nitro (B10) and para-nitro (B11) showed the biggest zone inhibition diameters (20 mm). The other
compounds, with the exception of the 2,4-dichloro substituted compound B1 (16 mm), showed the
same diameter (18 mm).

2.2.2. Determination of Minimum Inhibitory Concentration (MIC) and Minimum Fungicidal
Concentration (MFC) Values

In the first screening test, we observed that the compounds showed similar anti-Candida activity,
eleven Schiff bases having the same inhibition zone diameters (Table 1). In order to analyze the
relationships between the structure of the B1–B15 compounds and their anti-Candida activity, we used
two less virulent Candida albicans strains (C. albicans ATCC 10231 and C. albicans ATCC 18804) and a
non-albicans Candida strain (Candida krusei) [16–18], for the minimum inhibitory concentration (MIC)
and for the minimum fungicidal concentration (MFC) tests.

The broth microdilution method was employed for the MIC test. All the synthesized compounds
were tested against three strains of fungi (Candida albicans ATCC 10231, Candida albicans ATCC 18804
and Candida krusei ATCC 6258). Stock solutions (1 mg/mL) were prepared by dissolving the test
compounds and the reference antimicrobials (fluconazole, ketoconazole) in sterile DMSO. The results
are presented in Tables 2 and 3.

Table 2. Minimum Inhibitory Concentration—MIC (in µg/mL) of compounds B1–B15.

Cp C. albicans ATCC 10231 C. albicans ATCC 18804 C. krusei ATCC 6258

B1 62.5 62.5 62.5
B2 62.5 62.5 62.5
B3 62.5 62.5 62.5
B4 62.5 62.5 62.5
B5 62.5 62.5 31.25
B6 62.5 62.5 62.5
B7 62.5 62.5 62.5
B8 62.5 31.25 62.5
B9 62.5 62.5 62.5
B10 15.62 31.25 31.25
B11 62.5 62.5 62.5
B12 62.5 62.5 62.5
B13 62.5 62.5 62.5
B14 62.5 31.25 62.5
B15 62.5 62.5 62.5

Fluconazole 62.5 62.5 62.5
Ketoconazole 31.25 31.25 31.25

Inoculum control +++ +++ +++
Broth control No growth No growth No growth

+++ indicates growth in all concentrations; the values obtained for the most active compounds are marked
in bold.

From the obtained results, we can observe that all the tested compounds showed MIC values
equal or inferior to systemic antifungal reference drug, Fluconazole (Table 2). The Schiff base B10
(meta-nitro) is 4-fold more active than Fluconazole and 2-fold more active than the other reference
local antifungal drug, Ketoconazole, respectively, on Candida albicans ATCC 10231. On C. albicans

ATCC 18804, compounds B8 (meta-hydroxy), B10 and B14 (substituted with thiophene heterocycle)
were 2-fold more active than Fluconazole and equal, as potential, with Ketoconazole. Concerning the
non-albicans Candida strain, compounds B5 (para-Br) and B10 were 2-fold more active than Fluconazole
and with the same activity as Ketoconazole.
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Table 3. Minimum Fungicidal Concentration—MFC (in µg/mL) of compounds B1–B15.

Cp. C. albicans ATCC 10231 C. albicans ATCC 18804 C. krusei ATCC 6258

B1 125 125 125
B2 125 125 125
B3 125 125 125
B4 125 125 125
B5 125 125 62.5
B6 125 125 125
B7 125 125 125
B8 125 62.5 125
B9 125 62.5 125
B10 31.25 62.5 62.5
B11 125 125 125
B12 125 125 125
B13 125 125 125
B14 125 62.5 125
B15 125 125 62.5

Fluconazole 125 125 125
Ketoconazole 62.5 62.5 62.5

The values obtained for the most active compounds are marked in bold.

Determination of MFC confirmed the results previously obtained when MIC was investigated.
Supplementary, we observed that Schiff bases B8 (meta-hydroxy), B9 (para-hydroxy) and B10 presented
the same activity against C. albicans ATCC 18804.

Finally, we remarked that the thiazolyl-triazole Schiff base B10 can be considered the most
promising anti-Candida candidate, the compound being more active than Fluconazole and with similar
activity as Ketoconazole, on the three tested Candida strains. The MFC/MIC ratio for all tested
compounds was 2, suggesting that the synthesized Schiff bases could act as fungicidal agents [19].

2.3. Molecular Docking

With the aim of elucidating the mechanism of action of synthesized Schiff bases, molecular
docking studies were performed on lanosterol-14α-demethylase from Saccharomyces cerevisiae. To check
the settings and the accuracy of the docking method, we performed a re-docking of itraconazole,
the former co-crystallized ligand with CYP51 in its active site. The root mean square deviation (RMSD)
value between the top ranked predicted conformation and the observed X-ray crystal structure of
the Protein Data Bank (PDB) deposited structure, was 0.324 Å. A value being below 2 Å the docking
protocol was validated.

The synthesized compounds B1–B15 and fluconazole, as a control inhibitor, were docked into the
active site of lanosterol 14α-demethylase. The predicted binding affinity of Schiff bases into the active
site of the enzyme and the predicted polar contacts between them, are presented in Table 4.

Our studies showed that all of our thiazolyl-triazoles Schiff bases B1–B15 did not covalently
interact with the heme from the active site of lanosterol 14α-demethylase, like classic antifungal
azoles. They interact with the amino acids in the access channel to the active site of the lanosterol
14α-demethylase (Figure 2, Table 4). All the compounds form hydrogen bonds between the thiazole
nitrogen (N1) with Met509 or Ser382 and between the triazole nitrogens (N2, N3) with the residues
Phe506 and Ser508. We also observed that the Schiff bases carrying a hydroxy-phenol substituent in
meta position (B8) and the corresponding meta- and para-substituted nitro-derivatives (B10, B11) form
supplementary bonds with the Arg98 from the access groove (Figure 2).
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Table 4. Predicted binding affinity and polar contacts between compounds B1–B15 and the active site
of CYP51.

 
Backbone of the compounds B1–15 

−

−

−

−

−

−

−

−

−

−

−

−

Samples
Binding Affinity

(kcal/mol)
Atom ID of

Ligand
Interacting AA

Residue
Bond Length

(Å)

B1 −11.39
N1 Met509 3.0
N2 Ser508 3.5
N3 Phe506 2.6

B2 −11.85
N2 Ser508 3.5
N3 Phe506 2.6

B3 −11.59
N1 Met509 2.9
N2 Ser508 4.4
N3 Phe506 2.6

B4 −11.08

N1 Ser382 3.1
N2 Ser508 2.9
N3 Ser508 3.2
N3 Phe506 2.5

B5 −11.22
N1 Met509 3.2
N2 Ser508 2.9
N3 Phe506 2.5

B6 −10.30
N1 Met509 2.9
N2 Phe506 2.7
N3 Phe506 2.7

B7 −10.92
N1 Met509 2.9
N2 Ser508 3.6
N3 Phe506 2.6

B8 −11.25

N1 Ser382 3.1
N2 Phe506 3.0
N3 Phe506 2.7

Phenolic O Arg98 3.1

B9 −10.84

N1 Ser382 3.0
N2 Ser508 2.9
N3 Ser508 3.2
N3 Phe506 2.6

B10 −12.92

N1 Met509 2.6
N2 Ser508 3.3
N2 Phe506 2.5
N3 Phe506 2.5

Nitro O Arg98 3.0
Nitro O Arg98 3.2
Nitro O Leu95 2.7

B11 −11.70

N1 Met509 2.9
N2 Ser508 3.5
N3 Phe506 2.6

Nitro O Arg98 3.4
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Table 4. Cont.

Samples
Binding Affinity

(kcal/mol)
Atom ID of

Ligand
Interacting AA

Residue
Bond Length

(Å)

B12 −11.17

N1 Ser382 2.8
N2 Ser508 2.9
N3 Ser508 3.0
N3 Phe506 2.5

B13 −10.93
N1 Ser382 3.3
N2 Ser508 3.2
N3 Phe506 2.8

B14 −10.45

N1 Ser382 3.1
N2 Ser508 2.8
N3 Ser508 3.2
N3 Phe506 2.6

B15 −11.18
N1 Met509 2.8
N2 Ser508 3.4
N3 Phe506 2.6

Fluconazole −7.03 N/A N/A N/A

Despite the role of the azole as an important pharmacophore for the antimycotic activity,
it represents also a key toxicophore for the hepatotoxicity of azole antifungal drugs, due to the
coordination binding of its nitrogen atom to the iron atom of heme [20]. Because the affinity of our
Shiff bases for CYP51 was attributed to the non-covalent interaction with the aminoacids from the
access channel to the active site, the studies presented here can be exploited to develop new antifungal
agents that specifically interact with the residues from the active site, avoiding the serious toxicity of
classic azoles, which arises from coordination binding with the heme of mammalian CYTP450s.

−

−

−

−

 

− − −

Figure 2. Docking results—A general view with all ligands inserted in the active site of CYP51.
The active site and the ligands are depicted as sticks. The hydrogen bonds are depicted as dashed red
lines. The foreground amino acids are in grey.

The data obtained from docking shows that all the Schiff bases have higher binding interaction
energy, ranging from −10.45 to −12.92 kcal/mol relative to fluconazole (−7.03 kcal/mol) (Table 4).
Figure 3 shows the representation of the binding patterns into the active site of CYP51 for the
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fluconazole (green), used as the reference antifungal drug and for the Schiff base B10 (pink) which
showed the highest inhibition capacity. Non-interacting amino acids in the foreground were removed
for clarity. The thiole group is not supposed to interact with amino acids from the enzyme. Our future
studies will be directed towards optimizing the structure, in order to obtain compounds with a superior
binding affinity and with better anti-Candida activity. Modulation of thiole by introducing one polar
substituent, may improve the inhibition ability, because of the possible supplementary interaction
with Tyr72.

 

α

− −

Figure 3. Binding mode of Fluconazole and B10. The active site of lanosterol 14α-demethylase is
depicted as sticks. The Fluconazole is depicted in green; the Schiff base B10 in pink. The hydrogen
bonds are depicted as dashed red lines. The foreground amino acids are in grey.

2.4. ADME and Molecular Property Prediction

High oral bioavailability is an important factor for the development of bioactive compounds
as therapeutic agents [21]. The predictors for this are represented by a good intestinal absorption, a
reduced molecular flexibility, low polar surface area and hydrogen-bounding capacity [22]. All our
compounds pass Lipinski’s “Rule of 5” (Table 5). Number of rotatable bonds is important for
conformational changes of molecules and consequently, for the binding of receptors or channels.
All tested compounds pass one of the oral bioavailability criteria, having less than 10 rotatable bonds
and no chirality center, therefore exhibiting low conformational flexibility. All compounds have molar
refractivity under 130.

Topological polar surface area (tPSA), that is the surface belonging to polar atoms, is a descriptor
that correlates well with passive molecular transport through membranes, including the blood–brain
barrier [23]. Compounds B1–6, B12, B13 and B15 have tPSA values less than 140 Å2, passing the criteria
for gastro-intestinal absorption, after oral administration (Table 5). The other compounds—B7–11 with
hydroxyl, nitro groups and thiophene substituted compound B14—violate this rule. The absorption
percent of all the Schiff bases ranges from 50% to 66%, which is an indication of an acceptable
bioavailability by oral route (>50%). On the other hand, all the compounds were predicted to have a
low blood–brain barrier penetration (tPSA > 90 Å2), so, the risks of central nervous system (CNS) side
effects are reduced or absent. Water solubility of our compounds is poor, for all compounds—logS
value being between −6 and −10. The compounds B1–B5 are considered “poorly soluble” and the rest
are “moderately soluble”.
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Table 5. Virtual ADME (absorption, distribution, metabolism, excretion) and molecular property
prediction of the Schiff bases B1–B15.

Comp. tPSA a %Abs b MW c RoB d HBD e HBA f MR g IlogP h

(MlogP)
LogS i CYP2D6

Inhibitor

Rule ≤140 Ǻ2 - ≤1500 ≤110 ≤15 ≤110 40–130 <5 >−4
B1 123 66.57 446.38 4 0 4 118.24 3.77 (4.12) −8.19 No
B2 123 66.57 446.38 4 0 4 118.24 3.69 (4.12) −8.19 No
B3 123 66.57 446.38 4 0 4 118.24 3.42 (4.12) −8.19 No
B4 123 66.57 411.93 4 0 4 113.23 3.86 (3.89) −7.60 No
B5 123 66.57 456.38 4 0 4 115.92 3.35 (4.01) −7.80 No
B6 123 66.57 395.48 4 0 5 108.18 3.3 (3.78) −7.28 No
B7 143.23 59.59 393.49 4 1 5 110.24 3.09 (2.85) −6.43 No
B8 143.23 59.59 393.49 4 1 5 110.24 3.12 (2.85) −6.43 No
B9 143.23 59.59 393.49 4 1 5 110.24 3.24 (2.85) −6.43 No
B10 168.82 50.76 422.48 5 0 6 117.04 2.78 (2.42) −6.84 No
B11 168.82 50.76 422.48 5 0 6 117.04 2.75 (2.42) −6.84 No
B12 132.23 63.38 407.51 5 0 5 114.71 3.98 (3.08) −7.12 No
B13 132.23 63.38 407.51 5 0 5 114.71 3.84 (3.08) −7.12 No
B14 151.24 56.82 383.51 4 0 4 106.09 3.26 (2.96) −6.28 No
B15 126.24 65.45 420.55 5 0 4 122.42 3.82 (3.3) −7.09 No

Abbreviations: a Topological polar surface area; b Absorption; c Molecular weight; d Number of rotatable bonds;
e Number of hydrogen bond donors; f Number of hydrogen bonds acceptors; g Molar refractivity; h Logarithm
of compound partition coefficient between n-octanol and water; i Logarithm of water solubility.

All Schiff bases are predicted as noninhibitors of CYP2D6, therefore the side effects (i.e., liver
dysfunction) are not expected upon the administration of these compounds. Also, all are predicted to
be metabolized by CYP2C9 [24,25], due to the presence of the acidic thiol group.

P-glycoprotein (P-gp) is a member of the ATP-binding cassette (ABC) transporter family involved
in intestinal absorption, drug metabolism, and brain penetration, and its inhibition can seriously
alter a drug’s bioavailability and safety [26]. The drug induced phospholipidosis is a disorder
characterized by the excess accumulation of phospholipids in tissues and is associated with drug
induced toxicity [27]. The results obtained showed that none of our Schiff bases is a substrate for P-gp
and none induce phospholipidosis.

According to the above ADME and toxicity results, the thiazolyl-triazole Schiff bases B1–15
show good pharmacokinetic properties, but with some limitations, such as moderate gastrointestinal
absorption and no blood–brain barrier penetration. All molecules are accepted as drug-like, passing
Lipinski’s “Rule of five”. The predicted parameters are within the range of accepted values. However,
further optimization should be performed on tested compounds, in order to achieve better ADME
properties. A mandatory improvement for the properties of the newly synthesized derivatives would
be to increase their bioavailability. Small chemical modulations on the molecules could improve the
ADME properties. Potential chemical modulations, such as alkylation, on the ionisable thiol moiety,
would severely change the ADME properties of the resulted molecules, in order to extend the potential
oral administration.

3. Materials and Methods

3.1. Chemistry

All chemicals and reagents were obtained from commercial sources and were used as supplied,
without further purification. Compounds 1–3 were previously reported and were synthesized by us
according to methodologies described in the literature [13,14].

Melting points were determined with an Electrothermal melting point meter in the open glass
capillary method and are uncorrected. The reaction progress and purity of the synthesized compounds
were monitored by analytical thin layer chromatography (TLC) using Merck precoated Silica Gel
60F254 sheets (Darmstadt, Germany), heptane–ethyl-acetate 3:7 elution system and ultraviolet UV light
(254 nm) for visualization. MS analyses were performed at 70 eV with an Agilent gas chromatograph
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6890 (Darmstadt, Germany) equipped with an apolar Macherey Nagel Permabond SE 52 capillary
column (Dueren, Germany) and with an LCMS Shimadzu Mass Spectrometer (Shimadzu Corporation,
Columbia, MD, USA). Elemental analysis was registered with a Vario El CHNS instrument (Hanau,
Germany). IR spectra were recorded on a JASCO FT-IR-4100 spectrometer (Cremella, Italy) using
the ATR technique (Attenuated Total Reflectance). Nuclear magnetic resonance (1H-NMR) spectra
were recorded at room temperature on a Bruker Avance NMR spectrometer (Karlsruhe, Germany)
operating at 400 and 500 MHz, using tetramethylsilane (TMS) as an internal standard (chemical shift in
δ ppm) and were in accordance with the assigned structures. The samples were prepared by dissolving
the compounds in DMSO-d6 (δH = 2.51 ppm) as a solvent and spectra were recorded using a single
excitation pulse of 12 µs (1H-NMR). Spin multiplets are given as s (singlet), d (doublet), t (triplet) and
m (multiplet). 13C-NMR spectra were recorded on a Bruker Avance NMR spectrometer (Karlsruhe,
Germany), operating at 125 MHz, in DMSO-d6, using a waltz-16 decoupling scheme.

General procedure for the synthesis of ethyl 4-methyl-2-phenylthiazole-5-carboxylate (1) [13]. An amount
of 1 mmol (0.137 g) of thiobenzamide was dissolved in 10 mL of ethanol and 0.20 mL of ethyl
2-chloroacetoacetate was added. The reaction mixture was refluxed for 3 h on a water bath. After
cooling, the reaction mixture was poured onto a mixture of ice and water. The formed precipitate was
filtered, then washed with distilled water, to remove traces of the remaining halocarbonyl and then
vacuum dried.

General procedure for the synthesis of 4-methyl-2-phenylthiazole-5-carbohydrazide (2) [14]. An amount of
117.4 mmol (5.87 g) of hydrazine hydrate was added to the alcoholic solution of the carboxylate of
4-methyl-2-phenylthiazole (1) (58.7 mmol in 100 mL absolute ethanol). The resulting reaction mixture
was refluxed on a water bath, at 100 ◦C, for 4 h, and then it was concentrated under reduced pressure.
Distilled water was added to the obtained precipitate and then the mixture was subjected to low
pressure filtration, washed with distilled water, dried and recrystallized from absolute ethanol.

General procedure for the synthesis of potassium 2-(4-methyl-2-phenylthiazole-5-carbonyl)hydrazinecarbodithioate

(3) [14]. To the alcoholic solution of 4-methyl-2-phenylthiazol-5-carbohydrazide 2 (20 mmol in 40 mL of
alcohol) was added a suspension of 30 mmol (1.68 g) of KOH in 60 mL of absolute ethanol and 30 mmol
(3.04 g) CS2. The reaction mixture was stirred for 3 h at room temperature to obtain a quantitative
precipitation. The reaction mass was filtered, washed with diethyl ether and dried in order to yield a
bright yellow precipitate.

General procedure for the synthesis of 4-amino-5-(4-methyl-2-phenylthiazol-5-yl)-4H-1,2,4-triazole-3-thiol (4).
The alcoholic solution of potassium 2-(4-methyl-2-phenylthiazole-5-carbonyl) hydrazinecarbodithioate
3 (10 mmol in 40 mL of absolute ethanol) was treated with 10 mmol of hydrazine hydrate (80%). The
reaction mixture was refluxed for 2 h. After cooling, the reaction mass was poured onto water and then
acidified with a HCl (10%) solution. The reaction mixture was allowed to stand for 2 h for quantitative
precipitation and evolution of H2S. The obtained precipitate was filtered and washed with ethanol.
The obtained compound was recrystallized from absolute ethanol. Yield 80.0% (0.23 g); m.p. 165 ◦C;
light yellow powder; Anal. Calcd for C12H11N5S2 (289.38): C, 49.81; H, 3.83; N, 24.20; S, 22.16; Found:
C, 49.83; H, 3.85; N, 24.24; S, 22.13; IR (ATR, cm−1): 3281 (ν NH2 asym), 3186 (ν NH2 sym), 3110
(ν NHtriazole), 1268 (ν C=S); 1H-NMR (500 MHz, DMSO-d6, δ/ppm): 14.09 (s, 1H, NH), 7.92 (d, 2H,
ArH), 7.68 (m, 2H, ArH), 7.59 (m, 1H, ArH), 5.73 (s, 2H, NH2), 2.54 (s, 3H, CH3); 13C-NMR (125 MHz,
DMSO-d6, δ/ppm): 170.16 (C=S), 159.34 (C), 153.51 (C), 151.07 (C), 144.12 (C), 143.81 (C), 131.12 (2CH),
129.41 (2CH), 127.85 (CH), 16.05 (CH3); MS (EI, 70 eV) m/z (%): 290.08 (M + 1).

General procedure for the synthesis of Schiff bases B1–B15. An amount of 2 mmol (0.578 g) of 4-amino-5-
(4-methyl-2-phenylthiazol-5-yl)-4H-1,2,4-triazole-3-thiol 4 was suspended in 10 mL of absolute ethanol.
To the resulting suspension was added an alcoholic solution of 2 mmol of aldehyde (aromatic or
heteroaromatic) in 5 mL of absolute ethanol and 2–3 drops of concentrated H2SO4 as a catalyst.
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The reaction mixture was refluxed for 6 h. The obtained precipitate was filtered hot and washed with
absolute ethanol, and then it was dried and recrystallized from DMSO.

4-(2,4-Dichlorobenzylideneamino)-5-(4-methyl-2-phenylthiazol-5-yl)-4H-1,2,4-triazole-3-thiol (B1). Yield
67.4% (0.300 g); m.p. 247–249 ◦C; light yellow powder; Anal. Calcd for C19H13Cl2N5S2 (446.38):
C, 51.12; H, 2.31; N, 15.68; S, 14.33; Found: C, 51.32; H, 2.32; N, 15.61; S, 14.36; IR (ATR, cm−1):
3095 (ν NHtriazole), 1633 (ν -N=CH-), 1260 (ν C=S); 1165 (ν C-Cl), 1098 (ν C-Cl); 1H-NMR (500 MHz,
DMSO-d6, δ/ppm): 14.15 (s, 1H, NH), 9.42 (s, 1H, -N=CH-), 7.93–8.01 (d, 3H, ArH), 7.72 (s, 1H, ArH),
7.50 (d, 1H, ArH), 7.35–7.42 (m, 3H, ArH), 2.33 (s, 3H, CH3); 13C-NMR (125 MHz, DMSO-d6, δ/ppm):
170.25 (C=S), 159.14 (C), 157.73 (CH=N), 154.01 (C), 150.98 (C), 144.11 (C), 132.44 (C), 131.09 (C), 130.89
(2CH), 129.33 (2CH), 129.15 (CH), 129.03 (CH), 128.82 (CH), 128.41 (2C), 126.01 (CH), 15.93 (CH3); MS
(EI, 70 eV) m/z (%): 446.3 (M + 1).

4-(2,6-Dichlorobenzylideneamino)-5-(4-methyl-2-phenylthiazol-5-yl)-4H-1,2,4-triazole-3-thiol (B2). Yield
70.5% (0.314 g); m.p. 300 ◦C; light yellow powder; Anal. Calcd for C19H13Cl2N5S2 (446.38): C, 51.12; H,
2.31; N, 15.68; S, 14.33; Found: C, 50.9; H, 2.32; N, 15.61; S, 14.27; IR (ATR, cm−1): 3092 (ν NHtriazole),
1635 (ν -N=CH-), 1265 (ν C=S); 1161 (ν C-Cl), 1095 (ν C-Cl); 1H-NMR (500 MHz, DMSO-d6, δ/ppm):
14.11 (s, 1H, NH), 9.41 (s, 1H, -N=CH-), 7.95–8.03 (d, 2H, ArH), 7.54–7.59 (m, 4H, ArH), 2.39 (s, 3H,
CH3); 13C-NMR (125 MHz, DMSO-d6, δ/ppm): 170.09 (C=S), 159.16 (C), 157.61 (CH=N), 153.97 (C),
151.04 (C), 144.01 (C), 133.72 (2C), 132.19 (C), 130.96 (2CH), 129.37 (2CH), 129.11 (CH), 128.75 (CH),
128.64 (C), 128.32 (2CH), 15.86 (CH3); MS (EI, 70 eV) m/z (%): 446.3 (M + 1).

4-(2,3-Dichlorobenzylideneamino)-5-(4-methyl-2-phenylthiazol-5-yl)-4H-1,2,4-triazole-3-thiol (B3). Yield
77.1% (0.687 g); m.p. 285–290 ◦C; light yellow powder; Anal. Calcd for C19H13Cl2N5S2 (446.38):
C, 51.12; H, 2.31; N, 15.68; S, 14.33; Found: C, 51.32; H, 2.32; N, 15.61; S, 14.27; IR (ATR, cm−1):
3096 (ν NHtriazole), 1632 (ν -N=CH-), 1263 (ν C=S); 1159 (ν C-Cl), 1091 (ν C-Cl); 1H-NMR (500 MHz,
DMSO-d6, δ/ppm): 14.06 (s, 1H, NH), 9.48 (s, 1H, -N=CH-), 7.89–8.93 (d, 2H, ArH), 7.71 (d, 1H, ArH),
7.54 (d, 1H, ArH), 7.35-7.48 (m, 4H, ArH), 2.36 (s, 3H, CH3); 13C-NMR (125 MHz, DMSO-d6, δ/ppm):
170.04 (C=S), 159.11 (C), 157.75 (CH=N), 153.97 (C), 151.04 (C), 144.01 (C), 142.88 (C), 134.65 (C), 132.19
(CH), 130.98 (2CH), 130.44 (C), 129.33 (2CH), 128.88 (CH), 128.61 (C), 128.33 (CH), 125.12 (CH), 15.79
(CH3); MS (EI, 70 eV) m/z (%): 446.3 (M + 1).

4-(3-Chlorobenzylideneamino)-5-(4-methyl-2-phenylthiazol-5-yl)-4H-1,2,4-triazole-3-thiol (B4). Yield 82.92%
(0.781 g); m.p. 275 ◦C; light yellow powder; Anal. Calcd for C19H14ClN5S2 (411.9): C, 55.34; H, 3.39;
N, 16.99; S, 15.53; Found: C, 55.6; H, 3.37; N, 17.05; S, 15.59; IR (ATR, cm−1): 3091 (ν NHtriazole), 1630
(ν -N=CH-), 1271 (ν C=S); 1132 (ν C-Cl); 1H-NMR (500 MHz, DMSO-d6, δ/ppm): 14.18 (s, 1H, NH),
9.52 (s, 1H, -N=CH-), 7.97–8.06 (d, 2H, ArH), 7.92 (s, 1H, ArH), 7.77 (d, 1H, ArH), 7.59 (d, 1H, ArH),
7.47–7.54 (m, 4H, ArH), 2.41 (s, 3H, CH3); 13C-NMR (125 MHz, DMSO-d6, δ/ppm): 170.12 (C=S),
159.15 (C), 157.66 (CH=N), 153.81 (C), 151.07 (C), 143.96 (C), 135.16 (C), 134.51 (C), 131.21 (CH), 130.93
(2CH), 130.29 (CH), 129.29 (2CH), 128.94 (CH), 128.68 (C), 127.36 (CH), 127.14 (CH), 15.92 (CH3); MS
(EI, 70 eV) m/z (%): 412.04 (M + 1).

4-(4-Bromobenzylideneamino)-5-(4-methyl-2-phenylthiazol-5-yl)-4H-1,2,4-triazole-3-thiol (B5). Yield 75.3%
(0.343 g); m.p. 296–298 ◦C; yellow powder; Anal. Calcd for C19H14BrN5S2 (456.38): C, 49.89; H, 3.06;
N, 15.33; S, 14.02; Found: C, 50.1; H, 3.07; N, 15.33; S, 14.07; IR (ATR, cm−1): 3104 (ν NHtriazole), 1618
(ν -N=CH-), 1274 (ν C=S); 1055 (ν C-Br); 1H-NMR (500 MHz, DMSO-d6, δ/ppm): 14.12 (s, 1H, NH),
9.40 (s, 1H, -N=CH-), 7.98–8.04 (d, 2H, ArH), 7.81–7.83 (d, 2H, ArH), 7.60 (d, 2H, ArH), 7.44–7.49 (m,
3H, ArH), 2.35 (s, 3H, CH3); 13C-NMR (125 MHz, DMSO-d6, δ/ppm): 170.02 (C=S), 159.16 (C), 157.64
(CH=N), 153.61 (C), 151.17 (C), 143.67 (C), 131.85 (2CH), 131.11 (C), 130.89 (2CH), 129.29 (2CH), 128.93
(CH), 128.71 (C), 128.30 (2CH), 125.59 (C), 15.77 (CH3); MS (EI, 70 eV) m/z (%): 456.3 (M + 1).

4-(4-Fluorobenzylideneamino)-5-(4-methyl-2-phenylthiazol-5-yl)-4H-1,2,4-triazole-3-thiol (B6). Yield 67.8%
(0.268 g); m.p. 294–296 ◦C; yellow powder; Anal. Calcd for C19H14FN5S2 (395.48): C, 57.65; H, 3.54;
N, 17.7; S, 16.18; Found: C, 57.9; H, 3.55; N, 17.62 S, 16.11; IR (ATR, cm−1): 3107 (ν NHtriazole), 1620
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(ν -N=CH-), 1270 (ν C=S); 1215 (ν C-F); 1H-NMR (500 MHz, DMSO-d6, δ/ppm): 13.99 (s, 1H, NH), 9.47
(s, 1H, -N=CH-), 7.96–8.01 (d, 2H, ArH), 7.79–7.82 (d, 2H, ArH), 7.46–7.54 (m, 3H, ArH), 7.31 (d, 2H,
ArH), 2.29 (s, 3H, CH3); 13C-NMR (125 MHz, DMSO-d6, δ/ppm): 169.96 (C=S), 165.22 (C), 159.20 (C),
157.58 (CH=N), 153.65 (C), 151.18 (C), 143.53 (C), 130.98 (2CH), 130.81 (2CH), 129.33 (2CH), 128.95
(CH), 128.68 (C), 127.77 (C), 115.59 (2CH), 15.83 (CH3); MS (EI, 70 eV) m/z (%): 396.3 (M + 1).

2-((3-Mercapto-5-(4-methyl-2-phenylthiazol-5-yl)-4H-1,2,4-triazol-4-ylimino) methyl)phenol (B7). Yield 46.8%
(0.356 g); m.p. 269 ◦C; yellow powder; Anal. Calcd for C19H15N5OS2 (393.49): C, 57.94; H, 3.81;
N, 17.78; S, 16.26; Found: C, 58.2; H, 3.82; N, 17.85 S, 16.19; IR (ATR, cm−1): 3348 (ν O-H), 3115
(ν NHtriazole), 1626 (ν -N=CH-), 1284 (ν C=S); 1243 (ν C-O); 1H-NMR (500 MHz, DMSO-d6, δ/ppm):
13.97 (s, 1H, NH), 9.82 (s, 1H, OH), 9.43 (s, 1H, -N=CH-), 7.99–8.05 (d, 2H, ArH), 7.68 (d, 1H, ArH),
7.44–7.46 (m, 4H, ArH), 7.15 (m, 1H, ArH), 7.01 (d, 1H, ArH), 2.27 (s, 3H, CH3); 13C-NMR (125 MHz,
DMSO-d6, δ/ppm): 169.99 (C=S), 161.31 (C), 159.23 (C), 157.88 (CH=N), 153.57 (C), 151.21 (C), 143.51
(C), 132.53 (CH), 132.15 (CH), 130.85 (2CH), 129.41 (2CH), 128.90 (CH), 128.59 (C), 121.76 (CH), 118.18
(C), 116.99 (CH), 15.88 (CH3); MS (EI, 70 eV) m/z (%): 394.2 (M + 1).

3-((3-Mercapto-5-(4-methyl-2-phenylthiazol-5-yl)-4H-1,2,4-triazol-4-ylimino) methyl)phenol (B8). Yield 65.3%
(0.496 g); m.p. 295–297 ◦C; light yellow powder; Anal. Calcd for C19H15N5OS2 (393.49): C, 57.94; H,
3.81; N, 17.78; S, 16.26; Found: C, 58.2; H, 3.82; N, 17.85 S, 16.19IR (ATR, cm−1): 3344 (ν O-H), 3112
(ν NHtriazole), 1622 (ν -N=CH-), 1281 (ν C=S); 1245 (ν C-O); 1H-NMR (500 MHz, DMSO-d6, δ/ppm):
13.92 (s, 1H, NH), 9.78 (s, 1H, OH), 9.39 (s, 1H, -N=CH-), 8.01–8.04 (d, 2H, ArH), 7.54 (s, 1H, ArH),
7.48–7.56 (m, 3H, ArH), 7.39 (d, 1H, ArH), 7.23 (m, 1H, ArH), 6.98 (d, 1H, ArH), 2.34 (s, 3H, CH3);
13C-NMR (125 MHz, DMSO-d6, δ/ppm): 169.92 (C=S), 159.09 (C), 158.83 (C), 157.67 (CH=N), 153.46
(C), 151.24 (C), 143.44 (C), 135.33 (C), 130.87 (2CH), 130.27 (CH), 129.30 (2CH), 128.92 (CH), 128.64 (C),
121.74 (CH), 118.26 (CH), 115.01 (CH), 15.93 (CH3); MS (EI, 70 eV) m/z (%): 394.2 (M + 1).

4-((3-Mercapto-5-(4-methyl-2-phenylthiazol-5-yl)-4H-1,2,4-triazol-4-ylimino) methyl)phenol (B9). Yield
68.15% (0.518 g); m.p. 285 ◦C; light yellow powder; Anal. Calcd for C19H15N5OS2 (393.49): C,
57.94; H, 3.81; N, 17.78; S, 16.26; Found: C, 57.7; H, 3.82; N, 17.7 S, 16.19; IR (ATR, cm−1): 3341 (ν O-H),
3118 (ν NHtriazole), 1623 (ν -N=CH-), 1285 (ν C=S); 1249 (ν C-O); 1H-NMR (500 MHz, DMSO-d6,
δ/ppm): 14.07 (s, 1H, NH), 9.83 (s, 1H, OH), 9.38 (s, 1H, -N=CH-), 7.78–7.95 (d, 4H, ArH), 7.41–7.47 (m,
3H, ArH), 6.98 (d, 2H, ArH), 2.32 (s, 3H, CH3); 13C-NMR (125 MHz, DMSO-d6, δ/ppm): 169.94 (C=S),
160.39 (C), 158.88 (2C), 158.42 (C), 157.97 (CH=N), 143.74 (C), 130.97 (2CH), 130.52 (2CH), 129.36 (2CH),
128.94 (CH), 126.33 (C), 116.11 (2CH), 106.06 (C), 16.24 (CH3); MS (EI, 70 eV) m/z (%): 394.2 (M + 1).

5-(4-Methyl-2-phenylthiazol-5-yl)-4-(3-nitrobenzylideneamino)-4H-1,2,4-triazole-3-thiol (B10). Yield 80.8%
(0.682 g); m.p. 270 ◦C; light yellow powder; Anal. Calcd for C19H14N6O2S2 (422.48): C, 53.96; H, 3.31;
N, 19.88; S, 15.14; Found: C, 53.7; H, 3.32; N, 19.8; S, 15.2; IR (ATR, cm−1): 3131 (ν NHtriazole), 1521
(ν N-O asy), 1629 (ν -N=CH-), 1324 (ν N-O sy), 1257 (ν C=S); 1H-NMR (500 MHz, DMSO-d6, δ/ppm):
14.04 (s, 1H, NH), 9.34 (s, 1H, -N=CH-), 8.52 (s, 1H, ArH), 8.01–8.22 (d, 4H, ArH), 7.49–7.59 (m, 4H,
ArH), 2.45 (s, 3H, CH3); 13C-NMR (125 MHz, DMSO-d6, δ/ppm): 169.88 (C=S), 159.03 (C), 157.76
(CH=N), 153.45 (C), 151.19 (C), 148.88 (C), 143.66 (C), 135.44 (CH), 134.58 (C), 130.83 (2CH), 129.71
(CH), 129.38 (2CH), 128.83 (CH), 128.55 (C), 126.36 (CH), 121.65 (CH), 16.12 (CH3); MS (EI, 70 eV) m/z

(%): 423.2 (M + 1).

5-(4-Methyl-2-phenylthiazol-5-yl)-4-(4-nitrobenzylideneamino)-4H-1,2,4-triazole-3-thiol (B11). Yield 50%
(0.412 g); m.p. 275 ◦C; orange powder; Anal. Calcd for C19H14N6O2S2 (422.48): C, 53.96; H, 3.31; N,
19.88; S, 15.14; Found: C, 53.7; H, 3.29; N, 19.95; S, 15.2; IR (ATR, cm−1): 3129 (ν NHtriazole), 1525 (ν N-O
asym), 1625 (ν -N=CH-), 1320 (ν N-O sym), 1259 (ν C=S); 1H-NMR (500 MHz, DMSO-d6, δ/ppm);
13.93 (s, 1H, NH), 9.36 (s, 1H, -N=CH-), 8.02–8.29 (d, 6H, ArH), 7.45–7.51 (m, 3H, ArH), 2.34 (s, 3H,
CH3); 13C-NMR (125 MHz, DMSO-d6, δ/ppm): 169.91 (C=S), 159.09 (C), 157.78 (CH=N), 153.35 (C),
151.16 (C), 150.13 (C), 143.59 (C), 138.54 (C), 130.91 (2CH), 129.25 (2CH), 128.90 (CH), 128.57 (C), 127.89
(2CH), 124.16 (2CH), 16.16 (CH3); MS (EI, 70 eV) m/z (%): 423.2 (M + 1).
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4-(2-Methoxybenzylideneamino)-5-(4-methyl-2-phenylthiazol-5-yl)-4H-1,2,4-triazole-3-thiol (B12). Yield
71.7% (0.603 g); m.p. 285 ◦C; yellow powder; Anal. Calcd for C20H17N5OS2 (407.51): C, 58.89;
H, 4.17; N, 17.17; S, 15.7; Found: C, 58.7; H, 4.15; N, 17.23; S, 15.63; IR (ATR, cm−1): 3093 (ν NHtriazole),
1628 (ν -N=CH-), 1272 (ν C=S); 1254 (ν C-O), 1038 (ν C-O); 1H-NMR (500 MHz, DMSO-d6, δ/ppm):
13.95 (s, 1H, NH), 9.45 (s, 1H, -N=CH-), 7.92–8.05 (d, 2H, ArH), 7.71 (d, 1H, ArH), 7.47–7.55 (m, 4H,
ArH), 7.29 (d, 1H, ArH), 7.09 (m, 1H, ArH), 3.86 (s, 3H, OCH3), 2.41 (s, 3H, CH3); 13C-NMR (125 MHz,
DMSO-d6, δ/ppm): 169.97 (C=S), 159.10 (C), 157.88 (CH=N), 157.43 (C), 153.40 (C), 151.17 (C), 143.43
(C), 132.10 (CH), 131.81 (CH), 130.79 (2CH), 129.21 (2CH), 128.93 (CH), 128.72 (C), 121.39 (CH), 117.02
(C), 111.22 (CH), 55.69 (CH3), 15.91 (CH3); MS (EI, 70 eV) m/z (%): 408.49 (M + 1).

4-(3-Methoxybenzylideneamino)-5-(4-methyl-2-phenylthiazol-5-yl)-4H-1,2,4-triazole-3-thiol (B13). Yield
80.6% (0.680 g); m.p. 270 ◦C; yellow powder; Anal. Calcd for C20H17N5OS2 (407.51): C, 58.89;
H, 4.17; N, 17.17; S, 15.7; Found: C, 58.7; H, 4.18; N, 17.23; S, 15.63; IR (ATR, cm−1): 3089 (ν NHtriazole),
1621 (ν -N=CH-), 1283 (ν C=S); 1257 (ν C-O), 1034 (ν C-O); 1H-NMR (500 MHz, DMSO-d6, δ/ppm):
13.91 (s, 1H, NH), 9.44 (s, 1H, -N=CH-), 7.99–8.05 (d, 2H, ArH), 7.58 (s, 1H, ArH), 7.38–7.52 (m, 4H,
ArH), 7.38 (d, 1H, ArH), 7.14 (d, 1H, ArH), 3.93 (s, 3H, OCH3), 2.43 (s, 3H, CH3); 13C-NMR (125 MHz,
DMSO-d6, δ/ppm): 169.95 (C=S), 160.75 (C), 159.14 (C), 157.88 (CH=N), 153.37 (C), 151.09 (C), 143.41
(C), 134.80 (C), 130.85 (2CH), 129.86 (CH), 129.25 (2CH), 128.83 (CH), 128.66 (C), 121.62 (CH), 116.66
(CH), 111.28 (CH), 55.75 (CH3), 15.89 (CH3); MS (EI, 70 eV) m/z (%): 408.49 (M + 1).

5-(4-Methyl-2-phenylthiazol-5-yl)-4-(thiophen-2-ylmethyleneamino)-4H-1,2,4-triazole- 3-thiol (B14). Yield
79.3% (0.536 g); m.p. 280 ◦C; yellow powder; Anal. Calcd for C17H13N5S3 (383.51): C, 53.19; H, 3.38;
N, 18.25; S, 25.03; Found: C, 53.4; H, 3.38; N, 18.32; S, 24.92; IR (ATR, cm−1): 3088 (ν NHtriazole), 1627
(ν -N=CH-), 1288 (ν C=S); 1H-NMR (500 MHz, DMSO-d6, δ/ppm): 14.10 (s, 1H, NH), 9.46 (s, 1H,
-N=CH-), 7.94–7.99 (d, 2H, ArH), 7.74–7.78 (d, 2H, ArH), 7.40–7.51 (m, 4H, ArH), 2.42 (s, 3H, CH3);
13C-NMR (125 MHz, DMSO-d6, δ/ppm): 170.08 (C=S), 159.13 (C), 157.95 (CH=N), 153.29 (C), 151.09
(C), 144.96 (C), 143.27 (C), 130.98 (2CH), 130.11 (CH), 129.27 (2CH), 128.91 (CH), 128.77 (C), 128.55
(CH), 127.30 (CH), 16.01 (CH3); MS (EI, 70 eV) m/z (%): 384.4 (M + 1).

4-(4-(Dimethylamino)benzylideneamino)-5-(4-methyl-2 phenylthiazol-5-yl)-4H-1,2,4-triazole-3-thiol (B15).
Yield 77.3% (0.653 g); m.p. 260 ◦C; Anal. Calcd for C21H20N6S2 (420.55): C, 59.92; H, 4.75; N, 19.97; S,
15.21; Found: C, 59.7; H, 4.76; N, 19.89; S, 15.27; yellow powder; IR (ATR, cm−1): 3086 (ν NHtriazole),
1619 (ν -N=CH-), 1331 (ν C-N), 1258 (ν C=S); 1H-NMR (500 MHz, DMSO-d6, δ/ppm): 14.01 (s, 1H,
NH), 9.51 (s, 1H, -N=CH-), 7.96–7.98 (d, 2H, ArH), 7.45–7.53 (m, 3H, ArH), 6.99–7.34 (d, 4H, ArH), 3.31
(s, 6H, 2CH3), 2.47 (s, 3H, CH3); 13C-NMR (125 MHz, DMSO-d6, δ/ppm): 170.03 (C=S), 159.09 (C),
157.63 (CH=N), 153.53 (C), 153.28 (C), 151.06 (C), 138.27 (C), 130.97 (2CH), 129.33 (2CH), 128.81 (CH),
128.37 (2CH), 127.94 (C), 121.86 (C), 111.99 (2CH), 43.31 (2CH3), 16.09 (CH3); MS (EI, 70 eV) m/z (%):
421.12 (M + 1).

3.2. Antifungal Activity Assay

3.2.1. Determination of Inhibition Zone Diameters

The in vitro antifungal activity was determined using the cup-plate agar diffusion method
according to the Clinical and Laboratory Standards Institute (CLSI) guidelines [28]. For antifungal
testing, Mueller-Hinton medium supplemented with 2% glucose (providing adequate growth of yeasts)
and 0.5 mg/mL methylene blue (providing a better definition of the inhibition zone diameter) was used.
The inoculum was prepared by suspending five representative colonies, obtained from an 18–24 h
culture on non-selective nutritive agar medium, in sterile distilled water. The cell density was adjusted
to the density of a 0.5 McFarland standard by measuring the absorbance in a spectrophotometer at a
wavelength of 530 nm and adding sterile distilled water as required (corresponding to a population of
1–5 × 106 CFU/mL). A sterile swab was soaked in suspension and then the Mueller-Hinton agar plates
were inoculated by streaking the entire surface. After drying for 10–15 min, six-millimeter diameter
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wells were cut from the agar using a sterile cork-borer, and a volume of 20 µL of each compound
solution (5 mg/mL in dimethyl sulfoxide-DMSO) was delivered into the wells (100 µg/well).

Fluconazole (100 µg/well) was used as the standard drugs. The controls were performed with
only sterile broth, overnight culture and 20 µL of DMSO. The plates were incubated at 35 ◦C. Zone
diameters were measured to the nearest whole millimeter at a point in which there will be no visible
growth after 24–48 h. Results were obtained in triplicate. The solvent used for the preparation of each
compound stock solution (5 mg/mL), DMSO (Merck, Darmstadt, Germany) exhibited no inhibitory
activity against the tested fungal strain.

3.2.2. Determination of MIC and MFC Values

The microorganisms used for antifungal activity evaluation were obtained from the University
of Agricultural Sciences and Veterinary Medicine Cluj-Napoca Romania. The antifungal activity
was evaluated against cultures of Candida albicans ATCC 10231, Candida albicans ATCC 18804,
Candida krusei ATCC 6258. The cultures were stored on potato dextrose agar (Sifin, Germany). Prior
to antifungal susceptibility testing, each strain was inoculated on potato dextrose agar plated to
ensure optical growth characteristics and purity. Then, yeast cells were suspended in saline and
adjusted spectrophotometrically to RPMI (Roswell Park Memorial Institute) 1640 medium to a final
concentration of 106 CFU/mL.

Stock solutions (1 mg/mL) were prepared by dissolving the test compounds, the reference
antifungals (fluconazole and ketoconazole) in sterile DMSO. These solutions were stored at 4 ◦C.
A series of double diluting solutions of the above compounds were prepared in RPMI 1640 medium
obtaining final concentrations in the range of 500 µg/mL to 0.015 µg/mL. The broth microdilution
method was employed for the minimum inhibitory concentration test. Media were placed into each of
the 96 wells of the microplates. Sample solutions at high concentration (100 µg/mL) were added into
the first rows of the microplates and two-fold dilutions of the compounds were made by dispensing
the solutions into the remaining wells. Culture suspensions of 10 µL were inoculated into all the
wells. The sealed microplates were incubated at 37 ◦C for 18 h. Antifungal activity was tested by
using the broth microdilution method according to the Clinical and Laboratory Standard Institute
(CLSI) guidelines [28]. The medium used for susceptibility testing was nutrient broth for bacteria
and RPMI 1640 with L-glutamine, to pH 7.0 with 3-(n-morpholino)propanesulfonic acid. The initial
density of E. coli and S. aureus was 105 CFU/mL and Candida sp was approximately 2 × 106 colony
forming units (CFU)/mL. Inoculums (density of 0.5 in McFarland scale) were prepared in a sterile
solution of 0.9% NaCl solution. Then, tested strains were suspended in nutrient broth and RPMI 1640
media to give a final density of 2 × 105 CFU/mL. Solutions of the test compounds and suspensions
of bacteria and fungi were inoculated onto 96-well microplates. The growth control, sterility control
and control of antibacterial/antifungal compounds were used. Plates were incubated under normal
atmospheric conditions at 30 ◦C for 48 h (Candida albicans ATCC 10231, Candida albicans ATCC 18804,
Candida krusei ATCC 6258), and next minimum inhibitory concentration (MIC) values have been
determined by adding resazurin (20 µL, 0.02%) followed by incubation for 2 h. The MIC was defined
as the lowest concentration required to arrest the growth of the bacteria/fungi. For determination of
minimum fungicidal concentration (MFC), a 0.01 mL aliquot of the medium drawn from the culture
tubes showing no macroscopic growth at the end of the 24 h culture was subcultured on nutrient
agar/potato dextrose agar plates to determine the number of vital organisms and incubated further at
30 ◦C for 48 h. The MFC was defined as the lowest concentration of the agent at which no colonies are
observed. All MIC and MFC experiments were repeated three times.

3.3. Molecular Docking

A molecular docking study was carried out using AutoDock 4.2 [29], in order to investigate the
possible interactions with cytochrome P450 14α-sterol demethylase (CYP51) from Saccharomyces cerevisiae

and to predict the binding mode of our synthesized compounds. The crystallographic structure of the
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complex between the three-dimensional (3D) structure of the enzyme, with the intact transmembrane
domain, and co-crystallized itraconazole (PDB:5EQB), was used for the docking study. The crystal
structure of the enzyme obtained by X-ray diffraction was taken from Protein Data Bank [30].

A dataset of 3D thiazolyl-triazole Schiff bases B1–B15 was generated using HyperChem 6, with
geometry optimization and minimized energy conformation. Further, all input files were prepared
using AutoDock Tools 1.5.6 [29]. Ligand preparation included addition of Gasteiger charges and
merging non-polar hydrogen atoms. Fluconazole, a drug known to inhibit cytochrome P450 lanosterol
14α-demethylase [31], was taken as the positive control.

Using AutoDock Tools, co-crystallized ligand (itraconazole) and water were removed from the
active site of the enzyme, polar hydrogen atoms were added, non-polar hydrogen atoms merged,
rotatable bonds were defined, amide bonds were set non-rotatable, carboxylic moieties deprotonated
and Gasteiger partial charges were assigned. The grid box was defined as x = y = z = 28 Å in dimension
with x = 19.692, y = 14.168, z = 16.077 center coordinates. Grid maps were generated using AutoGrid 4
with 0.375 grid points size space.

AutoDock searched for the best conformers poses, based on the Lamarkian genetic algorithm.
For each compound, AutoDock searched for 10 conformers. The maximum number of evaluation was
set at 9 × 104 , rate of mutation at 0.02, rate of crossover at 0.8, step size for translations at 2 Å and
cluster tolerance at 2 Å.

3.4. ADME and Molecular Property Prediction

In this present investigation, the new thiazolyl-triazole Schiff bases were subjected to a theoretical
in silico ADME and toxicity prediction study, under Lipinski’s “Rule of five” [32]. Lipinski’s parameters
were calculated using web tool Swiss ADME [33] We have also assessed tPSA (topological polar surface
area), a descriptor that allows prediction of bioavailability and the transport of an active compound
by the blood–brain barrier [23]. Bioavailability is highly multifactorial, but is primarily driven by
gastrointestinal absorption [34]. The percentage of the absorption was calculated according to the
equation: %ABS = 109 − 0.345 × TPSA [35]. Also, water solubility, CYP2D6, CYP2D9, P-glycoprotein
inhibition and phospholipidosis (PLD) induction were predicted.

4. Conclusions

Synthesis of Schiff bases B1–B15 followed several steps. The 4-amino-5-(4-methyl-2-phenylthiazol-
5-yl)-4H-1,2,4-triazole-3 thiol 4 was obtained by treating potassium 2-(4-methyl-2-phenylthiazole-5-
carbonyl)hydrazine-carbodithioate 3, previously obtained, with hydrazine hydrate. The final derivatives
were synthesized in good yields by the condensation of compound 4 with various aromatic or
heteroaromatic aldehydes.

Schiff bases were investigated for their anti-Candida potential. The in vitro methods used were
the disk diffusion disk, the determination of MIC and MFC, respectively. The activity of the new
derivatives was reported to reference drugs, already used in therapy. Some of the Schiff bases
showed MICs inferior to those of the references used. Compound B10 showed to be the most
promising anti-Candida candidate, inhibiting the growth of all three Candida strains used and being
more potent than fluconazole. The obtained results suggest that the new series bearing thiazole
and triazole scaffolds may be considered for further investigation and optimization, in designing
anti-Candida drugs.

A docking study of the thiazolyl-triazole Schiff bases was performed on compounds B1–15 and
presented a rationale for the activity of these compounds. Performed on CYP51 enzyme, this study
showed that the thiazolyl-triazole Schiff bases interact with the amino acids in the access channel to
the active site of the lanosterol 14α-demethylase with higher binding affinity energy than fluconazole.
Moreover, the compounds do not interact with the heme.
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Furthermore, a virtual study was performed to predict the ADME and the toxicity of the
derivatives. The studied compounds showed an acceptable gastro-intestinal absorption and a low to
moderate water solubility. We could predict the absence of toxicity at CNS level, due to the fact that
the compounds do not pass the blood–brain barrier. All of the newly synthesized compounds were
predicted as noninhibitors of CYP2D6, noninducers of phospholipidosis, and they are not a substrate
for P-glycoprotein. All these observations will be helpful in designing newer anti-Candida agents with
good pharmacokinetic properties and without severe side effects.
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Abstract: Lipophilicity, as one of the most important physicochemical parameters of bioactive

molecules, was investigated for twenty-two thiazolyl-carbonyl-thiosemicarbazides and

thiazolyl-azoles. The determination was carried out by reversed-phase thin-layer chromatography,

using a binary isopropanol-water mobile phase. Chromatographically obtained lipophilicity

parameters were correlated with calculated log P and log D and with some biological parameters,

determined in order to evaluate the anti-inflammatory and antioxidant potential of the investigated

compounds, by using principal component analysis (PCA). The PCA grouped the compounds

based on the nature of their substituents (X, R and Y), indicating that their nature, electronic

effects and molar volumes influence the lipophilicity parameters and their anti-inflammatory and

antioxidant effects. Also, the results of the PCA analysis applied on all the experimental and

computed parameters show that the best anti-inflammatory and antioxidant compounds were

correlated with medium values of the lipophilicity parameters. On the other hand, the knowledge

of the grouping patterns of the tested variables allows the reduction of the number of parameters,

determined in order to establish the biological activity.

Keywords: thiosemicarbazide; thiazolyl-azole; lipophilicity; PCA; anti-inflammatory; antioxidant

1. Introduction

Lipophilicity is an important physicochemical property of bioactive compounds affecting their

biological activity with a determinant role in the transport of compounds through biological

membranes and in the formation of the ligand-receptor complex. The lipophilic character of an active

molecule, defined as the ability of a compound to penetrate through hydrophobic barriers in order
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to get from the delivery point to the site of action [1,2], is usually quantitatively characterized as

the logarithmic forms of the n-octanol-water partition coefficient Pow (LogPow) and n-octanol-water

distribution coefficient Dow (LogDow)—experimentally determined [3] or calculated by using a

series of mathematical models [4]. Due to experimental limitations of the classical “shake-flask”

method [5], the most widely used techniques for the measurement of the lipophilic properties

of different chemical molecules are nowadays the chromatographic techniques in reversed-phase

systems (RP-TLC and RP-HPLC) [6,7].

Some of the parameters resulting from a RP-TLC may be associated to the lipophilic character of

the analytes [8,9]. The retention parameters (RM) are calculated by means of well-known Batte-Smith

and Westall Equation (1):

RM “ log p1{RF ´ 1q (1)

Generally, the RM values determined by RP-TLC are linearly dependent on the concentration of

the organic modifier (C) in the mobile phase Equation (2):

RM “ RM0 ` bC (2)

where b and RM0 are, respectively, the slope and the intercept of Equation (2). Extrapolation

of the RM value to pure water, leads to determination of RM0, which can be considered as an

estimation of the partitioning of compounds between nonpolar stationary phase and the aqueous

system, and hence a way to estimate the lipophilicity of the compounds (Soczewinski-Wachtmeister

model) [9,10]. Additionally, it has been stated that not only the RM0, but also the slope, b, as

a characteristic of the specific hydrophobic surface area of the compounds, can be used as an

estimation of lipophilicity [6,11,12]. The advantages of TLC methods consist in the small quantity of

compounds needed for the determination, and the rapidity and simplicity of the method. Also, they

are inexpensive, rapid and easy to perform [13].

Principal Component Analysis (PCA) is a chemometric tool designed to transform a set of

original variables into new uncorrelated variables (axes), which are called principal components.

The new variables are linear combinations of the original variables and the new axes lie along the

directions of maximum variance. PCA provides an objective way of finding indices of this type, so

that the variation in the data can be accounted for, as concisely as possible. By applying PCA to the

matrix formed by the retardation factors (RF) of all compounds in all mobile phases, it is possible

to obtain a new lipophilicity scale where the linear combinations of retention indices (the scores)

corresponding to the first component (PC1) appears to be a new parameter capable to quantitatively

assess the lipophilic character of the compounds [6,14–16].

Based on our experience in the field of heterocyclic compounds [17–19], we synthesized

and evaluated in vivo, in term of anti-inflammatory and antioxidant activity, a new series

of thiazolyl-carbonyl-thiosemicarbazides and hybrid thiazolyl-1,3,4-oxadiazoles, thiazolyl-1,3,4-

triazoles and thiazolyl-1,3,4-triazoles [20,21]. The results demonstrated that the new thiazole

compounds exhibit anti-inflammatory effects, lowering the acute-phase response of bone marrow

and the oxidative stress. Based on the virtual screening and on the obtained results, the activity may

be due to their capacity to reduce NO synthesis by blocking the binding of L-arginine at the active

site of inducible nitric oxide synthase (iNOS) [21].

The goal of the present study was to determine the relationships between the computed

lipophilicity coefficients and RP-TLC retention parameters of new thiazolyl-carbonyl-thiosemicar

bazides and thiazolyl-azoles with the anti-inflammatory/antioxidant potential and their structural

parameters obtained by molecular modeling calculations, applying the PCA method.
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2. Results and Discussion

2.1. Chemistry

Twenty two thiazolyl-carbonyl-thiosemicarbazides and hybrid thiazolyl-1,3,4-oxadiazoles,

thiazolyl-1,3,4-triazoles, and thiazolyl-1,3,4-triazoles (Th1–Th22), synthesized in our laboratory,

according to a previously described procedure [20], were investigated. The structures of the

compounds used in this study are presented in Figure 1. All components of the mobile phases used

were of analytical grade purity.

 

Figure 1. Structures of the studied thiazolyl-carbonyl-thisemicarbazides and thiazolyl-azole

compounds—Marvin was used for drawing and displaying of chemical structures (MarvinSketch

6.3.1, 2014, ChemAxon Kft., Budapest, Hungary, http://www.chemaxon.com).

2.2. Lipophilicity Evaluation of the Studied Compounds

In all instances, it was found that the retention of the investigated compounds increased with

increasing concentration of the organic modifier in the mobile phase. The change of the retardation

factor with increasing the organic solvent content in the binary mobile phase, correlates well with the

polarity, the substituents (phenyl, allyl, methyl, hydrogen and bromine). The RM values obtained

from Equation (1) decrease linearly as the concentration of the organic modifier in the mobile

phase increases, and therefore they might be used to assess lipophilicity. The profiles of the RM

values present regular changes as the organic modifier content increases, indicating that the same

mechanism of lipophilic interaction is dominant (Figure 2). Nevertheless, minor changes of these

systematic regularities can be observed with compounds Th-11-17, most probably due to their more

rigid molecular structures compared to compounds Th-1-8.

The results of regression analyses using Equation (2) (intercept values (RM0), slopes (b) and

correlation coefficient (r) are presented in Table 1. These values afford a quantitative estimation for the

distribution of the investigated compounds between a non-polar phase (a chemically bound reversed

stationary phase) that represents the biological membranes, and a polar phase that represents the

extracellular aqueous environment. As expected, it can be observed that there is a linear dependence

between the values of RM0 (lipophilic parameter) and the values of b (specific hydrophobic surface)

for the majority of these compounds. This linear dependence shows that thiazolyl derivatives might
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form a homologous series of compounds, as has been suggested by some authors [22]. Once more,

it can be observed that compound Th-1-8 has a mean correlation coefficient of 0.979 ˘ 0.005, while

compounds Th-9-17 and Th-18-22 have 0.927 ˘ 0.034 and 0.925 ˘ 0.018, respectively. In addition,

similar significant differences (p < 0.0003, 12.56 < f < 25.34, ANOVA test) could be observed

between these three groups, for RM0 and b values (Table 1). Based on these observations and

together with structural aspects (Table 1), the studied compounds have been divided in three groups:

compounds Th-1-8 form group A, while compounds Th-9-17 and Th-18-22 form group B and group

C, respectively. This classification will be used in further observations and discussions (vide infra).
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Figure 2. Profiles of RM values at all mobile binary phase composition (% of organic modifier) for all

studied compounds.

Table 1. Retention parameters obtained from equation RM = RM0 + bC.

Group Compd. RM0 Mean ˘ SD b Mean ˘ SD r
a Mean ˘ SD

A

Th-1 1.369

1.338 ˘ 0.213

´2.627

´2.623 ˘ 0.165

0.987

0.979 ˘ 0.005

Th-2 1.595 ´2.853 0.980
Th-3 1.600 ´2.739 0.979
Th-4 0.986 ´2.355 0.979
Th-5 1.161 ´2.502 0.976
Th-6 1.398 ´2.740 0.981
Th-7 1.195 ´2.484 0.972
Th-8 1.398 ´2.685 0.975

B

Th-9 1.479

1.779 ˘ 0.435

´2.630

´3.012 ˘ 0.680

0.965

0.927 ˘ 0.034

Th-10 1.754 ´2.948 0.954
Th-11 2.020 ´3.133 0.912
Th-12 1.305 ´2.463 0.899
Th-13 1.565 ´2.672 0.898
Th-14 1.630 ´2.659 0.876
Th-15 1.664 ´2.905 0.943
Th-16 1.783 ´2.962 0.921
Th-17 2.808 ´4.737 0.974

C

Th-18 0.540

0.508 ˘ 0.168

´1.840

´1.354 ˘ 0.279

0.951

0.925 ˘ 0.018

Th-19 0.286 ´1.134 0.920
Th-20 0.393 ´1.283 0.921
Th-21 0.620 ´1.286 0.900
Th-22 0.701 ´1.227 0.931

a bold = correlation coefficients > 0.95. RM0 = lipophilicity estimation parameter; b = slope.
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Besides the well-known RM0 values which are the experimentally-determined indices for the

lipophilicity of the studied compounds, PC1 values, which are obtained by applying PCA to

the matrix of the RF values for all mobile phases for all compounds, can be successfully used

for quantifying the lipophilicity and may bring complementary information to the RM0 [14,15].

The variation of these two parameters for the studied compounds, along with the computed LogP

and LogD values, is presented in Figure 3. It can be observed that the RM0 and PC1 profiles are well

correlated with the profiles of the computed LogP and LogD values, all describing similar patterns.

Regarding the experimental lipophilicity parameters, RM0 and PC1, the compounds present expected

variations of the lipophilicity, as the functional groups are modified (both R and X groups).

 

Figure 3. Relationship between computed LogP and LogD (calculated by the equally weighted

calculation algorithm combining the three methods described in the Experimental Section) values

profiles and experimental lipophilicity indices RM0 and PC1. The L or R information in the brackets

refers to either left or right disposition of the values on the y axis.

Analyzing the values obtained for PC1, it was noticed that the cyclisation of thiosemicarbazides

Th-1-8 to the corresponding thiazolyl-triazoles Th-9-17 increased the lipophilicity, probably as result

of a decrease of the polar character of the former, due to the -CO-NH-NH-CS-NH- fragment.

Concerning the nature of the Y substituent, it can be observed that the presence of an electron

withdrawing substituent (phenyl) increases the lipophilicity, while electron donating groups decrease

it (Th-11 > Th-14 > Th-17) (Figure 3). Regarding the X substituent and the whole molecules,

as expected in these homologous series, the lipophilicity increases with the molecular volume,

the bromo substituted derivatives being the most lipophilic compounds. Also, the N-substituted

thiazolyl-triazoles (Th-9-17) are more lipophilic then the corresponding thiadiazoles (Th-21-22) and

oxadiazoles (Th-18-20), the molecular volume decreasing in the order: group B > group C (S > O)

(Figure 3).

According to their structure (Figure 1), the studied compounds can be involved in acid-base

equilibria, and are hence ionizable, so that the analysis of the distribution coefficient (LogD) at several

physiological relevant pH levels is adequate. Figure 3 also presents the profiles of the LogD values

at four pH levels (stomach (1.5), duodenum (5), jejuno-ileum (6.5) and blood serum (7.4) pH levels).

The compounds from group A (Th-1-8) have slightly basic behavior; the LogD values increase as the
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pH increases, with a more pronounced effect, thus a much wider interval of distribution, for the first

three compounds—which can be explained by the electron withdrawing inductive effect of the phenyl

group. Mainly due to the presence of the thiol group, the compounds from groups B and C (Th-9-22)

present rather an acidic behavior, which is more evident for compounds Th-9-11 and in group C

(Th-18-22). This may suggest that compounds Th-1-3 are better absorbed in intestine than in stomach,

while compounds Th-9-11 and Th-18-22 are better absorbed in stomach and less in intestine, due

to their higher uncharged population of molecules in the first mentioned compartments. The other

compounds (Th-4-9, Th-12-17) are to a lesser extent affected by pH variation at the studied interval

(i.e., 1.5–7.4).

Applying PCA on both experimentally and computed lipophilicity indices on all studied

compounds, 2D plot of the loadings (circle correlation) showed a regular increase of the correlation

between LogD values and experimentally determined lipophilicity indices (PC1, RM0) as the pH

increases (Figure 4 and Figure S1). However, since the compounds behaved differently according

to their group, a PCA application on two separated groups: A (basic compounds) and B and C

(acidic compounds) revealed interesting results (Figure 5 and Figure S2). As expected, in both

groups, PC1 and RM0 positively correlate with each other (r = 0.804) and these indices present a

strong negative correlation with b (r = ´0.965 with RM0 and r = ´0.621 with PC1) since it is the

characteristic of the specific hydrophobic surface area [6,11,12]. LogP and LogD values afford a

relatively moderate correlation with the experimentally determined indices, most probably due to

the limitation of estimation of computed indices for complex compounds, since none of the available

methods can take into consideration all the effects of molecular conformation. However, as can be

observed from Figure 5, LogD at acidic pH in the case of group A and LogD at basic pH in the case of

groups B and C are more correlated with RM0 and PC1 values.

The scatterplot of the scores of the first three principal components after applying PCA on all the

previously discussed lipophilicity indices reveals an obvious clustering of the compounds, according

to their properties and structural aspects, in very good agreement with the grouping performed in

Table 1 (Figure 6). Group A and group B overlap to some extent but group C forms a distinct cluster

despite the high scattering within it, most probably due to numerous changes caused by the presence

of the heteroatom (Y substituent, Table 1). Compound Th-17 appeared as an outlier due to its distinct

higher RM0 value.

− −

 

Figure 4. Loadings (circle correlation) for the experimental lipophilicity indices (RM0, PC1, b) and

computed (logD and logP—calculated by the equally weighted calculation algorithm combining

the three methods described in the Experimental Section) lipophilicity indices for all the

studied compounds.
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Figure 5. Loadings (circle correlation) for the experimental lipophilicity indices (RM0, PC1, b) and

computed (LogD and LogP—calculated by the equally weighted calculation algorithm combining the

three methods described in the Experimental Section) lipophilicity indices for compounds in group A

(left) and for compounds in groups B and C (right).

 

Figure 6. 3D plot of the scores for first three principal components after applying PCA on all the

discussed parameters, describing lipophilicity for all the studied compounds.

2.3. Antioxidant and Anti-Inflammatory Effects of the Studied Compounds

The new thiazole compounds have anti-inflammatory effects by lowering the acute-phase

response of bone marrow (L and PMN), phagocytic capacity (PI and PA) and oxidative

stress [21]. The best anti-inflammatory and antioxidant effects were found for thiazolyl-carbonyl-

thiosemicarbazides Th-1-8 (Group A) and for the oxadiazoles Th-18-20 and thiadiazole Th-21

(Group C). Also, the virtual screening of thiazole derivatives revealed that all twenty-two compounds

bind the active site of iNOS [21]. Based on the virtual screening and on the obtained results, the

activity may be due to their capacity to reduce NO synthesis by blocking the active site of iNOS [21].
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In order to obtain a model with less variables, we applied PCA on determined biological

parameters (L, PMN, PA, PI, NO, TOS, TAR, OSI) (Table 2).

Table 2. Effect of thiazolyl-carbonyl-thiosemicarbazides and thiazolyl-azoles on the determined

biological parameters for anti-inflammatory and antioxidant activities.

Comp. Leukocytes PMN PA PI NO TOS TAR OSI

Th-1 5587.5 ˘ 455 60.4 ˘ 4.1 18.5 ˘ 1.8 21.5 ˘ 4.6 50.479 ˘ 5.7 51.622 ˘ 6.2 1.108 ˘ 0.003 4.66 ˘ 2.2
Th-2 6543 ˘ 271 60.6 ˘ 3.1 22.5 ˘ 2.8 21.5 ˘ 2.8 51.827 ˘ 6.3 63.265 ˘ 5.4 1.099 ˘ 0.003 5.76 ˘ 5.3
Th-3 4987 ˘ 133 63.6 ˘ 3.9 31 ˘ 1.8 21.5 ˘ 0.9 52.838 ˘ 8.9 39.601 ˘ 7.9 1.095 ˘ 0.003 3.62 ˘ 2.9
Th-4 12,218.8 ˘ 1341 82.8 ˘ 4.1 29 ˘ 1.8 22.5 ˘ 3.5 47.501 ˘ 2.8 49.823 ˘ 3.6 1.109 ˘ 0.006 4.49 ˘ 3.6
Th-5 11,633.3 ˘ 154 59.8 ˘ 3.6 22.5 ˘ 0.9 19.5 ˘ 2.3 47.024 ˘ 8.9 51.557 ˘ 17.1 1.096 ˘ 0.001 4.7 ˘ 3.1
Th-6 6056.25 ˘ 862 70.4 ˘ 2.9 18 ˘ 1.5 13 ˘ 3.2 50.591 ˘ 9.1 43.108 ˘ 5.6 1.097 ˘ 0.006 3.93 ˘ 2.6
Th-7 6356.25 ˘ 66 73.2 ˘ 4.0 53.5 ˘ 3.5 20.5 ˘ 0.9 54.355 ˘ 6.2 44.073 ˘ 3.8 1.107 ˘ 0.003 3.98 ˘ 3.8
Th-8 5718.75 ˘ 104 66.6 ˘ 1.0 21 ˘ 1.1 21.5 ˘ 0.9 48.793 ˘ 5.5 55.664 ˘ 4.2 1.107 ˘ 0.002 5.03 ˘ 4.1
Th-9 9000 ˘ 428 67.4 ˘ 3.0 20.5 ˘ 0.9 21 ˘ 7.0 65.479 ˘ 4.8 68.780 ˘ 16.2 1.101 ˘ 0.001 6.25 ˘ 5.2
Th-10 5606.25 ˘ 154 61.2 ˘ 3.4 23 ˘ 1.1 20.5 ˘ 0.9 65.142 ˘ 5.3 54.164 ˘ 5.4 1.095 ˘ 0.003 4.95 ˘ 5.4
Th-11 11,137.5 ˘ 483 86.4 ˘ 2.6 19.75 ˘ 2.4 21 ˘ 1.1 66.799 ˘ 5.9 66.394 ˘ 8.9 1.092 ˘ 0.003 6.08 ˘ 4.9
Th-12 8456.25 ˘ 565 78.6 ˘ 1.0 20 ˘ 1.5 22.5 ˘ 3.5 70.029 ˘ 6.4 90.592 ˘ 4.2 1.095 ˘ 0.004 8.27 ˘ 4.2
Th-13 10,172 ˘ 331 80.8 ˘ 3.0 27.5 ˘ 0.9 25.5 ˘ 2.8 75.451 ˘ 6.9 50.886 ˘ 5.6 1.1 ˘ 0.012 4.63 ˘ 3.6
Th-14 10,172 ˘ 520 75.4 ˘ 4.5 23.5 ˘ 0.9 28 ˘ 2.1 86.04 ˘ 2.9 66.876 ˘ 9.7 1.097 ˘ 0.006 6.1 ˘ 4.7
Th-15 9982.5 ˘ 81 77.4 ˘ 5.1 29 ˘ 3.2 24 ˘ 4.3 71.630 ˘ 5.9 69.171 ˘ 4.4 1.094 ˘ 0.006 6.32 ˘ 4.4
Th-16 9225 ˘ 333 77.4 ˘ 1.9 27 ˘ 1.1 21.2 ˘ 1.0 63.091 ˘ 5.1 66.681 ˘ 9.1 1.103 ˘ 0.009 6.04 ˘ 4.1
Th-17 10,147.5 ˘ 528 75.4 ˘ 5.2 19.5 ˘ 0.9 15 ˘ 3.5 60.479 ˘ 11.8 69.962 ˘ 5.2 1.093 ˘ 0.003 6.38 ˘ 5.2
Th-18 4575 ˘ 805 63.7 ˘ 2.4 56 ˘ 8.6 17 ˘ 1.9 43.23 ˘ 3.9 78.089 ˘ 14.1 1.118 ˘ 0.006 6.98 ˘ 4.1
Th-19 7443.75 ˘ 1172 72.8 ˘ 5.0 13.5 ˘ 2.78 20 ˘ 1.5 45.198 ˘ 2.2 79.849 ˘ 12 1.119 ˘ 0.009 7.13 ˘ 5.9
Th-20 4837.5 ˘ 1305 59.2 ˘ 5.6 20 ˘ 1.5 16 ˘ 3.0 43.288 ˘ 5.0 81.022 ˘ 13.2 1.106 ˘ 0.003 7.32 ˘ 3.2
Th-21 3000 ˘ 241 52.6 ˘ 2.1 23 ˘ 1.9 14.5 ˘ 4.6 43.737 ˘ 6.2 67.137 ˘ 10.6 1.114 ˘ 0.007 6.03 ˘ 4.5
Th-22 5812.5 ˘ 399 66.4 ˘ 0.8 23.5 ˘ 0.9 35 ˘ 8.2 52.08 ˘ 8.1 56.694 ˘ 7.9 1.105 ˘ 0.001 5.13 ˘ 4.9

After applying PCA only on these biological activity parameters, an acceptable model was

obtained, the first three principal components containing 75.87% of total variance (Figure S3).

However, it is interesting that the 3D scatterplot of the first three principal components revealed a

pattern of clustering of the studied compounds, similar to the one of their lipophilicity (Figure 7).

The three groups are well and distinctly grouped, with compound Th-22 as an exception. Here,

groups A and B are better separated than in case of the lipophilicity (Figure 6), indicating their more

distinct behavior in case of their biological activities.

 

Figure 7. 3D scatterplot of the scores for the first three principal components after applying PCA on

all the discussed parameters, describing biological activity for all the studied compounds.
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2.4. Comparative Evaluation of Both Lipophilicity Indices and Antioxidant and Anti-Inflammatory Activities
Evaluation for the Studied Compounds

A similar clustering of the compounds to the one seen in the case of their lipophilicity

indicates that there are some possible correlations between their lipophilicity and their biological

activity. In this regard, PCA was applied on all the studied variables, describing lipophilicity

and the anti-inflammatory and antioxidant activities. After applying PCA, an acceptable model

was obtained—the first three principal components containing 74.96% of total variance (Figure S4).

Analyzing the loadings of the variables and the matrix correlation of the original variables, we

observed that NO parameter is positively correlated with the lipophilicity, and TAR activities are

negatively correlated with the lipophilicity indices (Figure 8, Table 3).

Table 3. Correlation matrix of the lipophilicity indices and antioxidant and anti-inflammatory effects

for all the studied compounds. Values greater than 0.5 are in bold face characters.

L PMN PA PI NO TOS TAR OSI RM0 b PC1

L 1.000 0.735 ´0.175 0.250 0.522 0.025 ´0.455 0.043 0.453 ´0.469 0.313
PMN 1.000 0.016 0.281 0.576 0.086 ´0.305 0.098 0.398 ´0.384 0.354
PA 1.000 ´0.008 ´0.111 ´0.162 0.291 ´0.174 ´0.166 0.071 ´0.318
PI 1.000 0.443 ´0.105 ´0.127 ´0.098 ´0.009 0.153 0.320

NO 1.000 0.109 ´0.629 0.135 0.600 ´0.474 0.741
TOS 1.000 0.178 0.999 ´0.206 0.208 ´0.091
TAR 1.000 0.142 ´0.782 0.704 ´0.741
OSI 1.000 ´0.178 0.184 ´0.063
RM0 1.000 ´0.965 0.804

b 1.000 ´0.621
PC1 1.000

L = leukocytes; PMN = polymorphonuclear leukocytes; PA = phagocytic activity; PI = phagocytosis index;
NO = nitric oxide; TOS = total oxidative status; TAR = total antioxidant response; OSI = oxidative stress index;
RM0 = lipophilicity estimation parameter; b = slope; PC1 = first principal component.

− − −
− −

− − − − − −
− − − −

− −
− −
− −
− −

−
−

 
Figure 8. Loadings (circle correlation) for the assessed biological activity (left panel) and lipophilicity 

Figure 8. Loadings (circle correlation) for the assessed biological activity (left panel) and lipophilicity

indices (right panel) for all studied compounds. L = leukocytes; PMN = polymorphonuclear

leukocytes; PA = phagocytic activity; PI = phagocytosis index; NO = nitric oxide; TOS = total oxidative

status; TAR = total antioxidant response; OSI = oxidative stress index; RM0 = lipophilicity estimation

parameter; b = slope; PC1 = first principal component.
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Besides this, PA, PI, TOS and OSI have statistically no correlation, while PMN and L have

low correlation with any lipophilicity indices. However, the two previously mentioned variables

(TAR and NO) have distinctly higher correlation with all lipophilicity indices. Activation and

stimulation of phagocytes in the inflammatory process is dependent on membrane-derived lipid

mediators (e.g., arachidonic acid derivatives) [23,24]. This may explain the positive correlation

between the reactive nitrogen intermediates (RNIs) (i.e., NO), produced by phagocytes, and

lipophilicity (Figures 8 and 9). On the other hand, as a consequence of oxidative stress increase

by reactive oxygen intermediates (ROIs) and RNIs, the antioxidant defense capacity is reduced.

This justifies the negative correlation between TAR and lipophilicity (Figures 8 and 9).

 

Figure 9. Profiles of NO vs. PC1 (left panel) and TAR vs. RM0 (right panel) for all studied compounds.

The 3D scatterplot of the scores for the first three principal components reported in Figure 10

reveals an even better and more compact clustering for the studied compounds forming the three

distinct groups: the thiosemicarbazides Th-1-8 from group A with the best anti-inflammatory and

antioxidant effects [21], the triazoles Th-9-17 from group B and the oxadiazoles and thiadiazoles

Th-18-22 from group C.

 

Figure 10. 3D scatterplot of the scores for the first three principal components after applying PCA on

all the discussed parameters describing biological activity and lipophilicity for all studied compounds.

22197



Molecules 2015, 20, 22188–22201

The knowledge of the grouping patterns of the tested variables allows for the reduction of

experimental determined parameters, the variables which are close to each other in PCA results

describing similar properties of the substances. For this reason, it is not necessary to measure

and evaluate all variables to achieve the same characterization—thus reducing the amount of

experimental work required [25].

The pattern of the profiles of both NO and TAR vs. PC1 and RM0 respectively, clearly sustain

the positive and negative correlation (Figure 9). For the first case (NO vs. PC1), the A and C groups

present a distinctly higher similarity of the pattern than the B group (Figure 9 left), and the NO

synthesis increases with the lipophilicity in agreement with the previous observations. Thus, best

anti-inflammatory compounds Th-1-8 have the medium values for the lipophilicity parameters.

For the second case, the negative correlation profiles between TAR and RM0 (Figure 9 right) is salient

for group A and for some compounds from groups B and C. The negative correlation might be

explained by the fact that the increase in hydrophobicity of a given compound may imply an increase

in redox potential, thus decreasing its antioxidant ability [26].

3. Experimental Section

3.1. Chromatographic Procedure

Chromatography was performed on 20 ˆ 20 cm RP-18F254s TLC precoated silica plates

(Merck; Darmstadt, Germany). Solutions (1 mg/mL) of the tested compounds were prepared in

iso-propanol, and 3 µL aliquots were spotted in duplicate on the plates by hand, 10 mm from

the bottom edge and 20 mm apart. The mobile phases were composed of the iso-propanol-water

binary mixtures, with a varying content of organic modifier between 45% and 65% (v/v) in 5%

increments, as the study compounds differed considerably in their retention. Chromatography was

performed in a normal developing chamber at room temperature, the developing distance being

10 cm. The chromatography chamber was saturated with the mobile phase for 30 min before use.

After the development (30–60 min), the plates were air dried at room temperature and examined

under a UV lamp (λ = 254 nm), and the RF (retardation factor) values were measured manually by a

digital caliper. The experiments were performed in triplicate.

3.2. Prediction of Partitioning and Distribution Coefficients

The lipophilicity effects of compounds were predicted as log P and log D using

the partitioning module of MarvinSketch 5.5.0.1, 2011 (ChemAxon Kft., Budapest, Hungary,

http://www.chemaxon.com). Calculations for log D were estimated for the implicit reference values:

log D1.5 (log D calculated at the physiological pH of stomach), log D5.0 (log D calculated at the

physiological pH of duodenum), log D6.5 (log D calculated at the physiological pH of jejuno-ileum)

and log D7.4 (log D calculated at the physiological pH of blood serum). Both calculations for log P and

log D were performed using four different methods: a calculation algorithm developed by ChemAxon

Kft. based on the publication of Viswanadhan and coworkers [27], one based on method developed

by Klopman and coworkers [28], another one using the log P data from PHYSPROP© database and an

equally weighted calculation algorithm combining the three methods. Supplementary, the software

was set to take in account, for each set of calculations/algorithm, the major tautomeric forms of

each compound.

3.3. Biological Activity Measurements

The synthesized thiazolyl-carbonyl-thiosemicarbazides and thiazolyl-azoles Th-1-Th-22 were

previously evaluated in vivo for their anti-inflammatory activity in a turpentine oil-induced

inflammation model [21]. Their anti-inflammatory activity was assessed by evaluating the

acute-phase response of bone marrow by leukocytes count (L) and by differential leucocyte

count, expressed as a percentage (PMN) and by phagocytes’ capacity (PI%-phagocytosis index,
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PA-phagocytic activity), nitric oxide (NO) synthesis and antioxidant capacity (TOS-total oxidative

status, TAR-total antioxidant response and OSI-oxidative stress index [21].

3.4. Statistical Analysis

All results were expressed as mean ˘ standard deviation (SD) of three independent experiments.

Statistical comparisons between the groups were performed using one-way analysis of variance

(ANOVA) test. A value of p < 0.05 was considered to be statistically significant.

4. Conclusions

The applied PCA method of multivariate analysis allowed us to compare the chromatographic

retention data, the lipophilic parameters and the biological parameters of the investigated

thiazolyl-carbonyl-thiosemicarbazides and thiazolyl-azoles.

The obtained results illustrate how the nature of the substituents attached to a pharmacophore

(thiazole for group A, thiazolyl-azole for groups B and C) influences the chromatographic retention,

i.e., the lipophilic behavior and the determined biological parameters of the investigated compounds.

The PCA method could be used to group the studied compounds based on the influence of

the substituents on the lipophilic character of the whole molecule. Also, the results of the PCA

analysis applied on all the experimental and computed lipophilic parameters and on the biological

parameters show, as expected, that the best anti-inflammatory and antioxidant compounds are

correlated with medium values for the lipophilicity parameters (an optimum hydrophilic-lipophilic

balance). The knowledge of the grouping patterns of the tested variables offers the possibility to

reduce the number of determined parameters, needed for predicting biological activity.

Supplementary Materials: Supplementary materials can be accessed at: http://www.mdpi.com/1420-3049/
20/12/19841/s1.
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Abstract The objective of this study was to investigate

the anti-inflammatory and antioxidant activity of new

thiazolyl-carbonyl-thiosemicarbazides and thiazolyl-azole

derivatives as potential iNOS inhibitors. The in vivo anti-

inflammatory effects of the new thiazole compounds were

studied in a turpentine oil induced inflammation model.

Their anti-inflammatory activity was assessed by evaluat-

ing the acute phase bone marrow response, phagocytes’

activity, NO synthesis and antioxidant capacity. The new

thiazole compounds have anti-inflammatory effects by

lowering bone marrow acute phase response and oxida-

tive stress. The best anti-inflammatory and antioxidant

effect was found for thiazolyl-carbonyl-thiosemicarbazides

Th-1-8, thiazolyl-1,3,4-oxadiazole Th-20 and thiazolyl-

1,3,4-thiadiazole Th-21. Virtual screening of thiazole

derivatives against the oxygenase domain of chain A from

2Y37 revealed that all twenty-two compounds bind the

active site of inducible nitric oxide synthase (iNOS). Based

on the virtual screening and on the results obtained above,

the activity may be due to their capacity to reduce the NO

synthesis by blocking the bind of L-Arg in the active site of

iNOS, the compounds binding the synthase by hydrogen

bonds between the NH (2 and/or 4) of thiosemicarbazide

fragment (Th-2-8) or N2/N3 from azole cycles and by the

thiol function (Th-9-22).

Keywords Thiazole � Thiosemicarbazides �

Anti-inflammatory � Oxidative stress � Nitric oxide �

Virtual screening � iNOS

Introduction

The inflammatory response prepares the organism to act

against intruding agents. A large array of inflammatory

mediators induces local vascular and cellular changes and a

systemic acute phase response (SAPR) (Jain et al. 2011) or

immune phase, that comprises a series of events that lead to

migration of leukocytes to the inflammatory site. Upon

activation, phagocytes produce reactive oxygen interme-

diates (ROIs) and nitric oxide (NO) (Silva 2010). The

production of ROIs is kept to minimum by antioxidant

mechanisms (Palmieri and Sblendorio 2010; Wink et al.

2001). ROIs may combine with NO and form reactive

nitrogen intermediates (RNIs). Excessive production of

ROIs and RNIs can lead to oxidative stress. This occurs in

biological systems when there is an overproduction of

ROIs and/or there is a deficiency of antioxidants. The

excess ROIs induce cellular damage that can lead to

apoptosis or necrosis, can damage cellular lipids, proteins

and DNA. Assessment of oxidative stress and development

of disease-specific antioxidant therapies are based upon

mechanisms of specific disruption of redox processes

(Jones 2006; Espey et al. 2000; Valko et al. 2007).
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NO is produced by the nitric oxide synthase (NOS) from

L-arginine (L-Arg) in a reaction that requires molecular

oxygen and electrons. There are three isoforms of NOS:

neuronal NOS (nNOS or NOS1) and endothelial cell NOS

(eNOS or NOS3), both constitutively expressed, whereas

inducible NOS (iNOS or NOS2) is calcium independent

and induced by inflammatory cytokines such as TNF-a and

IFN-c. All three isoforms are multi-domain hemeproteins

consisting in a N-terminal oxygenase domain linked by a

CaM binding site to a C-terminal reductase domain (Daff

2010). The oxygenase domain of NOS contains the binding

sites for the substrate (L-Arg), the heme (iron protopor-

phyrin IX) and the redox cofactor (6R)-5,6,7,8-tetrahy-

drobiopterin (BH4).

The active sites of the three isoforms are almost iden-

tical, so the designing of new drugs capable to block or

inhibit only one of the three forms (especially iNOS) is a

major challenge for the medicinal chemists (Goodsell

2011). At all isoforms, the heme is buried in the active site

and forms Van der Waals interactions with aliphatic and

hydrophobic side chains. The BH4 cavity is located near

the dimer interface, but the cofactor is deeply buried in the

protein and inaccessible to the solvent (Gautier et al. 2004).

Crystallographic researches showed some small structural

differences between iNOS and constitutively expressed

synthases that can be exploited in order to develop very

specific drugs. The active site of mouse iNOS is smaller by

13 Å3 compared with nNOS, respectively, by 8.4 Å3

compared with eNOS (Fedorov et al. 2003). This small

difference appears because iNOS possesses a bulkier

Asn364 residue in the place of a Ser585 residue, both found

in eNOS and nNOS, that pushes the side wall (the b-strand

S15) deeper in the active site approaching Gly-365 residue,

closer to the heme (Fedorov et al. 2003; Li and Poulos

2005). In the structure of iNOS oxygenase domain, L-Arg

makes two hydrogen bonds with the two carboxy oxygens

of glutamic acid residue: Glu377 residue in human iNOS,

respectively Glu371 in murine iNOS (Crane et al. 1998).

Moreover, the Glu371 residue has been found to be critical

for L-Arg binding to murine iNOS (Gachhui et al. 1997).

L-Arg, the synthase substrate, binds the catalytic site of

iNOS with additional hydrogen bonds formed with Tyr367

residue and Asp376 residue, which is replaced by an

asparagine residue in eNOS (Crane et al. 2000).

Thiazole derivatives are found to be associated with

various biological activities such as anti-inflammatory

(Haviv et al. 1988), anticonvulsant (Ergenc and Capan

1994), antihypertensive (Patt et al. 1992), antimicrobial

(Tsuji and Ishikawa 1994; Wilson et al. 2001; Kumar et al.

1993a, b; Metzger 1984), anti-HIV (Bell et al. 1995),

including here the inhibition of iNOS (Ueda et al. 2004).

Heterocyclic compounds containing 1,3,4-oxadiazole,

1,3,4-thiadiazole or 1,3,4-triazole moiety serve both as

biomimetic and reactive pharmacophores and many are key

compounds in obtaining molecules with potential biologi-

cal activities (Boschelli et al. 1993; Amir and Shahani

1998; Rajak et al. 2007; Shiradkar et al. 2007; Joshi et al.

2008).

As a continuation of our research in this area (Oniga

et al. 1998; Simiti et al. 1995; Zaharia et al. 2010), and an

attempt to achieve new safe and potent compounds for

treatment of inflammatory diseases, we recently synthe-

sized new series of thiazole-carbonyl-thiosemicarbazides

and hybrid thiazolyl-1,3,4-oxadiazoles, thiazolyl-1,3,4-tri-

azoles and thiazolyl-1,3,4-triazoles, according to a previ-

ously described procedure (Tiperciuc et al. 2012). The aim

of this study was to evaluate in vivo the anti-inflammatory

activity of these new compounds, in terms of their effects

on phagocytosis, ROIs and NO production. In addition, a

docking study using a model of iNOS was performed in

order to rationalize the pharmacological results and to

investigate how the potential ligands interact with the

enzyme.

Materials and methods

Virtual screening of thiazole derivatives

The virtual screening of thiazole derivatives against a high-

resolution crystal structure (Varnek and Tropsha 2008) for

mouse iNOS (PDB ID: 2Y37, resolution: 2.60 Å) was done

with a free trial version of Molegro Virtual Docker 5.0,

2011 (MVD5) (Molegro ApS, Aarhus C, DK, http://

www.molegro.com) which uses the MolDock docking

algorithm (Storn and Price 1997, Thomsen and Christensen

2006). MolDock Score was chosen as scoring function

(Thomsen and Christensen 2006; Friesner et al. 2004).

Ligands were prepared with MarvinSketch 5.5.0.1, 2011

and prior to docking, the cavities prediction algorithm of

MVD5 was run against the oxygenase domain (chain A) of

synthase to detect the potential binding sites. The binding

site was set with the origin in the center of the major

detected cavity with a radius of 15 Å. MolDock Optimizer

was chosen as search algorithm and was set to perform 20

runs for each ligand (Thomsen and Christensen 2006).

Poses were constrained to detected cavity, the energy

minimization and the optimization of hydrogen bonds were

imposed as compulsory post-docking operations. Finally,

the clustering of poses was set to be made according to a

virtual screening procedure by imposing that only the top

ranked pose for each ligand to be returned as successful.

After the virtual screening was finished, the binding affinity

(BA) was subsequently used to predict the strongest ligands

(Thomsen and Christensen 2006).
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Chemicals

Sulfanilamide (SULF), N-(1-Naphthyl) ethylendiamine

dihydrochloride (NEDD), Vanadium (III) chloride (VCl3)

methanol, diethylether, xylenol orange [o-cresosulfonph-

thalein-3,3-bis(sodium methyliminodiacetate)], ortho

dianisidine dihydrochloride (3-30-dimethoxybenzidine),

ferrous ammonium sulfate, hydrogen peroxide (H2O2),

sulfuric acid, hydrochloride acid, glycerol, trichloroacetic

acid (TCA), trolox (6-hydroxy-2,5,7,8-tetramethylchro-

man-2-carboxylic acid), were purchased from Merck

(Darmstadt, Germany) and Sigma-Aldrich (Taufkirchen,

Germany). All chemicals were ultra pure grade, and type I

reagent grade deionized water was used.

Thiazole Compounds

Twenty-two thiazole derivatives with the structures shown in

Fig. 1: 4-alkyl/aryl-1-(2-aryl-4-methylthiazole-5-carbonyl)-

thiosemicarbazides (Th-1-8), 4-alkyl/aryl-3-(2-aryl-4-

methylthiazole-5-yl)-1H-1,2,4-triazole-5(4H)-thiones (Th-9-

17), 5-(2-aryl-4-methylthiazole-5-yl)-1,3,4-oxadiazole-2

(3H)-thiones (Th-18-20), and 5-(2-aryl-4-methylthiazole-5-

yl)-1,3,4-thiadiazole-2(3H)-thiones (Th-21-22), synthesized

according to a previous procedure (Tiperciuc et al. 2012),

were used in this study.

Animals

Experiments were carried out on male 200 ± 50 g Wistar

rats received from the breeding colony of University of

Medicine and Pharmacy Cluj Napoca. The animals were

kept in plastic cages in a 12-h light/dark cycle and main-

tained on standard rat laboratory chow and tap water

ad libitum. All procedures conformed to the European

Convention for the protection of vertebrate animals used

for experimental and other scientific purposes. The study

was approved by the Institutional Animal Ethical Com-

mittee of University of Medicine and Pharmacy Cluj-

Napoca. Rats were randomly allocated to one of 25 groups

(n = 8 per group): (i) a negative control group of healthy

rats without any treatment (C) (ii) an inflammation control

group (I), treated with 1 mL of vehicle saline 2 % car-

boxymethylcellulose solution (CMC); (iii) an inflammation

group, treated with Tenoxicam (T) (20 mg/kg b.w.,

equivalent to 0.05928 mmol/kg b.w.), as a reference

NSAID; (iv) 22 groups of inflammation (Th-1-22), treated

with the newly synthesized thiazole compounds. The test

Fig. 1 Structure of thiazolyl-

carbonyl-thisemicarbazides and

thiazolyl-azole compounds
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compounds were suspended in 1 mL CMC to a final con-

centration of 0.05928 mmol/kg b.w., to be injected

intraperitoneally.

Acute inflammation was induced by intramuscular

injection of 6 mL/kg b.w. turpentine oil (Plesca-Manea

et al. 2002). After 24 h, blood samples were collected into

tubes with EDTA for leukocytes count (WCC) and the

in vitro phagocytes test, and without anticoagulant for

serum tests. Samples were run immediately or stored at

-80 �C until analysis. Experiments were performed in

triplicate. After the experiment, the animals were sacrificed

by cervical dislocation.

Measurement of acute phase bone marrow response

The acute phase bone marrow response was measured by

WCC with an optical microscope (Olympus) on a Bürcker-

Türk counting-chamber, and by differential leukocyte

count, expressed as a percentage, on May-Gr}unwald-

Giemsa stained smears (Moldovan et al. 2011).

In vitro phagocytes test

In vitro phagocytes test was performed as previously

described (Moldovan et al. 2011; Hrabák et al. 2008) with

slight modifications. Blood samples were incubated in

siliconated tubes with E. coli suspension at 37 �C for

30 min and smears stained with May-Grunwald Giemsa

were observed at an optic microscope (Olympus). Phago-

cytic capacity was evaluated in terms of phagocytosis

index (PI) (% of phagocytic cells with at least one phag-

ocyted germ) and phagocytic activity (PA) (number of

germs phagocyted by 100 leukocytes).

Measurement of total oxidative status

Total oxidative status (TOS) of serum was measured using

a colorimetric method (Erel 2005). The assay is based on

the oxidation of ferrous ion to ferric ion in the presence of

various oxidant species in acidic medium and the mea-

surement of the ferric ion by xylenol orange. The assay is

calibrated with H2O2 and the results are expressed in lmol

H2O2 equiv./L.

Measurement of total antioxidant response

Measurement of serum total antioxidant response (TAR)

was performed using a colorimetric method (Erel 2004), in

which the hydroxyl radical is produced by Fenton reaction

and the rate of the process is monitored by following the

absorbance of colored dianisidyl radicals. Upon addition of

a serum sample, the oxidative reactions initiated by the

hydroxyl radicals present in the reaction medium are

suppressed by the antioxidant components of the serum,

preventing the color change and thereby providing an

effective measure of the total antioxidant capacity of the

serum. The assay is calibrated with Trolox, a water-soluble

derivative of vitamin E, and the results are expressed as

mmol Trolox equiv./L.

Measurement of oxidative stress index

Oxidative stress index (OSI) as the ratio of TOS and TAR

(Harma and Erel 2003) was calculated with the formula:

OSI (Arbitrary Unit) = TOS (lmol H2O2 equiv./L)/TAR

(mmol Trolox equiv./L).

Measurement of serum nitrites and nitrates

The serum samples were deproteinized by methanol/

diethylether (3/1, v/v) (sample: methanol/diethylether, 1:9,

v/v) (Ghasemi et al. 2007). The Griess reaction was used as

an indirect assay to determine the total nitrite and nitrate

(NOx) as an indicator of intracellular NO production. In

brief, 100 lL VCl3 (8 mg/mL) was added for the reduction

of nitrate to nitrite to 100 lL of supernatant and this was

followed by the addition of the Griess reagents, 50 lL

SULF (2 %) and 50 lL NEDD (0.1 %). After 30 min of

incubation at 37 �C, the absorbance was read at 540 nm.

Serum NOx level was expressed in nitrite/nitrate (lmol/L)

(Miranda et al. 2001).

Statistical analysis

All results were expressed as mean ± standard deviation

(SD) of three independent experiments. Statistical compar-

isons between the groups were made using one-way analysis

of variance (ANOVA) test. A value of p\ 0.05 was con-

sidered to be statistically significant. Pearson’s and Spear-

man’s correlation analyses were used to calculate statistical

relationships between parameters. Analysis was performed

using standard software (SPSS for Windows, version 16.0).

Results

Virtual screening of the thiazole derivatives against

mouse iNOS

Virtual screening of thiazole derivatives against the oxy-

genase domain of chain A from 2Y37 performed with

MVD5 revealed that all twenty-two compounds bind the

active site of synthase (Table 1; Fig. 2).

The re-rank scoring function of MVD5 was used to

increase the docking accuracy and to identify the highest

ranked pose for each thiazole derivative. Therefore,
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because re-rank scoring function is not calibrated in

chemical units and it does not take complex contributions

into consideration, the BA build-in model of MVD5 was

used subsequently to roughly estimate the strongest ligands

of iNOS as being Th-6 (BA = -57.4721 kcal/mol) and

Th-7 (BA = -49.0535 kcal/mol). All other thiazole

derivatives have a moderate BA for the synthase compar-

ing with Th-6 and Th-7 (Table 1).

From Fig. 2 it can be observed that all ligands bind in

the major cavity detected, corresponding to the active site

of the synthase, blocking the access of the substrate

(L-Arg) to the binding site of oxygenase domain.

Moreover, in Table 2 there are presented the most

important energetic interactions: the hydrogen bonds

established between the high-ranked poses and the target

macromolecule.

Table 1 Virtual screening results: docking and re-ranking scores with ligand efficiency (LE) after scoring (LE1) and re-ranking (LE3);

estimation of BA of synthase–ligand complex

Ligand MolDock score LE1a Re-rank score LE3b BA (kcal/mol)

Th-1 -170.314 -6.81256 -112.9430 -4.51771 -26.5515

Th-2 -173.069 -6.65650 -110.4740 -4.24902 -25.7833

Th-3 -170.366 -6.55255 -112.6820 -4.33391 -30.2230

Th-4 -136.529 -6.82645 -76.9715 -3.84858 -26.6469

Th-5 -138.686 -6.60408 -92.9335 -4.42541 -39.9672

Th-6 -135.474 -6.45115 -78.5821 -3.74201 -57.4721

Th-7 -150.278 -6.83082 -100.8800 -4.58547 -49.0535

Th-8 -150.899 -6.56081 -107.4220 -4.67054 -24.1512

Th-9 -173.008 -7.20866 -116.4800 -4.85334 -28.2735

Th-10 -174.563 -6.98253 -115.2830 -4.61131 -27.5967

Th-11 -173.700 -6.94798 -114.0980 -4.56394 -31.6084

Th-12 -134.771 -7.09320 -59.6017 -3.13693 -30.6296

Th-13 -132.320 -6.61602 -58.8486 -2.94243 -33.6308

Th-14 -130.806 -6.54032 -72.9158 -3.64579 -37.3478

Th-15 -144.350 -6.87380 -96.3147 -4.58641 -25.3617

Th-16 -147.447 -6.70212 -98.1764 -4.46256 -28.7951

Th-17 -146.396 -6.65438 -97.1527 -4.41603 -32.9367

Th-18 -132.529 -7.36274 -89.7746 -4.98748 -31.6848

Th-19 -132.343 -6.96542 -93.2967 -4.91035 -32.4708

Th-20 -129.810 -6.83213 -91.8006 -4.83161 -36.4724

Th-21 -117.039 -6.50219 -25.0671 -1.39262 -30.1832

Th-22 -115.858 -6.09780 -81.5966 -4.29456 -27.7077

LE1 MolDock score divided by heavy atoms count, LE3 re-rank score divided by heavy atoms count

Fig. 2 Docking results—a

general view with all ligands

deeply inserted in the active site

of iNOS. The active site of

iNOS is showed with the

electrostatic potential molecular

surface, the synthase is depicted

as thin sticks with secondary

structure drawn as cartoon

backbone, heme is drawn as

balls and sticks, meanwhile

ligands are figured as sticks
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Table 2 Detailed information about hydrogen bonds between ligands and the oxygenase domain of iNOS—chain A of 2Y37

Ligand Atom ID

of ligand

Interacting AA residue

of iNOS or cofactor

Energy donor Energy

(kcal/mol)

Bond length (Å)

Th-1 N/A N/A N/A N/A N/A

Th-2 15: O Tyr367 Target -2.5 2.84334

Th-3 15: O Tyr367 Target -2.5 2.99086

18: N Trp366 Ligand -0.61234 3.45872

Th-4 14: O Tyr367 Target -2.5 2.84636

15: N Glu371 Ligand -2.02805 2.87228

17: N Glu371 Ligand -1.28549 2.64489

Th-5 16: N 38: N Heme Ligand -2.5 2.85854

16: N 39: N Heme Ligand -0.466843 3.50663

18: N 40: N Heme Ligand -1.93632 3.21274

Th-6 16: N 38: N Heme Ligand -2.5 3.09042

16: N 40: N Heme Ligand -1.3651 3.32698

16: N 41: N Heme Ligand -2.5 2.94137

18: N 39: N Heme Ligand -2.5 2.92243

Th-7 15: N Glu371 Ligand -2.5 2.60008

13: N 12: O Heme Ligand -2.5 3.04752

17: N 12: O Heme Ligand -2.5 3.09750

17: N 5: O BH4 Ligand -1.95803 3.20839

Th-8 14: O Tyr367 Target -1.54228 3.29154

Th-9 17: S Trp366 Ligand -2.5 3.01602

Th-10 17: S Trp366 Ligand -2.5 2.60062

Th-11 17: S Trp366 Ligand -2.5 2.60012

Th-12 16: N Gly365 Target -0.848071 2.95178

17: S 40: N Heme Ligand -1.49754 3.30049

Th-13 16: N Gly365 Target -1.0382 2.90967

17: S 40: N Heme Ligand -2.5 3.09968

Th-14 16: N Gly365 Target -0.933556 3.07364

17: S 40: N Heme Ligand -2.38668 3.12266

Th-15 17: S Trp366 Ligand -2.5 2.65829

Th-16 17: S Trp366 Ligand -2.5 2.72144

17: S 39: N Heme Ligand -1.04099 3.39180

Th-17 17: S Trp366 Ligand -2.5 2.73772

17: S 39: N Heme Ligand -1.07232 3.38554

Th-18 16: N Gly365 Target -0.878546 3.09852

17: S 40: N Heme Ligand -1.14029 3.37194

Th-19 16: N Gly365 Target -0.939771 3.09926

17: S 40: N Heme Ligand -1.49078 3.30184

Th-20 16: N Gly365 Target -0.887684 3.16040

17: S 40: N Heme Ligand -1.49082 3.30184

Th-21 13: N Gln257 Target -2.5 2.84096

13: N Tyr341 Target -1.75112 3.24978

13: N Tyr367 Target -1.76437 2.51172

16: N Gln257 Target -2.5 2.66435

16: N Tyr341 Target 0.101867 2.28829

16: N Tyr367 Target -2.5 2.81539

17: S Tyr341 Ligand -0.731108 3.45378

17: S Asp376 Ligand -2.5 2.60005

Th-22 13: N Arg382 Target -1.79507 3.24099

16: N Arg382 Target -2.44411 2.59329
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Analyzing the binding mode shown in Table 2, it can be

observed that the strongest binder of synthase, Th-6, makes

four donor hydrogen bonds only with the heme, meanwhile

the next strong ligand, Th-7, binds preferentially the same

cofactor of iNOS (two donor hydrogen bonds) but also

interacts with the cofactor BH4 and with Glu371, a critical

residue for substrate binding of murine iNOS. From the

other six thiosemicarbazides, only Th-5 binds the heme,

meanwhile Th-1 does not interact at all with AA residues

from active site of iNOS by hydrogen bonds, but only

through electrostatic interactions (Fig. 3). Th-2-4 and Th-8

bind with Tyr367, another critical residue for substrate

binding of murine iNOS. In the same time, Th-3 makes an

additional hydrogen bond with a back-wall AA residue

with uncharged polar side chain (Trp366).

Six of the thiazolyl-1,2,4-triazole-thiones strongly bind

by a hydrogen bond a back-wall AA residue: Trp366 (Th-9-

11, Th-15-17), Th-16-17, making an additional weaker

hydrogen bond with the heme (Table 2). The N-methyl

substituted thiazolyl-1,2,4-triazole-thiones (Th-12-14)

make, each of them, hydrogen bonds with heme and Gly365,

a conservedAA residue at all NOSs, but closer to the heme at

iNOS comparatively with constitutive NOSs. The thiazolyl-

1,3,4-oxadiazole-thiones (Th-18-20)make similar hydrogen

bonds with iNOS as triazole derivatives Th-12-14.

The high-ranked poses of thiazolyl-1,3,4-thiadiazole-

thiones (Th-21-22) bind quite different from all ligands in

the active site of oxygenase domain. Th-21 strongly binds,

two critical AA residues for L-Arg binding of murine

iNOS: Tyr367 and Asp376. Supplementary, Th-21 binds

AA residues with two uncharged polar side chain, reported

as key residues in the design of selective murine iNOS

inhibitors: Gln257 (two hydrogen bonds) and Tyr341 (three

hydrogen bonds) (Table 2; Fig. 4). Th-22 makes two

strong hydrogen bonds with Arg382, reported also as key

residue in the design of selective murine iNOS inhibitors.

Effects of thiazole compounds on acute phase bone

marrow response

A series of new thiazolyl-carbonyl-thiosemicarbazides and

thiazolyl-azoles were tested for their ability to reduce the

cellular inflammatory response. Compared to the inflam-

mation group, 21 from a total of 22 compounds, reduced

WCC significantly (Table 3) (p\ 0.05), and only the

compound Th-4 had no significant effect (p = 0.1). In the

differential leukocytes count, it was found that substances

Th-1, Th-20-21 caused an important decrease of the

polymorphonuclear cells (PMN) percentage (p\ 0.01),

and substances Th-2-3, Th-5, Th-8-10, Th-18 and Th-22

just a small reduction (p\ 0.05). All the thiazole com-

pounds had a lower inhibitory effect than Tenoxicam on

both WCC and differential leukocyte count (p\ 0.01).

Effects of thiazole compounds on in vitro phagocytosis

test

All tested substances reduced significantly the phagocytic

capacity by decreasing PI and PA (Table 4) (p\ 0.001),

and these results were positively correlated with WCC

(r = 0.69–0.85). For the compounds that decreased PMN,

PI and PA were positively correlated with PMN reduction,

too (r = 0.72, r = 0.98). Compared to Tenoxicam, sub-

stances Th-5, Th-17, Th-18 and Th-20 had almost similar

inhibitory effects on PI (p[ 0.05), Th-6 and Th-21 caused

a stronger inhibition (p\ 0.01) and the rest of the com-

pounds had less inhibitory effects (p\ 0.01). Only one

compound, Th-19, was a more powerful inhibitor of PA

than Tenoxicam (p\ 0.001).

Effects of thiazole compounds on TOS

TOS measures all oxidized molecules. As shown in Fig. 5,

TOS was significantly decreased by all the tested com-

pounds (p\ 0.01). The inhibitory effects on TOS were

stronger than those of Tenoxicam (p\ 0.01), excepting for

compound Th-12 (p\ 0.05). ROIs reduction was posi-

tively correlated with the decrease of the phagocytic

capacity (PI, PA) (r = 0.76, r = 0.97).

Effects of thiazole compounds on total antioxidant

response

TAR measures all antioxidants and therefore can reflect the

oxidative status of the organism (Serefhanoglu et al. 2009).

In our study, we found that TAR level was significantly

increased by all the substances (Fig. 6) compared to the

inflammation group, and these effects were similar to that

of Tenoxicam (p[ 0.05).

Effects on oxidative stress index

Because oxidative stress is a matter of balance between

oxidants and anti-oxidants, we calculated OSI. In the

present study, OSI was significantly lower in the test

groups than inflammation group (Fig. 7). Compared to

Tenoxicam, three compounds (Th-12, Th-19-20) had

similar effects (Fig. 7), and the rest of the thiazole com-

pounds had a better inhibitory effect on OSI.

Effects of thiazole compounds on serum nitrites

and nitrates

Upon activation, phagocytes release important quantities of

NO with cytotoxic effects. Serum nitrites and nitrates

levels, the indirect test for NO synthesis, were significantly

reduced by eight thiazole compounds (Th-1, Th-4-5, Th-8,
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Th-18-21) (Table 4, p\ 0.001). Substances Th-2, Th-6,

Th-7, Th-17 and Th-22 had a lower inhibitory effect

(p\ 0.05) and the rest of the substances did not influence

NO synthesis (p[ 0.05). Compared to Tenoxicam, all the

substances had a lower inhibitory activity on NO synthesis

(p\ 0.01).

Fig. 3 The Th-1–iNOS

complex. a The electrostatic

interactions between Th-1 and

synthase presented as blue

spheres (positive charges) and

red spheres (negative charges).

b The electrostatic interactions

between Th-1 and synthase

presented as electrostatic

potential surface

Fig. 4 Binding mode of Th-21.

The synthase is depicted as thin

sticks with secondary structure

drawn as cartoon backbone,

heme is drawn as balls and

sticks, meanwhile ligands are

figured as sticks. The hydrogen

bonds are depicted as dashed

blue lines. In the left side of the

figure, there is a schematic

representation of ligand–protein

complex, meanwhile in the right

side the ligand is depicted more

realistic, inserted in the active

site of iNOS
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Discussion

In the inflammatory processes, the acute phase bone mar-

row response leads to leukocytosis with neutrophilia. Ini-

tially it reflects the increased release of leukocytes from the

storage pool and later the increased production by the bone

marrow.

In the groups treated with thiazole compounds, bone

marrow acute phase response was reduced by lowering

both WCC and PMN (Table 3). Because leukocytosis may

represent an acute phase marker analogous to C-reactive

protein (CRP) or the erythrocyte sedimentation rate (ESR)

(Asadollahi et al. 2010), these results revealed anti-

inflammatory effects for the tested compounds. Analyzing

the chemical structures of these compounds, it can be

observed that the thiazole-1,3,4-oxadiazole-thiones Th-18-

20 and the thiazole-1,3,4-triazole-thiones Th-21-22 had the

best influence on the acute phase bone marrow response

(Table 3).

Phagocytes are reported to play a crucial role in the

development of local inflammatory response (Apostolova

et al. 2011). Their function was evaluated using the in vitro

phagocytosis test (Hrabák et al. 2008; Strom et al. 2011).

The tested thiazole compounds inhibited phagocytes

activity and the effects were as important as those of

Tenoxicam. These effects represent one more mechanism

for the anti-inflammatory activity. The PI and PA were

highly correlated for the compounds Th-3, Th-11, Th-14,

Th-17, Th-20 and Th-21 (Table 4). Analyzing the chem-

ical structures, it can be observed that the substitution of

Table 3 Effect of thiazolyl-carbonyl-thiosemicarbazides and thiaz-

olyl-azoles on the acute medullar response

Compounda Leukocytes (no/mm3) Neutrophiles (%)

Control 4,952 ± 436 55 ± 8.30

Inflammation 13,528 ± 1,077.11 71 ± 3.50

Tenoxicam 2,344 ± 291.16 48 ± 2.90

Th-1 5,588 ± 455.33b 60 ± 4.09c

Th-2 6,543 ± 271.09b 61 ± 3.13d

Th-3 4,988 ± 132.96b 64 ± 3.86d

Th-4 12,219 ± 1,341.29 83 ± 4.13c

Th-5 11,633 ± 153.97b 60 ± 3.58d

Th-6 6,056 ± 862.38b 70 ± 2.95

Th-7 6,356 ± 66.48b 73 ± 4.02

Th-8 5,719 ± 104.15b 67 ± 0.97d

Th-9 9,000 ± 428.04b 67 ± 2.99d

Th-10 5,606 ± 153.97b 61 ± 3.43d

Th-11 11,138 ± 482.74b 86 ± 2.63

Th-12 8,456 ± 565.17b 79 ± 0.97

Th-13 10,172 ± 331.29b 81 ± 3.01

Th-14 10,172 ± 520.47b 75 ± 4.53

Th-15 9,983 ± 808.82b 77 ± 5.17

Th-16 9,225 ± 332.74b 77 ± 1.90

Th-17 10,148 ± 527.82 75 ± 5.17

Th-18 4,575 ± 805.78 64 ± 2.45d

Th-19 7,444 ± 1,172.05 73 ± 5.01

Th-20 4,838 ± 1,304.59 59 ± 5.67c

Th-21 3,000 ± 240.54 53 ± 2.12c

Th-22 5,813 ± 398.88 66 ± 0.84d

Each experiment was run three times, and the results are presented as

average values ± SD (n = 8)
a Detailed structures of the compounds are given in Fig. 1
b
p\ 0.05 versus inflammation group

c
p\ 0.01 versus inflammation group

d
p\ 0.01 versus Tenoxicam

Table 4 Effect of thiazolyl-carbonyl-thiosemicarbazides and thiaz-

olyl-azoles on in vitro phagocytosis test and on nitrite/nitrate levels

Compounda Phagocytosis test Nitrites/nitrates

(lmol/L)
PI (%)a PAa

Control 20.8 ± 4.87 24.4 ± 5.5 4.25 ± 1.03

Inflammation 51.2 ± 6.2 119 ± 8.49 70.99 ± 7.76

Tenoxicam 16.5 ± 3.16 16.5 ± 2.33 39.86 ± 4.75

Th-1 21.5 ± 4.63b 18.5 ± 1.77 50.48 ± 5.68d

Th-2 21.5 ± 2.78b 22.5 ± 2.78 51.83 ± 6.3e

Th-3 21.5 ± 0.93b 31 ± 1.85 52.84 ± 4.91

Th-4 22.5 ± 3.51b 29 ± 1.85 47.50 ± 2.75d

Th-5 19.5 ± 2.33 22.5 ± 0.89 47.02 ± 5d

Th-6 13 ± 3.21b 18 ± 1.51 50.59 ± 5.14e

Th-7 20.5 ± 0.93b 53.5 ± 3.51 54.36 ± 6.2e

Th-8 21.5 ± 0.93b 21 ± 1.07 48.79 ± 5.51d

Th-9 21 ± 4.01b 20.5 ± 0.93 65.48 ± 4.79

Th-10 20.5 ± 0.93b 23 ± 1.07 65.14 ± 5.31

Th-11 21 ± 1.07b 19.75 ± 2.43 66.80 ± 5.91

Th-12 22.5 ± 3.51b 20 ± 1.51 70.03 ± 5.37

Th-13 25.5 ± 2.78b 27.5 ± 0.93 75.45 ± 7

Th-14 28 ± 2.14b 23.5 ± 0.93 86.04

Th-15 24 ± 4.28b 29 ± 3.21 71.63 ± 5.86

Th-16 21.25 ± 1.04b 27 ± 1.07 63.09 ± 5.05

Th-17 15 ± 3.55 19.5 ± 0.93 60.48 ± 7.75e

Th-18 17 ± 1.85 56 ± 8.55 43.23 ± 3.97d

Th-19 20 ± 1.51b 13.5 ± 2.78c 45.20 ± 2.22d

Th-20 16 ± 3.02 20 ± 1.51 43.29 ± 5.03d

Th-21 14.5 ± 4.63b 23 ± 1.85 43.74 ± 6.2d

Th-22 35 ± 5.21b 23.5 ± 0.93 52.08 ± 6.09e

Each experiment was run three times, and the results are presented as

average values ± SD (n = 8)
a p\ 0.001 Th-1-22 versus inflammation group
b p\ 0.01 versus Tenoxicam
c p\ 0.001 versus Tenoxicam
d p\ 0.001 versus inflammation group
e p\ 0.05 versus inflammation group
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phenyl from position 2 of thiazole with a bromine atom in 4

had a good influence on the anti-inflammatory activity.

Activated phagocytes can generate large amounts of

highly toxic ROIs. In excess, ROIs may harm host tissue

through oxidative stress (Serefhanoglu et al. 2009; Paino

et al. 2005; Edeas 2011). When the generation of ROS

exceeds the counterbalance of antioxidant cellular mecha-

nism, it results in oxidative stress, finally leading to many

pathological outcomes (Edeas 2011). The increase in TOS

and diminished TAR were reversed by the treatments with

the thiazole compounds (Figs. 5, 6). Based on the results

obtained above, we hypothesized that the effects were

protective against oxidative stress due to their efficacy to

scavenge ROIs by the thiosemicarbazide moiety and by the

thiol function. The antioxidant activity may be due to their

capacity of metal chelating. Thus, the thiazole compounds

may inhibit free-radical formation and the consequent free

radical tissue damage (Horackova et al. 2000). Another

possible mechanism for TAR increase could be that the

radical-scavenging antioxidants were not consumed due to

the initial decrease of ROIs.

It has been suggested that OSI may reflect the state of

oxidative status more accurately than TOS or TAR alone

(Serefhanoglu et al. 2009). Most compounds were better

antioxidants than Tenoxicam (Fig. 7). The thiazolyl-car-

bonyl-thiosemicarbazides Th-1-8 had the best antioxidant

effect by the inhibition of TOS. By their cyclisation to the

thiazolyl-1,2,4-triazole-thione derivatives (Th-9-17), the

antioxidant potential decreases (Figs. 5–7). The antioxidant

activity is not significantly modified by the replacement of

triazole heterocycle with 1,3,4-oxadiazole (Th-18-20) or

with 1,3,4-thiadiazole ring (Th-21-22). Analyzing all the

tested compounds, it can be observed that the best

antioxidant compounds are represented by the thiazole

derivatives substituted in position 2 of thiazole ring with a

para-brom-phenyl substituent. This fact could be explained

by the strongest chemical interactions with the biological

substrate due to their electronegativity and electron with-

drawing inductive effects and to their lipophilic character.

When stimulated by inflammatory mediators, phago-

cytes not only displayed increased ROIs generation but

also manifested enhanced release of NO (Apostolova et al.

2011). When released in excess, it reacts with ROIs and the

resulting RNIs may be used as an oxidative stress marker,

too. This latter effect was abolished significantly by eight

of the new compounds (Th-1, Th-4-5, Th-8, Th-18-22)

(Table 4). Also, it can be observed that the best inhibitory

effect on the NO species is expressed by all the tested

Fig. 5 The effect of the thiazole compounds on TOS. After treatment

with 59.3 mmol/kg of Th-1-22, the TOS decreased significantly

compared with inflammation group; Each experiment was run three

times, and the results are presented as average values ± SD (n = 8);

p\ 0.01 versus inflammation group, p\ 0.05 versus Tenoxicam

group

Fig. 6 The effect of the thiazole compounds on TAR. The TAR

represent the total antioxidant response produced by the plasma

antioxidant, and the tested compounds. Each experiment was run

three times, and the results are presented as average values ± SD

(n = 8); p\ 0.001 versus inflammation group, p[ 0.05 versus

Tenoxicam group

Fig. 7 The effect of the thiazole compounds on OSI. OSI calculation

after the treatment with the new thiazole compounds revealed their

antioxidant activity. The results are presented as average val-

ues ± SD (n = 8); p\ 0.001 versus inflammation group, p\ 0.05

versus Tenoxicam
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thiazolyl-carbonyl-thiosemicarbazides, the thiazolyl-1,3,4-

oxadiazole-thiones Th-18-20 and the thiazolyl-1,3,4-thia-

diazole-thione Th-21.

Comparing the results of indirect test for NO synthesis

(Table 4) with the virtual screening (Table 1), it can be

observed that the thiazolyl-thiosemicarbazides Th-1, Th-4-

5 and Th-8, the thiazolyl-1,3,4-oxadiazole-thiones Th-18-

20 and the thiazolyl-1,3,4-thiadiazole-thione Th-21, who

significantly reduced the serum nitrites and nitrates,

showed a moderate BA for iNOS compared with the

strongest ligands, thiosemicarbazides Th-6-7. The lower

inhibitory effect of Th-6 and Th-7 could be explained

based on their binding mode. Their strong BA for the

heme, according to Table 2, suggests a non-selective

affinity for hemeproteins (oxygen transport proteins, per-

oxidases, cytochrome C oxidase, cytochromes, soluble

guanylyl cyclase, catalase), especially for those with larger

binding site, iNOS having a smaller active site than con-

stitutive NOSs. The significant inhibitory effect on the NO

species of the eight thiazole compounds could be explained

by the fact that the thiosemicarbazides Th-4, Th-8 and

thiazolyl-1,3,4-thiadiazole-thione Th-21 do not bind the

heme, the thiosemicarbazide Th-5 and thiazolyl-1,3,4-

oxadiazole-thiones Th-18-20 binding the heme weakly

comparative with Th-6 and Th-7 (Table 2).

The binding to the active site of iNOS is achieved by

hydrogen bonds with the participation of the N2 and/or N4

from the thiosemicarbazide fragment of Th-2-8 or the N2

of 1,2,4-triazole cycles, respectively, N3 of 1,3,4-

oxa(thia)diazole cycles, thiadiazole and/or thiol group of

Th-9-22 (Table 2).

Based on these findings, it is also reasonable to assume

that inhibition of iNOS expression is another possible

mechanism by which the compounds exert an anti-

inflammatory and antioxidative action. However, which

one of the possible mediators actually participates should

be resolved by future studies.

Overall, our results demonstrated that the new thiazole

compounds have anti-inflammatory effects by lowering

bone marrow acute phase response and oxidative stress.

Oxidative stress reduction is the consequence of associated

TOS and NOs decrease and TAR increase. The best anti-

inflammatory and antioxidant effect was found for the

thiazolyl-carbonyl-thiosemicarbazides Th-1-8, thiazolyl-

1,3,4-oxadiazole Th-20 and thiazolyl-1,3,4-thiadiazole

Th-21.

We believe that the evidence reported here can con-

tribute to a better general understanding of the cellular

mechanisms involved in the anti-inflammatory effects of

the new compounds. Further studies are needed in order to

make them promising candidates for therapeutic

applications.
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ABSTRACT. A set of twenty six thiazole derivatives, synthesized in our 
laboratory and measured for chromatographic retention was submitted to a 
QSPR study by auto-correlation analysis on the hypermolecule model. As 
predictor variables, mass fragments, Cluj indices and the HOMO energy, 
computed at the Hartree-Fock level of theory, are used. Several QSPR 
models were derived while the leave-one-out procedure was used to evaluate 
the predictive ability of the main model.  
 
Key words: thiazoles, hypermolecules, QSPR, topological descriptors 

 
 
 
INTRODUCTION 

 Quantitative structure-property relations (QSPR) have become a 
fundamental tool for property prediction in various scientific fields including 
chemistry, biology, pharmacology, and chemical engineering. Accordingly, 
relations between molecular structure and macroscopic quantities have been 
established in diverse areas ranging from thermophysics [1−7] carcinogenicity 
and toxicity, [8−10] and catalytic activity [11] up to combustion kinetic properties 
[12−15] and lubricity [16] of biofuels. Quantitative structure-activity relations 
(QSAR) are employed in drug design to identify molecules with high binding 
affinity to receptors in order to maximize biological activity.[17−20] A recent 
review about theory and applications of QSPR was provided by Katritzky et al. 
[21].  

Any QSPR and QSAR approach assumes that a macroscopic property 
of a chemical compound depends on the molecular structure, as described, 
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e.g. by the topological indices TIs, which are derived from the molecular 
topology or geometry. In the last years, thousands of TIs have been proposed 
and used in predicting various molecular properties. Among these, the Cluj 
indices play an important role [22], even we cannot hide a sentimental relation 
with them. They have been defined by Diudea at the end of the 2nd millennium 
[23,24], as shown below. 

A Cluj fragment pjiCJ ,,  collects vertices v lying closer to i than to j, the 

endpoints of a path p(i,j). Such a fragment collects the vertex proximities of 
i against any vertex j, joined by the path p, with the distances measured in 
the subgraph D(G-p), as shown in the following equation: 

 

 ),(),();( )()(,, vjDviDGVvvCJ pGpGpji     (1) 
 

In graphs containing rings, more than one path could join the pair (i, j), 
thus resulting more than one fragment related to i (with respect to j and a 
given path p). The entries in the Cluj matrix are taken, by definition, as the 
maximum cardinality among all such fragments: 

 

 pj,i,
p
CJmax

ji,
[UCJ]         (2) 

Indices Ie and Ip are calculated, from the Cluj topological matrices 
UCJe, and UCJp, respectively (see above), as half sum of matrix entries. In 
the above symbols, e refers to edge-calculated matrix while p refers to the 
path-calculated ones. 

The chromatographic behavior of a molecule reflects its interaction 
with two phases: a mobile phase (i.e., the eluent) and a stationary one. This 
interaction is a function of more than one factor, polarity, lipophylicity and the 
size of the molecule being included. Lipophilicity is related to the chromatographic 
behavior and controls the passive transport of a medicinal molecule through 
the cell membranes (of lipidic nature) [25]. 

 

AUTO-CORRELATION METHOD 

In order to achieve the QSPR, the structure is encoded in a numerical 
form. The arrangement of substituent groups, on the Thiazole derivatives herein 
discussed, can be accounted for by the hypermolecule HM concept [26], 
viewed as the union of the molecules forming the correlating space. In the 
construction of the hypermolecule, a property row-vector Pi is attached to 
each molecule i: 

 1 2
HM

; , , ...,
i ij
P P j n                                                               (3) 

where nHM is the number of vertices in the hypermolecule. The molecules of 
the set are superimposed according to their maximal common substructures. 
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This superposition is indicated by an associated vector Xi, in which the 
matching positions take Xi j  = 1 while for the non-matching ones Xi j  = 0.  

The molecules under study can be numerically described by using a 
global molecular descriptor ADi, calculated as a linear combination of the 
property descriptors PijXij, multiplied by the regression coefficients bj performed 
on the all or most important positions j in the hypermolecule HM: 

 

i j ij ij
j

AD b P X (4) 
 

The above ADi are called auto-correlation descriptors [27,28] and 
they are ad-hoc ones, depending on the chosen set of molecules.  

The general regression equations are of the form: 

1

=
m

i j ij
j

Y a b Z


  (5) 

where Yi is the dependent variable, Zij are the predictor variables, m < n, n 
being the number of structures in the set. 

The correlating algorithm followed the steps: 
1. generate the hypermolecule 
2. calculate the molecularl descriptors by using a chosen property Pi 
3. find the best regression equations 
4. test the predictive capability of the model 
In this paper, the property Pi was taken the mass fragment Mi while 

the correlated property was the measured chromatographic retention. 
 
STRUCTURAL DATA 

Statistics were done on the set of 26 thiazole derivatives illustrated in 
Table 1 (see also the experimental part). Numbering refers to the numbering of 
the hypermolecule, built up as the union of all molecules in the studied set. 
Cromatographic retention index is listed in Table 2, for each faze Fk, k=1 to 5. 
Details are given in the Experimental section. 
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Table 1. Structural formulas for the studied thiazoles 

 Formulas 
1 

N

S

C

CH3

O

NH NH2R
32 1

2 3

4

56

7

8
9

31

10
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16 15

Struct.                1        2           3 
R            H       CH3      Br 
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R

N

S

CH3

N N

O

SH32 1

2 3

4 7

56

8 9

31

10
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1516

30
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S
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 Formulas 
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N N

N

SH32 1
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Table 2. Chromatographic retention values Rf 

for the Thiazoles in five mobile fazes Fi 

i-propanol:water ratio 

45:55:00 50:50:00 55:45:00 60:40:00 65:35:00 Structure 

F1 F2 F3 F4 F5 

1 0.400 0.510 0.588 0.552 0.694 

2 0.352 0.482 0.529 0.576 0.670 

3 0.247 0.376 0.458 0.470 0.611 

4 0.658 0.729 0.723 0.764 0.835 

5 0.600 0.682 0.676 0.711 0.729 

6 0.576 0.670 0.658 0.694 0.729 

7 0.470 0.540 0.517 0.547 0.647 

8 0.410 0.470 0.482 0.470 0.576 

9 0.376 0.494 0.552 0.600 0.688 
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i-propanol:water ratio 

45:55:00 50:50:00 55:45:00 60:40:00 65:35:00 Structure 

F1 F2 F3 F4 F5 

10 0.305 0.435 0.505 0.541 0.647 

11 0.282 0.400 0.458 0.494 0.611 

12 0.529 0.635 0.670 0.705 0.788 

13 0.458 0.588 0.623 0.664 0.752 

14 0.388 0.517 0.564 0.611 0.717 

15 0.435 0.564 0.600 0.635 0.735 

16 0.376 0.505 0.541 0.588 0.705 

17 0.329 0.447 0.482 0.529 0.658 

18 0.317 0.447 0.482 0.517 0.647 

19 0.247 0.400 0.423 0.464 0.611 

20 0.153 0.305 0.294 0.435 0.435 

21 0.329 0.505 0.482 0.611 0.600 

22 0.247 0.447 0.435 0.552 0.553 

23 0.211 0.388 0.376 0.482 0.505 

24 0.258 0.435 0.429 0.552 0.494 

25 0.200 0.376 0.376 0.494 0.505 

26 0.152 0.317 0.305 0.670 0.458 

 

RESULTS AND DISCUSSION 

The local property Pij chosen here was the hydride fragment mass Mij 
(listed in Table 3, for each j-position of the hypermolecule). It will be used in the 
calculation of the auto-correlation property descriptor AD (see below). 
 

Table 3. Hydride fragment mass Mij, for each j-position of the hypermolecule 

     j |    1    2    3   4     5    6    7    8   9   10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26 

1  |  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12 

2  |  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12 

3  |  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12 

4  |  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12 

5  |  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12 
6  |  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12 

7  |  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12 

8  |  14  14  14  14  14  14  14  14  14  14  14  14  14  14  14  14  14  14  14  14  14  14  14  14  14  14 

9  |  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12 

10 |  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12 

11 |  32  32  32  32  32  32  32  32  32  32  32  32  32  32  32  32  32  32  32  32  32  32  32  32  32  32 

12 |  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12 

13 |  16  16  16  16  16  16  32  32  16  16  16  16  16  16  16  16  16  14  14  14  14  14  14  14  14  14 

14 |    0    0    0  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12 
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     j |    1    2    3    4    5    6    7    8    9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26 

15 |  14  14  14  14  14  14  14  14  14  14  14  14  14  14  14  14  14  14  14  14  14  14  14  14  14  14 

16 |  14  14  14  14  14  14  14  14  14  14  14  14  14  14  14  14  14  14  14  14  14  14  14  14  14  14 

17 |    0    0    0    0    0    0    0    0    0    0    0    0    0    0    0    0    0  12  12  12  12  12  12  12  12  12 

18 |    0    0    0    0    0    0    0    0    0    0    0    0    0    0    0    0    0  12  12  12    0    0    0  12  12  12 

19 |    0    0    0    0    0    0    0    0    0    0    0    0    0    0    0    0    0  12  12  12    0    0    0  12  12  12 

20 |    0    0    0    0    0    0    0    0    0    0    0    0    0    0    0    0    0  12  12  12    0    0    0    0    0    0 

21 |    0    0    0    0    0    0    0    0    0    0    0    0    0    0    0    0    0  12  12  12    0    0    0    0    0    0 

22 |    0    0    0    0    0    0    0    0    0    0    0    0    0    0    0    0    0  12  12  12    0    0    0    0    0    0 

23 |    0    0    0    0    0    0    0    0  14  14  14  14  14  14  14  14  14    0    0    0    0    0    0    0    0    0 

24 |    0    0    0    0    0    0    0    0  12  12  12  12  12  12  12  12  12    0    0    0    0    0    0    0    0    0 

25 |    0    0    0    0    0    0    0    0  12  12  12    0    0    0  12  12  12    0    0    0    0    0    0    0    0    0 

26 |    0    0    0    0    0    0    0    0  12  12  12    0    0    0  12  12  12    0    0    0    0    0    0    0    0    0 

27 |    0    0    0    0    0    0    0    0  12  12  12    0    0    0    0    0    0    0    0    0    0    0    0    0    0    0 

28 |    0    0    0    0    0    0    0    0  12  12  12    0    0    0    0    0    0    0    0    0    0    0    0    0    0    0 

29 |    0    0    0    0    0    0    0    0  12  12  12    0    0    0    0    0    0    0    0    0    0    0    0    0    0    0 

30 |    0    0    0  32  32  32  32  32  32  32  32  32  32  32  32  32  32  32  32  32  32  32  32  32  32  32 

31 |  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12  12 

32 |    0  12  80    0  12  80    0  12    0  12  80    0  12  80    0  12  80    0  12  80    0  12  80    0  12  80 

 
Topological Cluj descriptors were computed by TOPOCLUJ sofware 

and listed in Table 4 along with the number of atoms N in molecules and 
the energy of the highest occupied molecular orbital HOMO, computed on the 
optimized molecules, at the Hartree-Fock level of theory (see the experimental 
part).  

 
Table 4. Topological and energetic descriptors of the optimized molecules 

at the Hartree-Fock level of theory 

Molecule N Ie Ip HOMO (au) 

1 16 310 1400 -1778.65 

2 17 380 1800 -1817.691 

3 17 380 1800 -4347.955 

4 18 430 2500 -1588.141 

5 19 520 3000 -1627.187 

6 19 520 3000 -4157.45 

7 18 430 2500 -1665.028 

8 19 520 3000 -1704.068 

9 25 1100 7500 -1702.554 

10 26 1300 8600 -1741.595 

11 26 1300 8600 -4271.859 

12 20 570 3000 -1512.092 

13 21 670 3600 -1551.132 

14 21 670 3600 -4081.396 
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Molecule N Ie Ip HOMO (au) 

15 22 740 4200 -1588.973 

16 23 860 5000 -1628.013 

17 23 860 5000 -4158.278 

18 24 930 6700 -1492.878 

19 25 1100 7800 -1531.919 

20 25 1100 7800 -4062.183 

21 19 480 2900 -1815.518 

22 20 580 3500 -1854.559 

23 20 580 3500 -4234.319 

24 21 620 3900 -1891.562 

25 22 720 4600 -1930.602 

26 22 720 4600 -1058.682 

 

 The best QSPR model, without auto-correlation descriptors are 
listed in Table 5. The descriptors named by numbers represent the mass 
fragments in the given positions of the hypermolecule. Even the models are 
statistically significant, the number of predictor variables is too large for the 
set of 26 thiazole derivatives, according to [29]. By this reason, we calculated 
the auto-correlation descriptors AD, cf. [4] (see below). 
 
Table 5. Regressions without auto-correlation; the descriptors named by numbers 

represent the mass fragments in the given positions of the hypermolecule 
 

       F1 

Descriptors R
2
 Adjus. R

2
 St. Error F 

IE, 13, 17, 24, 25, 30, 32 0.957 0.940 0.033 56.592 
IE, IP, 13, 17, 25, 30, 32,HOMO 0.969 0.955 0.029 67.008 
IE, 13, 17, 24, 30, 32 0.941 0.922 0.037 50.464 
IE, IP, 13, 17, 25, 30, HOMO 0.954 0.936 0.034 53.425 

      F2 

IE, 13, 17, 24, 30, 32, HOMO 0.949 0.929 0.029 47.577 
IE, 13, 17, 24, 30, 32 0.943 0.926 0.030 52.806 
IP, 13, 17, 24, 30, 32 0.937 0.917 0.031 47.162 

      F3 

IE, 13, 17, 25, 30, 32, HOMO 0.947 0.926 0.030 45.614 
IE, 13, 17, 25, 30, 32 0.938 0.919 0.032 48.169 
IP, 13, 17, 25, 30, 32 0.932 0.911 0.033 43.432 

     F4 

IE, IP, 13, 17, 22, 25, 30, 32, HOMO 0.957 0.932 0.023 39.275 
IE, 13, 17, 22, 25, 30, 32, HOMO 0.913 0.872 0.031 22.359 
IE, 13, 17, 25, 30, 32, HOMO 0.913 0.879 0.031 27.044 

     F5 

IE, 13, 17, 22, 29, 30, 32 0.933 0.906 0.031 35.598 
IP, 13, 17, 22, 29, 30, 32 0.937 0.913 0.030 38.378 
IE, 13, 17, 22, 29, 30, HOMO 0.918 0.885 0.035 28.619 
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Table 6 lists the global auto-correlating descriptor AD(13, 17, 19, 24, 25, 30, 32) 

calculated cf (4) (on the positions 13, 17, 19, 24, 25, 30, 32 of the hypermolecule), 
the F1 values, observed and estimated, the corresponding residuals (i.e., the 
difference between the experimental and calculated F-values) for eq. (6) and 
the predicted leave-one-out F1,loo-values cf (7). 

 

   F1=0.575+AD(F1); n=26; R2=0.950; s=0.031; F=454.567           (6) 
F1,loo=0.002+0.994AD(F1)loo; n=25; R2=0.942; s=0.033; F=391.815  (7) 

 

 One can see a good predictive ability of the AD(F1)loo descriptors by 
the small drop of the correlation coefficient R2  in a monovariate regression 
(eqs. 6 and 7). The subscript numbers in ADi symbols represent the positions in 
hypermolecule and suggest these are responsible of the chromatographic 
retention. The large values of Fischer ratio F in (6) in comparison to the 
multivariate regressions listed in Table 5 suggest a higher level of (statistical) 
significance for the monovariate regression in comparison to that of multivariate 
ones. Table 7 lists the best modeld using the auto-correlating descriptors and 
some other molecular: Cluj indices and the energy of HOMO, for all the 5 
mobile phases Fi. One can see a similar chromatographic behavior in all the 
phases except F4, which is the worst one.  
 It is noteworthy the adjusted R2 speaks clearly that the additional 
variables (i.e., Cluj indices and HOMO) are not necessary, thus proving the 
utility of the auto-correlating descriptors.  
 

Table 6. Auto-correlating descriptors AD(13, 17, 19, 24, 25, 30, 32)   
in the learning (calcd) and predicting (loo) steps, respectively 

 

Molecule i ADi F1,obs F1,calcd. Residcalcd F1,loo 

1 -0.203 0.4 0.372 0.028 0.371 

2 -0.218 0.352 0.357 -0.005 0.357 

3 -0.305 0.247 0.270 -0.023 0.271 

4 0.075 0.658 0.651 0.007 0.648 

5 0.060 0.6 0.635 -0.035 0.645 

6 -0.027 0.576 0.548 0.028 0.544 

7 -0.128 0.47 0.448 0.022 0.446 

8 -0.143 0.41 0.432 -0.022 0.434 

9 -0.185 0.376 0.390 -0.014 0.39 

10 -0.201 0.305 0.374 -0.069 0.377 

11 -0.288 0.282 0.287 -0.005 0.288 

12 -0.078 0.529 0.498 0.031 0.495 

13 -0.093 0.458 0.482 -0.024 0.484 

14 -0.180 0.388 0.395 -0.007 0.395 

15 -0.185 0.435 0.390 0.045 0.388 

16 -0.201 0.376 0.374 0.002 0.374 
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Molecule i ADi F1,obs F1,calcd. Residcalcd F1,loo 

17 -0.288 0.329 0.287 0.042 0.285 

18 -0.315 0.317 0.260 0.057 0.257 

19 -0.330 0.247 0.245 0.002 0.245 

20 -0.417 0.153 0.158 -0.005 0.159 

21 -0.274 0.329 0.302 0.027 0.300 

22 -0.289 0.247 0.286 -0.039 0.288 

23 -0.376 0.211 0.199 0.012 0.198 

24 -0.315 0.258 0.260 -0.002 0.261 

25 -0.330 0.200 0.245 -0.045 0.248 

26 -0.417 0.152 0.158 -0.006 0.159 

 

Table 7. Regressions with auto-correlation descriptors 

F1 

Descriptors R
2
 Adjust. R

2
 St. Error F 

AD(13, 17, 19, 24, 25, 30, 32) 0.950 0.948 0.031 454.567 
IE, AD 0.952 0.948 0.031 228.094 
IE, IP, AD 0.952 0.946 0.031 146.168 
IE, AD, HOMO 0.952 0.946 0.031 146.705 
IE, IP, AD, HOMO 0.953 0.944 0.032 106.068 

F2 

AD(13, 17, 18, 24, 26, 30, 32) 0.944 0.942 0.026 403.468 
AD, HOMO 0.944 0.939 0.027 194.442 
IE, IP, AD 0.949 0.943 0.026 137.740 
IP, AD, HOMO 0.950 0.943 0.026 138.406 
IE, IP, AD, HOMO 0.950 0.940 0.027 99.095 

F3 

AD(13, 17, 24, 25, 30, 32) 0.940 0.937 0.028 372.732 
AD, HOMO 0.942 0.937 0.028 186.190 
IE, IP, AD 0.945 0.937 0.028 125.169 
IE, AD, HOMO 0.947 0.940 0.027 131.604 
IE, IP, AD, HOMO 0.947 0.937 0.028 94.370 

F4 

AD(13, 17, 22, 24, 25, 30, 32) 0.776 0.766 0.943 82.981 
IE, IP, AD 0.781 0.751 0.044 26.084 
AD, HOMO 0.805 0.788 0.041 47.424 
IP, AD, HOMO 0.809 0.783 0.041 31.037 
IE, IP, AD, HOMO 0.809 0.773 0.042 22.294 

F5 

AD(13, 17, 18, 22, 26, 29, 30, 32) 0.926 0.923 0.029 298.865 
AD, HOMO 0.926 0.919 0.029 143.519 
IE, AD, HOMO 0.926 0.916 0.030 92.332 
IE, IP, AD 0.929 0.919 0.029 95.325 
IE, IP, AD, HOMO 0.929 0.915 0.030 68.276 
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EXPERIMENTAL 

Twenty six thiazole derivatives (thiazolyl-carbonyl-thiosemicarbazides 
and hybrid thiazolyl-1,3,4-oxadiazoles, thiazolyl-1,3,4-triazoles, and thiazolyl-
1,3,4-triazoles - Table 1), synthesized in our laboratory, according to a previously 
described procedure [30,31], were investigated for chromatographic behavior. 
Chromatography was performed on 20 X 20 cm RP-18F254s TLC precoated 
silica plates (Merck; Darmstadt, Germany). Solutions (1 mg mL-1) of the tested 

compounds were prepared in iso-propanol, and 3 l in duplicate were spotted 
on the plates by hand, 10 mm from the bottom edge and 20 mm apart. The 
mobile phases were composed of the iso-propanol-water binary mixtures, with 
a varying content of organic modifier between 45-65% (v/v) in 5% increments, 
as the study compounds differed considerably in their retention. Chromatography 
was performed in a normal developing chamber at room temperature, the 
developing distance being 10 cm. The chromatography chamber was saturated 
with the mobile phase for 30 minutes before use. After the development 
(30-60 minutes), the plates were air dried at room temperature and examined 

under UV lamp (= 254 nm) and the Rf (retardation factor) values were measured 
manually by a digital caliper. The experiments were made in triplicate. All 
components of the mobile phases used were of the analytical grade of purity. 
Table 2 lists the data for each faze Fk, k=1 to 5. The results were addressed to 
statistical correlational analysis. 

Topological indices were computed by the TOPOCLUJ [32] software 
while the HOMO energy was computed by single point on the optimized 
molecules at the Hartree-Fock HF/6-31G(d,p) level of theory. 
 
CONCLUSIONS 

A set of twenty six thiazole derivatives, synthesized in the laboratory of 
Faculty of Pharmacy, “Iuliu Hatieganu” University of Medicine and Pharmacy, 
and measured for chromatographic retention was submitted to a QSPR study by 
auto-correlation analysis within the hypermolecule model. As predictor variables, 
mass fragments, Cluj indices and the HOMO energy, computed at the Hartree-
Fock level of theory, have been used. Several QSPR models were derived while 
the leave-one-out procedure was used to prove the predictive ability of the main 
model. The auto-correlation descriptors behaved statistically better than the 
normal descriptors, according to the parameters of regression equations.  
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A series of new 1,3,4-oxadiazole/thiadiazole and 1,2,4-triazole derivatives have been synthesized starting
from 2-aryl-4-methylthiazol-5-carbohydrazides and isonicotinic acid hydrazide. All the newly synthesized
compounds were characterized by IR, 1H NMR, 13C NMR, and mass spectrometry. The synthesized
compounds were screened for their antibacterial and antifungal activity, assessed as growth inhibition
diameter. Some of them showed good antibacterial activity against gram positive Staphylococcus aureus,
while the antibacterial activity against Listeria monocytogenes, Escherichia coli, and Salmonella typhymurium
and antifungal activity against Candida albicans was modest. None of the tested compounds showed inhibitory
activity against gram positive bacteria Enterococcus faecalis and Bacillus cereus and against gram negative
bacteria Pseudomonas aeruginosa.

J. Heterocyclic Chem., 49, 1407 (2012).

INTRODUCTION

The problem of multidrug resistant microorganisms has

reached an alarming level around the world in the past

decades, and represents a challenge for the development

of new antimicrobial agents, with novel mechanisms and

a broadened spectrum of activity. In the past years, some

azole derivatives were developed as new antimicrobial

agents, for instance, Linezolid and Eperezolid are currently

used for the treatment of multidrug-resistant gram positive

© 2012 HeteroCorporation



infections [1–3]. There is some important antifungal drugs

containing thiazole or 1,2,4-triazole ring in their structures,

such as Ravuconazole, Fluconazole, Voriconazole, and

Itraconazole, [4]. Also, thiazole derivatives are found to

be associated with various biological activities such as

antibacterial [5], antifungal [6], antiinflammatory [7], anti-

hypertensive [8], anti-HIV [9], antitumor [10–13], antifilar-

ial [12, 13], anticonvulsant [14], herbicidal, insecticidal,

schistosomicidal, and anthelmintic [15]. Heterocyclic

compounds containing 1,3,4-oxadiazole, 1,3,4-thiadiazole

or 1,2,4-triazole moiety present a wide spectrum of biological

activities such as antimicrobial, antiviral, anti-inflammatory,

and antitumoral [16–21]. Acid hydrazides were documented

as important compounds, due to their high reactivity in hetero-

cycles synthesis, as key starting materials for 1,2,4-triazole,

1,3,4-oxadiazole or 1,3,4-thiadiazole synthesis [22, 23].

In view of the wide interest in the biological activity of

these compounds and as a continuation of our research in

this area [24–26], our aim was to synthesize new isolated

heterocyclic systems, as antimicrobial agents, that com-

prise both the thiazole/pyridine and the 1,2,4-triazole,

1,3,4-oxadiazole or 1,3,4-thiadiazole rings, using 2-aryl-

4-methylthiazol-5-carbohydrazides and isonicotinic acid

hydrazide as starting materials. The compounds were

designed to investigate the effect of such structural varia-

tion on the anticipated antimicrobial activities.

RESULTS AND DISCUSSION

Chemistry. The reaction sequences used for the synthesis of

target compounds are shown in Schemes 1–3. The structures

of the newly synthesized compounds were confirmed by

analytical and spectral data (IR, 1HNMR, 13CNMR, andMS).

The key intermediates 2-aryl-4-methylthiazol-5-carbo-

hydrazides 1a–c (X H, CH3, and Br) were prepared by

the reaction of ethyl-2-aryl-4-methylthiazol-5-carboxylates

(A–C) with hydrazine hydrate in absolute ethanol, according

to the literature [27] (Scheme 1).

The 1,3,4-oxadiazole derivatives 2a–d were obtained in

good yield, by the reaction of the carbohydrazides 1a–c

and isonicotinic acid hydrazide 1d with CS2 and KOH in

Scheme 2

Scheme 1
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refluxing ethanol, followed by hydrochloric acid work up.

Reaction of 1a–b, respectively, 1d with CS2 and KOH in

absolute ethanol below 10°C resulted in the formation of

potassium dithiocarbazates 3a–c. Dehydrative cyclization

of compounds 3a–c using sulfuric acid at room temperature

yielded the 1,3,4-thiadiazoles 4a–c (Scheme 2).

4-Alkyl/aryl-1-(2-aryl-4-methylthiazol-5-carbonyl)-thiose-

micarbazides 5a–i and 4-alkyl/aryl-1-(pyridin-4-carbonyl)-

thiosemicarbazide 5j–l were obtained from hydrazides 1a–d

and the corresponding alkyl/arylisothiocyanates. The thiose-

micarbazides 5a–l, on heating with NaOH 2 N in ethanol,

underwent cyclization through dehydration to afford 4-

alkyl/aryl-3-(2-aryl-4-methylthiazol-5-yl)-1H-1,2,4-triazol-5

(4H)-thiones 6a–i and 4-alkyl/aryl-3-(pyridin-4-yl)-1H-

1,2,4-triazol-5(4H)-thiones 6j–l (Scheme 3), respectively.

IR spectra of thiosemicarbazides 5a–l displayed absorp-

tion peaks at 3115–3308 cm−1 for NH, 1650–1682 cm−1

for C O, and 1214–1265 cm−1 corresponding to C S

stretching vibrations. 1H NMR spectra showed the three

signals for the CONH, CSNH, and NH protons, as singlets

at 10–10.3, 9.3–9.85, and 8.1–8.8 ppm, respectively,

confirming the formation of thiosemicarbazide.

IR spectra of 2a–d, 4a–c, and 6a–l exhibited NH bands

in 3448–3463, 3438–3400, and 3070–3187 cm−1, respectively.

The absorption bands at 1597–1616, 1541–1599, and

1538–1614 cm−1 are due to the presence of C N stretch

of the oxadiazole, thiadiazole, and triazole ring system,

respectively. The absence of the C O absorption in 2a–d,

4a–c, and 6a–l provided strong evidences for the formation

of the new products. Also, the presence of bands for the

C S group in the 1232–1275, 1242–1258, and 1214–1286

cm−1 proved that the compounds were in thione form in the

solid state. In the 1H NMR spectra of 1a–c, the NH proton

appeared in the 9.56–9.72 ppm region, whereas in

compounds 2a–d, 3a–c, and 6a–l, the NH signal was shifted

to 14.1–14.4 ppm, indicating the thiol–thione tautomerism in

solution. In the 13C NMR spectra of 2a–d, 3a–c, and 6a–l,

the C S gave a peak at 169.9–172.9, 182.9–183.6,

168.6–171.4 ppm, respectively, indicating that the

crystal structures of the compounds correspond to the thione

form. The mass spectra of the prepared compounds showed

the correct molecular ions (M+ or M + 1) as suggested by

their molecular formulas.

Antibacterial and antifungal activity. The newly synthesized

compounds were tested for their antimicrobial activity, at a

concentration of 10 mg/mL, against four gram positive

bacterial strains: Staphylococcus aureus (ATCC 49444),

Enterococcus faecalis (ATCC 29211), Bacillus cereus

(ATCC 11778), Listeria monocytogenes (ATCC 13076);

three gram negative bacterial strains: Escherichia coli

(ATCC 25922), Salmonella typhymurium (ATCC

14028), Pseudomonas aeruginosa (ATCC 27853); and

one fungal strain: Candida albicans (ATCC 10231), by

the cup-plate agar diffusion method [28]. Each

microorganism was suspended in Mueller Hinton (MH)

broth and diluted approximately to 106 colony forming

unit (cfu)/mL. They were “flood inoculated” onto the

surface of MH agar and MH dextroxe agar (MDA) and

then dried. For C. albicans, MDA was used. Six

millimeter diameter wells were cut from the agar using a

sterile cork-borer, and 10 μL of each compound solution

were delivered into the wells. The plates were incubated

at 37°C, and the diameters of the growth inhibition zones

were measured after 24 h in case of bacteria and after 48

h in case of C. albicans. Stock solution of each

compound (10 mg/mL) was prepared in dimethyl

sulfoxide (DMSO; Merck, Germany). Gentamicin (10 μg per

well) and Fluconazole (25 μg per well) were used as standard

drugs. The controls were performed with only sterile broth

and with only overnight culture and 10 μL of DMSO.

Results were obtained in duplicate. The results of the

antimicrobial screening are summarized in Table 1.

All the tested compounds were inactives against E. faecalis,

B. cereus, and P. aeruginosa. Some of the compounds are ac-

tive and showed moderate-to-good activity against S. aureus:

thiazolyl-1,3,4-oxadiazoles 2a–c, potassium dithiocarbazates

3a–c, thiazolyl-1,3,4-tiadiazoles 4a–b, and thiazolyl-thiosemi-

carbazides 5a–d and 5g–h. As it can be seen in Table 1,

Scheme 3
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oxadiazole derivatives 2a–c were more active than the

thiadiazole derivatives 4a–b. The most active compound

was 2c with a 4-bromophenyl group in position 2 of the

thiazole ring, the inhibitory activity being more powerful

than that of Gentamicin (10 μg per well), used as standard

drug. All the synthesized compounds were slightly sensitive

against gram positive B. cereus and L. monocytogenes and

gram negative bacteria E. coli. The antifungal screening data

reveal that most of the new compounds are inactive, only

six compounds displayed weak inhibitory activity against

C. albicans: acid hydrazides 1a, 1b, potassium dithiocarba-

zates 3a, 3c, and thiazolyl-thiosemicarbazides 5e, 5f.

In conclusion, a series of new thiazolo/pyridin-1,3,4-oxadia-

zole, thiazolo/pyridin-1,3,4-thiadiazole, and thiazolo/pyridin-

1,2,4-triazole derivatives have been synthesized starting from

2-aryl-4-methylthiazol-5-carbohydrazides and isonicotinic acid

hydrazide and evaluated for their antibacterial and antifungal

activity against various gram positive, gram negative bacteria,

and C. albicans.

EXPERIMENTAL

Reagents were commercial grade and were used as supplied.

Thin layer chromatography was used to analyze the reaction

progress and purity of the synthesized compounds and was

carried out on precoated Silica Gel 60F254 sheets using heptan–

ethyl acetate 1:1 system and ultraviolet light for visualization.

Melting points were determined in open glass capillary method

with an electrothermal melting point meter and were uncorrected.

IR spectra were obtained in KBr disks on a Nicolet 210 FT-IR

spectrometer. The 1H NMR spectra were recorded at room

temperature on a Bruker Avance NMR spectrometer (500 MHz)

using TMS as internal standard. The samples were prepared by

dissolving the compounds in DMSO-d6 (δH = 2.51ppm) as

solvent and the spectra were recorded using a single excitation

pulse of 12 μs. 13C NMR spectra were recorded on Bruker

spectrometer (125 MHz) in DMSO-d6. Mass spectra were

recorded by Agilent 1100, type SL spectrometer (positive ionization)

and with a Varian MAT CH-5 spectrometer (70 eV). Elemental

analysis was registered with a Vario El CHNS instrument, results

were found to be in good agreement (±0.4%) with the calculated

Table 1

Antimicrobial activity of the synthesized compounds.a

Gram positive bacteria Gram negative bacteria
Fungi

Compound S. aureus L. monocytogenes E. coli S. typhymurium C. albicans

1a ‐ 5 4 5 10

1b ‐ 4 4 4 12

1c ‐ 4 4 4 ‐

2a 16 3 4 ‐ ‐

2b 20 3 3 ‐ ‐

2c 22 4 4 ‐ ‐

3a 15 3 4 ‐ 6

3b 15 3 4 ‐ ‐

3c 20 ‐ ‐ ‐ 9

4a 7 ‐ 3 ‐ ‐

4b 15 3 4 ‐ ‐

5a 7 3 4 ‐ ‐

5b 10 3 4 ‐ ‐

5c 9 3 3 ‐ ‐

5d 6 3 4 ‐ ‐

5e ‐ 3 4 ‐ 15

5f ‐ 3 4 ‐ 10

5g 6 3 4 ‐ ‐

5h 6 ‐ 4 ‐ ‐

5i 4 ‐ 4 ‐ ‐

6a 4 ‐ 4 ‐ ‐

6b ‐ ‐ 4 ‐ ‐

6c ‐ ‐ 4 ‐ ‐

6d ‐ ‐ 4 ‐ ‐

6e ‐ ‐ 4 ‐ ‐

6f ‐ ‐ 4 ‐ ‐

6g ‐ ‐ 4 ‐ ‐

6h ‐ ‐ 4 ‐ ‐

6i 4 ‐ 4 ‐ ‐

Gentamicin 19 18 22 18 ‐

Fluconazole ‐ ‐ ‐ ‐ 25

Gentamycin (10 μg per well) and Fluconazole (25 μg per well) were used as standard drugs.
‐ Indicates the compound has no activity.
aZones of inhibition in millimeter.
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values. The hydrazides 1a–c were already published [27], but they

were characterized only by elemental analysis and melting points.

2-Aryl-4-methylthiazol-5-carbohydrazides (1a–c) [27]. To a

solution of ethyl 2-aryl-2-methylthiazol-5-carboxylates A–C (58.7

mmol) in absolute ethanol (100 mL), hydrazine hydrate (5.87 g,

117.4 mmol) was added and the resulting mixture was heated to

100°C for 4 h. The mixture was concentrated under reduced

pressure. Water was added to the residue and the resulting solid was

filtered, washed with water, and recrystallized from ethanol to give

compounds 1a–c, as white crystals.

4-Methyl-2-phenylthiazol-5-carbohydrazide (1a). Yield 13 g,

55.8 mmol, (95%), mp 168–169°C [27]; IR (KBr): ν 1620 (C N),

1670 (C O) cm−1; 1H NMR (DMSO-d6): δ 2.77 (s, 3H, CH3), 4.21

(s, 2H, NH2), 7.46–7.96 (m, 5H, Ar H), 9.72 (s, 1H, NH) ppm; MS:

m/z (%) 233 (M+, 100). Anal. Calcd. for C11H11N3OS: C, 56.63; H,

4.75; N, 18.01; S, 13.74. Found: C, 56.59; H, 4.77; N, 17.94; S,

13.67.

4-Methyl-2-p-tolylthiazol-5-carbohydrazide (1b).Yield 13.63g,

55.18 mmol, (94%), mp 186–187°C (Ref. [27] 182–183°C); IR

(KBr): ν 1625 (C N), 1675 (C O) cm−1; 1H NMR (DMSO-d6): δ

2.36 (s, 3H, CH3), 2.59 (s, 3H, CH3), 4.64 (s, 2H, NH2), 7.32–7.83

(m, 4H, Ar H), 9.56 (s, 1H, NH) ppm; MS: m/z (%) 247 (M+, 100).

Anal. Calcd. for C12H13N3OS: C, 58.28; H, 5.30; N, 16.99; S,

12.97. Found: C, 58.21; H, 5.33; N, 16.92; S, 12.95.

2-(4-Bromophenyl)-4-methylthiazol-5-carbohydrazide (1c).

Yield 16.85g, 54 mmol, (92%), mp 218–219°C (Ref. [27] 215–216°

C; IR (KBr): ν 1615 (C N), 1677 (C O) cm−1; 1H NMR (DMSO-d6):

δ 2.7 (s, 3H, CH3), 4.13 (s, 2H, NH2), 7.68–7.73 (m, 4H, Ar H), 9.67

(s, 1H, NH) ppm; MS: m/z (%) 312 (M+, 100). Anal. Calcd. for

C11H10BrN3OS: C, 42.32; H, 3.23; N, 13.46; S, 10.27. Found: C,

42.35; H, 3.28; N, 13.41; S, 10.22.

5-(2-Aryl-4-methylthiazol-5-yl)-1,3,4-oxadiazol-2(3H)-thione

(2a–c); 5-(pyridin-4-yl)-1,3,4-oxadiazol-2(3H)-thione (2d). To a

solution of 1a–d (10 mmol) in absolute ethanol (100 mL), carbon

disulfide (20 mmol) and potassium hydroxide (12.5 mmol) were

added and the resulting solution was heated to reflux for 24 h.

The reaction mixture was concentrated and the residue was

dissolved in water and acidified with diluted hydrochloric acid.

The resulting solid was filtered, dried, and recrystallized from

ethanol to afford compounds 2a–d as yellow solids.

5-(4-Methyl-2-phenylthiazol-5-yl)-1,3,4-oxadiazol-2(3H)-

thione (2a). Yield 2.13 g, 7.73 mmol, (77.3%), mp 243–244°C;

IR (KBr): ν 1155 (C O C), 1271 (C S), 1612 (C N), 3448 (NH)

cm−1; 1H NMR (DMSO-d6): δ 2.48 (s, 3H, CH3), 7.54–8.0 (m,

5H, Ar H), 14.17 (s, 1H, NH) ppm; 13C NMR (DMSO-d6): δ

17.01 (CH3), 115.8 (CH), 126.17 (CH), 129.71 (CH), 132.3 (C),

134.7 (C), 144.5 (C), 156.9 (C), 167.5 (C), 169.9 (C S) ppm;

MS: m/z (%) 276 (M + 1, 100). Anal. Calcd. for C12H9N3OS2:

C, 52.34; H, 3.29; N, 15.26; S, 23.29. Found: C, 52.32; H,

3.26; N, 15.24; S, 23.26.

5-(4-Methyl-2-p-tolylthiazol-5-yl)-1,3,4-oxadiazol-2(3H)-thione

(2b). Yield 2.46 g, 8.52 mmol, (85.2%), mp 247–248°C; IR (KBr): ν

1158 (C O C), 1267 (C S), 1596 (C N), 3463 (NH) cm−1; 1H NMR

(DMSO-d6): δ 2.37 (s, 3H, CH3), 2.43 (s, 3H, CH3), 7.3–7.8 (m,

4H, Ar H), 14.26 (s, 1H, NH) ppm; 13C NMR (DMSO-d6): δ 16.9

(Th CH3), 21.38 (Ar CH3), 117.4 (CH), 126.5 (CH), 129.7 (C),

131.6 (C), 141.5 (C), 144.3 (C), 156.9 (C), 167.5 (C), 172.9 (C S)

ppm; MS: m/z (%) 290 (M + 1, 100). Anal. Calcd. for

C13H11N3OS2: C, 53.96; H, 3.83; N, 14.52; S, 22.16. Found: C,

53.93; H, 3.81; N, 14.49; S, 22.15.

5-(2-(4-Bromophenyl)-4-methylthiazol-5-yl)-1,3,4-oxadiazol-2

(3H)-thione (2c).Yield 2.99 g, 8.45mmol, (84.5%), mp 255–257°C;

IR (KBr): ν 1156 (C O C), 1275 (C S), 1608 (C N), 3452 (NH) cm−1;
1HNMR (DMSO-d6): δ 2.68 (s, 3H, CH3), 7.73–7.96 (m, 4H, Ar H),

14.93 (s, 1H, NH) ppm; 13CNMR (DMSO-d6): δ 17.63 (CH3), 114.3

(C), 125.45 (CH), 128.89 (CH), 131.42 (C), 132.9 (C), 156.2 (C),

156.9 (C), 167.2.5 (C), 183.9 (C S) ppm; MS: m/z (%) 354 (M + 1,

100). Anal. Calcd. for C12H8BrN3OS2: C, 40.69; H, 2.28; N,

11.86; S, 18.1. Found: C, 40.68; H, 2.27; N, 11.83; S, 18.02.

5-(Pyridin-4-yl)-1,3,4-oxadiazol-2(3H)-thione (2d) [29]. Yield

1.46 g, 7.49 mmol, (75% ); mp 264–265°C; IR (KBr): ν 1232

(C S), 1352 (C O C), 1616 (C N), 3450 (NH) cm−1; 1H NMR

(DMSO-d6): δ 7.63 (dd, 2H, J = 5, 3-Py), 8.76 (dd, 2H, J = 5, 2–

Py), 14.73 (s, 1H, NH) ppm; 13C NMR (DMSO-d6): δ 121.9

(2CH), 139.8 (C), 149.1 (C), 150.1 (2CH), 182.7 (C S) ppm; MS:

m/z (%) 179 (M+, 20). Anal. Calcd. for C7H5N3OS: C, 46.92; H,

2.81; N, 23.45; S, 17.89. Found: C, 46.78; H, 2.70; N, 23.25; S,

17.76.

Potassium 2-(2-aryl-4-methylthiazol-5-carbonyl)-

hydrazinecarbodithioate (3a–c). To a solution of 1a–b and 1d

(20 mmol) in 40 mL ethanol refrigerated below 10°C, a solution

of 1.68 g potassium hydroxide (30 mmol) in 60 mL ethanol and

3.04 g carbon disulfide (30 mmol) were added and the reaction

mixture was refrigerated 3 h. The resulting solid was filtered,

washed with ether, and dried to afford compounds 3a–c as

yellow–orange solids.

Potassium 2-(4-methyl-2-phenylthiazol-5-carbonyl)-

hydrazinecarbodithioate (3a). Yield 4.6 g, 13.3 mmol, (66.5%);

IR (KBr): ν 3444, 3228 (2NH), 1647 (C O) cm−1.

Potassium 2-(4-methyl-2-p-tolylthiazol-5-carbonyl)-

hydrazinecarbodithioate (3b). Yield 6.6 g, 18.28 mmol, (91.4%);

IR (KBr): ν 3443, 3223 (2NH), 1652 (C O) cm−1.

Potassium pyridin-4-carbonyl-hydrazinecarbodithioate

(3c). Yield 3.91 g, 15.57 mmol, (78%); IR (KBr): ν 3370, 3309

(2NH), 1675 (C O) cm−1.

5-(2-Aryl-4-methylthiazol-5-yl)-1,3,4-tiadiazol-2(3H)-thione

(4a–b); 5-(pyridin-4-yl)-1,3,4-thiadiazol-2(3H)-thione (4c).

Potassium hydrazinecarbodithioates 3a–c (10 mmol) were added

portion wise to 98% sulfuric acid (25 mL) and the resulted clear

solution was stirred at room temperature for 24 h. The mixture was

cautiously added to crushed ice, stirred for 1h, refrigerated for 4 h,

and the separated precipitate was filtered, washed with water, and

dried and crystallized from ethanol to afford compounds 4a–c, as

yellow solids.

5-(4-Methyl-2-phenylthiazol-5-yl)-1,3,4-tiadiazol-2(3H)-thione

(4a). Yield 1.98 g, 6.8 mmol, (68.1%), mp 204–205°C; IR

(KBr): ν 1242 (C S), 1541 (C N), 3438 (NH) cm−1; 1H NMR

(DMSO-d6): δ 2.6 (s, 3H, CH3), 7.5–8.1 (m, 5H, Ar H), 14.2

(s, 1H, NH) ppm; 13C NMR (DMSO-d6): δ 17.2 (CH3), 120.1

(CH), 126.2 (CH), 128.9 (CH), 133.3 (C), 143.7 (C), 153.6

(C), 156.7 (C), 161.2 (C), 182.9 (C S) ppm; MS: m/z (%) 292

(M + 1, 100). Anal. Calcd. for C12H9N3S3: C, 49.46; H,

3.11; N, 14.42; S, 33.01. Found: C, 49.42; H, 3.10; N,

14.41; S, 33.04.

5-(4-Methyl-2-p-tolylthiazol-5-yl)-1,3,4-tiadiazol-2(3H)-thione

(4b). Yield 2.9 g, 5.28 mmol, (52.8%), mp 250–251°C; IR

(KBr): ν 1243 (C S), 1558 (C N), 3410 (NH) cm−1; 1H NMR

(DMSO-d6): δ 2.44 (s, 3H, CH3), 2.58 (s, 3H, CH3), 7.32–7.92

(m, 4H, Ar H), 14.92 (s, 1H, NH) ppm; 13C NMR (DMSO-d6):

δ 17.67 (Th CH3), 21.55 (Ar CH3), 120.8 (CH), 126.7 (CH),

126.9 (C), 129.8 (C), 130.3 (C), 141.9 (C), 154.8 (C), 167.8

(C), 183.6 (C S) ppm; MS: m/z (%) 306 (M + 1, 100). Anal.

Calcd. for C13H11N3S3: C, 51.12; H, 3.63; N, 13.76; S, 31.49.

Found: C, 51.13; H, 3.61; N, 13.76; S, 31.50.

November 2012 1411Synthesis and Evaluation of Antimicrobial Activity of Some New Hetaryl-Azoles Derivatives

Obtained from 2-Aryl-4-methylthiazol-5-carbohydrazides and Isonicotinic Acid Hydrazide

Journal of Heterocyclic Chemistry DOI 10.1002/jhet



5-(Pyridin-4-yl)-1,3,4-thiadiazol-2(3H)-thione (4c). Yield

1.10g, 5.63 mmol (56.5%); mp 280–282°C; IR (KBr): ν 1258

(C S), 1599 (C N), 3400 (NH) cm−1; 1H NMR (DMSO-d6): δ

7.66 (dd, 2H, J = 5, 3-Py), 8.78 (dd, 2H, J = 5, 2-Py), 14.68 (s,

1H, NH) ppm; 13C NMR (DMSO-d6): δ122.1 (2CH), 139.7 (C),

148.8 (C), 150.5 (2CH), 183.1 (C S) ppm; MS: m/z (%)

195 (M+, 36). Anal. Calcd. for C7H5N3S2: C, 43.06; H,

2.58; N, 21.52; S, 32.84. Found: C, 43.19; H, 2.54; N,

21.44; S, 32.64.

4-Alkyl/aryl-1-(2-aryl-4-methylthiazol-5-carbonyl)-

thiosemicarbazides (5a–i); 4-alkyl/aryl-1-(pyridin-4-yl-carbonyl)-

thiosemicarbazides (5j–). To a solution of 4 mmol 1a–d in 30 mL

ethanol, 4 mmol of the appropriate isothiocyanate were added. The

resulting mixture was heated under reflux for 3 h. After cooling the

precipitate was separated and recrystallized from methanol/acetone

to afford thiosemicarbazides 5a–l.

1-(4-Methyl-2-phenylthiazol-5-carbonyl)-4-phenyl-

thiosemicarbazide (5a). This was obtained as yellow crystal; Yield

1.35 g, 3.68 mmol, (92%), mp 184–185°C; IR (KBr): ν 1231 (C S),

1532 (C N), 1672 (C O), 3115 (NH) cm−1; 1H NMR (DMSO-d6): δ

2.67 (s, 3H, CH3), 7.16–7.32 (m, 5H, Ar H), 7.95–7.97 (m, 5H,

Ar H), 8.3 (s,1H, NH C S), 9.6 (s, 1H, NH C S), 10.13 (s, 1H,

NH CO) ppm; 13C NMR (DMSO-d6): δ 17.9 (CH3), 123.1 (2CH),

126.2 (4CH), 129.6 (4CH), 130.3 (C), 131.5 (C), 132.7 (C), 157.8

(C O), 160.7 (C), 167.1 (C), 182.9 (C S) ppm; MS: m/z (%) 369

(M + 1, 100). Anal. Calcd. for C18H16N4OS2: C, 58.67; H, 4.38; N,

15.21; S, 17.4. Found: C, 58.65; H, 4.36; N, 15.18; S, 17.38.

1-(4-Methyl-2-p-tolylthiazol-5-carbonyl)- 4-phenyl-

thiosemicarbazide (5b).This was obtained as yellow solid; Yield 1.4

g, 3.66 mmol, (91%), mp 179–180°C; IR (KBr): ν 1234 (C S), 1534

(C N), 1615 (C O), 3317 (NH) cm−1; 1HNMR (DMSO-d6): δ 2.37 (s,

3H, CH3), 2.69 (s, 3H, CH3), 7.24–7.52 (m, 5H, Ar H), 7.35 (d, 2H,

J = 8.5 Hz, Ar), 7.85 (d, 2H, J = 8.5 Hz, Ar), 8.7 (s,1H, NH C S), 9.8

(s, 1H, NH C S), 10.3 (s, 1H, NH CO) ppm; 13C NMR (DMSO-d6):

δ 17.95 (Th CH3), 21.5 (Ar CH3), 126.7 (4CH), 127.2 (CH), 128.5

(4CH), 130.2 (C), 130.4 (C), 139.7 (C), 141.6 (C), 160.4 (C O),

167.1 (C), 182.1 (C S) ppm; MS: m/z (%) 383 (M + 1, 100). Anal.

Calcd. for C19H18N4OS2: C, 59.66; H, 4.74; N, 14.65; S, 16.77.

Found: C, 59.63; H, 4.71; N, 14.63; S, 16.78.

1-(2-(4-bromophenyl)-4-methylthiazol-5-carbonyl)-4-phenyl-

thiosemicarbazides (5c). This was obtained as yellow crystal;

Yield 1.7 g, 3.8 mmol, (95%), mp 254–256°C; IR (KBr): ν 1214

(C S), 1567 (C N), 1670 (C O), 3300 (NH) cm−1; 1H NMR

(DMSO-d6): δ 2.5 (s, 3H, CH3), 7.17–7.36 (m, 5H, Ar H), 7.74

(d, 2H, J = 9 Hz, ar), 7.90 (d, 2H, J = 8.5 Hz, ar), 8.3 (s,1H,

NH C S), 9.5 (s, 1H, NH C S), 10.1 (s, 1H, NH C O) ppm; 13C

NMR (DMSO-d6): δ 17.4 (Th CH3), 124.7 (C), 128.2 (2CH),

129.4 (C), 129.9 (3CH), 130.5 (2CH), 131.2 (2CH), 132.6 (C),

134.3 (C), 156.1 (C), 159.9 (C O), 164 (C),180.8 (C S) ppm; MS:

m/z (%) 448 (M + 1, 100). Anal. Calcd. for C18H15BrN4OS2: C,

48.33; H, 3.38; N, 12.52; S, 14.33. Found: C, 48.32; H, 3.36; N,

12.49; S, 14.34.

1-(4-Methyl-2-phenylthiazol-5-carbonyl)- 4-methyl-

thiosemicarbazide (5d). This was obtained as white solid; Yield

0.95 g, 2.58 mmol, (64.5%), mp 205–207°C; IR (KBr): ν 1265

(C S), 1527 (C N), 1660 (C O), 3113 (NH) cm−1; 1H NMR

(DMSO-d6): δ 2.6 (s, 3H, CH3), 2.8 (d, 3H, J = 4.5 Hz, NCH3),

7.11–7.28 (m, 5H, Ar H), 8.1 (s,1H, NH C S), 9.7 (s, 1H, NH C S),

10.11 (s, 1H, NH CO) ppm; 13C NMR (DMSO-d6): δ 17.9 (CH3),

31.48 (NCH3), 125.2 (CH), 126.8 (2CH), 129.9 (2CH), 130.7 (C),

131.6 (C), 132.8 (C), 157.9 (C O), 161.6 (C), 167.2 (C), 183.4

(C S) ppm; MS: m/z (%) 307 (M + 1, 100). Anal. Calcd. for

C13H14N4OS2: C, 50.96; H, 4.61; N, 18.29; S, 20.93. Found: C,

50.92; H, 4.59; N, 18.24; S, 20.90.

1-(4-Methyl-2-p-tolylthiazol-5-carbonyl)- 4-methyl-

thiosemicarbazide (5e). This was obtained as white solid; Yield

1.2 g, 3.75 mmol, (64.5%), mp 208–209°C; IR (KBr): ν 1233

(C S), 1540 (C N), 1650 (C O), 3315 (NH) cm−1; 1H NMR

(DMSO-d6): δ 2.43 (s, 3H, CH3), 2.58 (s, 3H, CH3), 2.9 (d, 3H,

J = 4.5 Hz, NCH3), 7.54 (d, 2H, J = 8.5 Hz, Ar), 7.97 (d, 2H,

J = 8.5 Hz, Ar), 8.81 (s,1H, NH C S), 9.85 (s, 1H, NH C S),

10.31 (s, 1H, NH C O) ppm; 13C NMR (DMSO-d6): δ17.7

(Th CH3), 21.4 (Ar CH3), 31.24 (NCH3), 124.5 (2CH), 127.3

(2CH), 131.5 (C), 136.6 (C), 138.8 (C), 159.9 (C O), 161.2

(C), 166.7 (C), 182.1 (C S) ppm; MS: m/z (%) 321 (M + 1,

100). Anal. Calcd. for C14H16N4OS2: C, 52.48; H, 5.03; N,

17.48; S, 20.01. Found: C, 52.47; H, 5.04; N, 17.45; S, 20.05.

1-(2-(4-Bromophenyl)-4-methylthiazol-5-carbonyl)-4-methyl-

thiosemicarbazides (5f). This was obtained as yellow solid; Yield

1.25 g, 3.25 mmol, (81.2%), mp 220–221°C; IR (KBr): ν 1232

(C S), 1567 (C N), 1658 (C O), 3307 (NH) cm−1; 1H NMR

(DMSO-d6): δ 2.43 (s, 3H, CH3), 2.88 (d, 3H, J = 4.5 Hz, NCH3),

7.48 (d, 2H, J = 8.5 Hz, Ar), 7.90 (d, 2H, J = 8.5 Hz, Ar), 8.4

(s,1H, NH C S), 9.5 (s, 1H, NH C S), 10.2 (s, 1H, NH C O) ppm;
13C NMR (DMSO-d6): δ 17.61 (CH3), 31.14 (NCH3), 126.2

(2CH), 129.1 (2CH), 133.4 (C), 138.2 (C), 139.8 (C), 160.1 (C O),

163.4 (C), 168.2 (C), 181.9 (C S) ppm; MS: m/z (%) 386 (M + 1,

100). Anal. Calcd. for C13H13BrN4OS2: C, 40.52; H, 3.40; N,

14.54; S, 16.64. Found: C, 40.49; H, 3.41; N, 14.52; S, 16.6.

4-Allyl-1-(4-methyl-2-phenylthiazol-5-carbonyl)-thiosemicarbazide

(5g). This was obtained as white solid; Yield 1.22 g, 3.68 mmol,

(92%), mp 185–188°C; IR (KBr): ν 1235 (C S), 1530 (C N), 1660

(C O), 3302 (NH) cm−1; 1H NMR (DMSO-d6): δ 2.7 (s, 3H, CH3),

4.11 (m, 2H, CH2), 5.06 (d, 2H, CH2), 5.8 (m, 1H, CH ), 7.17–7.36

(m, 5H, Ar H), 8.3 (s,1H, NHC S), 9.4 (s, 1H, NHC S), 10.1 (s,

1H, NHCO) ppm; 13C NMR (DMSO-d6): δ 17.9 (CH3), 46.3

(CH2), 114.9 ( CH2), 125.7 (CH), 126.6 (2CH), 128.4 (CH ), 129.4

(2CH), 130.1 (C), 131.9 (C), 132.6 (C), 157.4 (C O), 161.2 (C),

166.9 (C), 181.8 (C S) ppm; MS: m/z (%) 333 (M + 1, 100). Anal.

Calcd. for C15H16N4OS2: C, 54.19; H, 4.85; N, 16.85; S, 19.29.

Found: C, 54.16; H, 4.84; N, 16.81; S, 19.27.

4-Allyl-1-(4-methyl-2-p-tolylthiazol-5-carbonyl)-thiosemicarbazide

(5h). This was obtained as white solid; Yield 1.06 g, 3.07 mmol,

(76.7%), mp 199–200°C; IR (KBr): ν 1226 (C S), 1545 (C N),

1662 (C O), 3125 (NH) cm−1; 1H NMR (DMSO-d6): δ 2.38 (s, 3H,

CH3), 2.69 (s, 3H, CH3), 4.1 (m, 2H, CH2), 5.05 (d, 2H, CH2),

5.82 (m, 1H, CH ), 7.41 (d, 2H, J = 8 Hz, Ar), 7.89 (d, 2H, J = 8

Hz, Ar), 8.4 (s,1H, NH C S), 9.3 (s, 1H, NH C S), 10.06 (s, 1H,

NH C O) ppm; 13C NMR (DMSO-d6): δ 17.4 (Th CH3), 21.25

(Ar CH3), 46.1 (CH2), 115.2 ( CH2), 124.6 (C), 124.4 (2CH), 128.9

(2CH), 128.7 (CH ), 131.2 (C), 132.2 (C), 136.7 (C O), 161.9 (C),

165.9 (C), 181.7 (C S) ppm; MS: m/z (%) 347 (M + 1, 100). Anal.

Calcd. for C16H18N4OS2: C, 55.47; H, 5.24; N, 16.17; S, 18.51.

Found: C, 55.44; H, 5.22; N, 16.14; S, 18.46.

4-Allyl-1-(2-(4-bromophenyl)-4-methylthiazol-5-carbonyl)-

thiosemicarbazides (5i). This was obtained as yellow solid;

Yield 1.35 g, 3.28 mmol, (82%), mp 224–225°C; IR (KBr): ν

1264 (C S), 1558 (C N), 1668 (C O), 3173 (NH) cm−1; 1H

NMR (DMSO-d6): δ 2.67 (s, 3H, CH3), 4.12 (m, 2H, CH2),

5.12 (d, 2H, CH2), 5.8 (m, 1H, CH ), 7.74 (d, 2H, J = 9 Hz,

Ar), 7.9 (d, 2H, J = 9 Hz, Ar), 8.36 (s,1H, NH C S), 9.48 (s,

1H, NH C S), 10.19 (s, 1H, NH C O) ppm; 13C NMR (DMSO-

d6): δ 17.89 (CH3), 46.4 (CH2), 115.7 ( CH2), 124.2 (C), 124.9

(2CH), 128.3 (2CH), 128.6 (CH ), 131.9 (C), 132.9 (C), 135.9
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(C O), 161.4 (C), 165.8 (C), 183.9 (C S) ppm; MS: m/z (%) 412

(M + 1, 100). Anal. Calcd. for C15H15BrN4OS2: C, 43.80; H,

3.68; N, 13.62; S, 15.59. Found: C, 43.81; H, 3.66; N, 13.59; S,

15.55.

4-Phenyl-1-(pyridin-4-yl-carbonyl)-thiosemicarbazide (5j).

This was obtained as white solid; Yield 0.84 g, 3.10 mmol

(81%); mp 187–189°C (Ref. [30] 120°C); MS: m/z (%) 272

(M+, 18). Anal. Calcd. for C13H12N4OS: C, 57.33; H, 4.44; N,

20.57; S, 11.77. Found: C, 57.44; H, 4.28; N, 20.65; S, 11.35.

4-Methyl-1-(pyridine-4-yl-carbonyl)-thiosemicarbazide (5k).

This was obtained as white solid; Yield 0.68 g, 3.22mmol (80.5%);

mp 265–267°C; IR (KBr): ν 1252(C S), 1553(C N), 1673(C O),

2971, 2975, 3114, 3263(3NH) cm−1; 1H NMR (DMSO-d6): δ 2.8

(d, 3H, J = 5 Hz, NCH3), 7.78 (dd, 2H, J = 5, 3-Py), 8.79 (dd,

2H, J = 5, 2-Py), 8.40 (s, 1H, NH C S), 9.48 (s, 1H, NH C S),

10.57 (s, 1H, NH C O) ppm; 13C NMR (DMSO-d6): δ 32.2

(NCH3), 121.8 (2CH), 138.6 (C), 148.9 (2CH), 164.7 (C O),

180.9 (C S) ppm; MS: m/z (%) 210 (M+, 40). Anal. Calcd. for

C8H10N4OS: C, 45.70; H, 4.79; N, 26.65; S, 15.25. Found: C,

45.94; H, 4.53; N, 26.32; S, 15.10.

4-Allyl-1-(pyridine-4-yl-carbonyl)-thiosemicarbazide (5l).

This was obtained as white solid; Yield 0.80 g, 3.4 mmol

(85.8%); mp 210–211°C; IR (cm−1): ν 1229 (C S), 1526

(C N), 1676 (C O), 3219, 3268, 3308 (3NH) cm−1; 1H NMR

(DMSO-d6): δ 4.11 (d, 2H, CH2 ), 5.14 (dd, 2H, CH2), 5.82

(m, 1H, CH ), 7.83 (dd, 2H, J = 5, 3-Py), 8.77 (dd, 2H, J = 5,

2-Py), 8.42 (s, 1H, NH C S), 9.51 (s, 1H, NH C S), 10.69 (s,

1H, NH C O) ppm; 13C NMR (DMSO-d6): δ 46.4 (CH2),

115.7 ( CH2), 122.1 (2CH), 135.4 (CH ), 140.0 (C), 150.6

(2CH), 164.9 (C O), 182.0 (C S) ppm; MS: m/z (%) 237

(M + 1, 100). Anal. Calcd. for C10H12N4OS: C, 50.83; H,

5.12; N, 23.71; S, 13.57. Found: C, 50.99; H, 5.4.87; N,

23.40; S, 13.31.

4-Alkyl/aryl-3-(2-aryl-4-methylthiazol-5-yl)-1H-1,2,4-triazol-5

(4H)-thione (6a–i); 4-alkyl/aryl-3-(pyridin-4-yl)-1H-1,2,4-triazol-

5(4H)-thione (6j–l). A solution of corresponding thiosemicarbazide

5a–l (3.5 mmol) in 20 mL NaOH 2N was refluxed for 2 h. The

resulting solution was cooled to room temperature, diluted with

water, and acidified to pH 5–6. The precipitate was filtered, washed

with water, and recrystallized from ethanol to afford the triazolyl–

thiones 6a–l as white solids.

3-(4-Methyl-2-phenylthiazol-5-yl)-4-phenyl-1H-1,2,4-triazol-5

(4H)-thione (6a). Yield 1.18 g, 3.4 mmol, (97%), mp 272–274°C;

IR (KBr): ν 1265 (C S), 1531 (C N), 1570 (C N), 3110 (NH) cm−1;
1H NMR (DMSO-d6): δ 2.48 (s, 3H, CH3), 7.44–7.56 (m, 5H,

Ar H), 7.6–7.99 (m, 5H, Ar H), 14.1 (s, 1H, NH) ppm; 13C NMR

(DMSO-d6): δ 17.04 (CH3), 115.1 (C), 126.1 (CH), 126.3 (3CH),

129.9 (4CH), 131.2 (2CH), 132.3 (C), 142.5 (C), 144.5 (C), 156.8

(C), 160.7 (C), 165.1 (C), 168.9 (C S) ppm; MS: m/z (%) 350 (M+,

100). Anal. Calcd. for C18H14N4S2: C, 61.69; H, 4.03; N, 15.99; S,

18.30. Found: C, 61.65; H, 4.01; N, 15.94; S, 18.27.

3-(4-Methyl-2-p-tolylthiazol-5-yl)-4-phenyl-1H-1,2,4-triazol-5

(4H)-thione (6b). Yield 0.92 g, 2.62 mmol, (75%), mp 267–269°C;

IR (KBr): ν 1257 (C S), 1520 (C N), 1538 (C N), 3102 (NH) cm−1;
1H NMR (DMSO-d6): δ 2.38 (s, 3H, CH3), 2.44 (s, 3H, CH3),

7.45–7.55 (m, 5H, Ar H), 7.34 (d, 2H, J = 8 Hz, Ar), 7.86 (d, 2H,

J = 9 Hz, Ar), 14.2 (s, 1H, NH) ppm; 13C NMR (DMSO-d6): δ

16.9 (Th CH3), 21.5 (Ar CH3), 117.2 (C), 124.8 (C), 126.2 (2CH),

127.8 (3CH), 128.8 (2CH), 132.1 (2CH), 130.4 (C), 140.1 (C),

142.6 (C), 144.4 (C), 157.1 (C), 170.2 (C S) ppm; MS: m/z (%)

364 (M+, 100). Anal. Calcd. for C19H16N4S2: C, 62.61; H, 4.42; N,

15.37; S, 17.59. Found: C, 62.58; H, 4.41; N, 15.32; S, 17.53.

3-(2-(4-Bromophenyl)-4-methylthiazol-5-yl)-4-phenyl-1H-

1,2,4-triazol-5(4H)-thione (6c). Yield 1.39 g, 3.24 mmol,

(92.5%), mp 295–296°C; IR (KBr): ν 1268 (C S), 1515 (C N),

1557 (C N), 3172 (NH) cm−1; 1H NMR (DMSO-d6): δ 2.45 (s,

3H, CH3), 7.44–7.56 (m, 5H, Ar H), 7.67 (d, 2H, J = 9 Hz, Ar),

7.7 (d, 2H, J = 9 Hz, Ar), 14.37 (s, 1H, NH) ppm; 13C NMR

(DMSO-d6): δ 17.42 (CH3), 115.9 (C), 124.7 (C), 128.4

(2CH), 129.5 (3CH), 129.9 (2CH), 130.5 (2CH), 131.5 (C),

132.8 (C), 134.0 (C), 144.85 (C), 156.5 (C), 168.72 (C S) ppm;

MS: m/z (%) 429 (M+, 100). Anal. Calcd. for C18H13BrN4S2:

C, 50.33; H, 3.02; N, 13.01; S, 14.89. Found: C, 50.35; H,

3.05; N, 13.05; S, 14.94.

4-Methyl-3-(4-methyl-2-phenylthiazol-5-yl)-1H-1,2,4-triazol-

5(4H)-thione (6d).Yield 0.92 g, 3.19 mmol, (91%), mp 228–229°C;

IR (KBr): ν 1280 (C S), 1488 (C N), 1541 (C N), 3070 (NH) cm−1;
1H NMR (DMSO-d6): δ 2.48 (s, 3H, CH3), 3.48 (s, 3H, NCH3),

7.54–7.99 (m, 5H, Ar H), 14.17 (s, 1H, NH) ppm; 13C NMR

(DMSO-d6): δ 17.04 (CH3), 31.8 (NCH3), 115.1 (C), 126.8 (CH),

129.9 (2CH), 131.6 (2CH), 132.6 (C), 144.8 (C), 156.3 (C), 167.9

(C), 168.8 (C S) ppm; MS: m/z (%) 289 (M + 1, 100). Anal. Calcd.

for C13H12N4S2: C, 54.14; H, 4.19; N, 19.43; S, 22.24. Found: C,

54.13; H, 4.18; N, 19.39; S, 22.19.

4-Methyl-3-(4-Methyl-2-p-tolylthiazol-5-yl)-1H-1,2,4-triazol-5

(4H)-thione (6e). Yield 0.84 g, 2.77 mmol, (79%), mp 278–279°C;

IR (KBr): ν 1279 (C S), 1522 (C N), 1540 (C N), 3092 (NH) cm−1;
1H NMR (DMSO-d6): δ 2.37 (s, 3H, CH3), 2.69 (s, 3H, CH3), 3.42

(s, 3H, NCH3), 7.35 (d, 2H, J = 8 Hz, Ar), 7.86 (d, 2H, J = 9 Hz,

Ar), 14.31 (s, 1H, NH) ppm; 13C NMR (DMSO-d6): δ 17.2

(Th CH3), 21.38 (Ar CH3), 31.6 (NCH3), 116.2 (C), 124.7 (C),

126.6 (2CH), 129.7 (2CH), 131.9 (C), 138.6 (C), 144.8 (C), 154.9

(C), 169.7 (C S) ppm; MS: m/z (%) = 303 (M + 1, 100). Anal.

Calcd. for C14H14N4S2: C, 55.6; H, 4.67; N, 18.53; S, 21.21.

Found: C, 55.58; H, 4.65; N, 18.49; S, 21.18.

3-(2-(4-Bromophenyl)-4-methylthiazol-5-yl)-4-methyl-1H-

1,2,4-triazol-5(4H)-thione (6f). Yield 1.24 g, 3.4 mmol, (97%),

mp 283–285°C; IR (KBr): ν 1280 (C S), 1521 (C N), 1541

(C N), 3095 (NH) cm−1; 1H NMR (DMSO-d6): δ 2.46 (s, 3H,

CH3), 3.5 (s, 3H, NCH3), 7.6 (d, 2H, J = 9 Hz, Ar), 7.7 (d, 2H,

J = 9 Hz, Ar), 14.37 (s, 1H, NH) ppm; 13C NMR (DMSO-d6):

δ 17.4 (Th CH3), 31.9 (NCH3), 115.6 (C), 124.9 (C), 128.2

(2CH), 129.4 (2CH), 131.2 (C), 132.9 (C), 144.5 (C), 156.5

(C), 171.4 (C S) ppm; MS: m/z (%) 367 (M+, 100). Anal.

Calcd. for C13H11BrN4S2: C, 42.51; H, 3.02; N, 15.25; S,

17.46. Found: C, 42.52; H, 3.02; N, 15.21; S, 17.42.

4-Allyl-3-(4-methyl-2-phenylthiazol-5-yl)-1H-1,2,4-triazol-5

(4H)-thione (6g).Yield 1.03 g, 3.3 mmol, (94%), mp 214–216°C;

IR (KBr): ν 1267 (C S), 1533 (C N), 1573 (C N), 3099 (NH) cm−1;
1H NMR (DMSO-d6): δ 2.48 (s, 3H, CH3), 4.65 (m, 2H, CH2),

4.85–5.16 (dd, 2H, CH2), 5.82 (m, 1H, CH ), 7.55–7.99 (m, 5H,

Ar H), 14.21 (s, 1H, NH) ppm; 13C NMR (DMSO-d6): δ 17.7

(CH3), 46.2 (CH2), 113.7 ( CH2), 115.9 (C), 126.6 (CH), 129.8

(2CH), 130.3 (2CH), 131.7 (CH ), 140.2 (C), 144.4 (C), 156.2

(C), 162.9 (C), 170.8 (C S) ppm; MS: m/z (%) 314 (M + 1, 100).

Anal. Calcd. for C15H14N4S2: C, 57.30; H, 4.49; N, 17.82; S,

20.40. Found: C, 57.27; H, 4.47; N, 17.78; S, 20.36.

4-Allyl-3-(4-Methyl-2-p-tolylthiazol-5-yl)-1H-1,2,4-triazol-5

(4H)-thione (6h). Yield 1.1 g, 3.3 mmol, (94%), mp 185–186°C;

IR (KBr): ν 1279 (C S), 1522 (C N), 1540 (C N), 3187 (NH) cm−1;
1HNMR (DMSO-d6): δ 2.37 (s, 3H, CH3), 2.44 (s, 3H, CH3), 4.66

(m, 2H, CH2), 4.86–5.17 (dd, 2H, CH2), 5.87 (m, 1H, CH ), 7.34

(d, 2H, J = 8 Hz, Ar), 7.86 (d, 2H, J = 9 Hz, Ar), 14.26 (s, 1H, NH)

ppm; 13C NMR (DMSO-d6): δ 16.97 (Th CH3), 21.48 (Ar CH3),
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46.27 (CH2), 113.9 ( CH2), 117.7 (C), 126.7 (2CH), 129.9 (2CH),

130.4 (C), 131.89 (CH ), 141.6 (C), 144.5 (C), 156.6 (C), 167.9

(C), 168.67 (C S) ppm; MS: m/z (%) 329 (M + 1, 100). Anal.

Calcd. for C16H16N4S2: C, 58.51; H, 4.91; N, 17.06; S, 19.52.

Found: C, 58.49; H, 4.90; N, 17.01; S, 19.49.

4-Allyl-3-(2-(4-bromophenyl)-4-methylthiazol-5-yl)-1H-1,2,4-

triazol-5(4H)-thione (6i). Yield 1.34 g, 3.4 mmol, (98%), mp

259–260°C; IR (KBr): ν 1286 (C S), 1533 (C N), 1558 (C N),

3108 (NH) cm−1; 1H NMR (DMSO-d6): δ 2.7 (s, 3H, CH3),

4.13 (m, 2H, CH2), 5.05–5.17 (dd, 2H, CH2), 5.86 (m, 1H,

CH ), 7.66 (d, 2H, J = 9 Hz, Ar), 7.71 (d, 2H, J = 9 Hz, Ar),

14.4 (s, 1H, NH) ppm; 13C NMR (DMSO-d6): δ 17.4

(Th CH3), 46.7 (CH2), 114 ( CH2), 116.7 (C), 128.9 (2CH),

131.2 (2CH), 131.9 (CH ), 133.2 (C), 143.9 (C), 144.9 (C),

156.8 (C), 164.7 (C), 168.7 (C S) ppm; MS: m/z (%) 393 (M+,

100). Anal. Calcd. for C15H13BrN4S2: C, 45.80; H, 3.33; N,

14.24; S, 16.30. Found: C, 45.77; H, 3.32; N, 14.22; S, 16.27.

4-Phenyl-3-(pyridin-4-yl)-1H-1,2,4-triazol-5(4H)-thione (6j).

Yield 0.66 g, 2.6 mmol (74.6%); mp 279–280°C (Ref. [30] 122°

C); MS: m/z (%) = 254 (M+, 100). Anal. Calcd. for C13H10N4S:

C, 61.39; H, 3.96; N, 22.03; S, 12.61. Found: C, 61.30; H, 3.65;

N, 21.86; S, 12.51.

4-Methyl-3-(pyridin-4-yl)-1H-1,2,4-triazol-5(4H)-thione (6k).

Yield 0.50 g, 2.62 mmol, (75%); mp 283–284°C; IR (KBr): ν 1226

(C S), 1571 (C N), 1609 (C N), 3271 (NH) cm−1; 1H NMR

(DMSO-d6): δ 3.45 (s, 3H, NCH3), 7.46 (dd, 2H, J = 5 Hz, 3-Py),

8.64 (dd, 2H, J = 5 Hz, 2-Py), 14.16 (s, 1H, NH) ppm; 13C NMR

(DMSO-d6): δ 31.64 (NCH3), 123.1 (2CH), 133.6 (C), 149.5

(C N), 151.2 (2CH), 168.8 (C S) ppm; MS: m/z (%) 192 (M+,

100). Anal. Calcd. for C8H8N4S: C, 49.98; H, 4.09; N, 29.14; S,

16.68. Found: C, 50.11; H, 3.93; N, 29.48; S, 16.41.

4-Allyl-3-(pyridin-4-yl)-1H-1,2,4-triazol-5(4H)-thione (6l).

Yield 0.595 g, 2.73 mmol (78%); mp 210–212°C; IR (KBr): ν 1262

(C S), 1571 (C N), 1614 (C N), 3337 (NH) cm−1; 1H NMR (DMSO-

d6): δ 4.8 (d, 2H, CH2 ), 5.01 (dd, 2H, CH2), 5.86 (m, 2H, CH ), 7.66

(dd, 2H, J = 5 Hz, 3-Py), 8.77 (dd, 2H, J = 5 Hz, 2-Py), 14.26 (s, 1H,

NH) ppm; 13C NMR (DMSO-d6): δ 46.7 (CH2), 117.7 ( CH2), 122.6

(2CH), 130.4 (CH ), 133.8 (C), 149.7 (C N), 150.8 (2CH), 168.6

(C S) ppm; MS: m/z (%) 218 (M+, 25). Anal. Calcd. for

C10H10N4S: C, 55.02; H, 4.62; N, 25.67; S, 14.69. Found: C,

55.05; H, 4.34; N, 25.94; S, 14.47.
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Abstract 

In order to identify new sources of isoflavonoids, an analysis was carried out on 
three species of the Fabaceae family: Glycyrrhiza glabra L., Glycyrrhiza echinata L., 
Ononis spinosa L., harvested from the Romanian spontaneous flora. The HPLC-MS 
method was used to investigate the presence of isoflavonoids in the studied plants. In 
Glycyrrhiza glabra the isoflavonic glycosides like daidzin (0.434x10-3%), genistin 
(0.672x10-3%), ononin (27.490 x10-3 %), and the aglycon formononetin (16.607 x 10-3%) 
were found, while in Glycyrrhiza echinata, only formononetin (0.864x10-3%) and ononin 
(3.904x10-3%) were found. Formononetin was identified in both hydrolyzed solutions. 
Ononis spinosa, the richest species in isoflavonoids, contains daidzin (0.944x10-3%), 
genistin (1.173x10-3%), ononin (175.7x10-3%), formononetin (9.499x10-3%) and after 
hydrolysis, daidzein (0.8196x10-3%), formononetin (113.622x10-3%) and ononin 
(18.939x10-3%) as residual glycosides.  

 
Rezumat 

În vederea identificării de noi surse de izoflavonoide, s-au analizat trei specii din 
familia Fabaceae: Glycyrrhiza glabra L., Glycyrrhiza echinata L., Ononis spinosa L., 
recoltate din flora spontană a României. A fost utilizată metoda HPLC-MS pentru a 
investiga prezența izoflavonoidelor în plantele studiate. Glycyrrhiza glabra conţine 
heterozidele daidzină (0,434x10-3%), genistină (0,672x10-3%) şi ononină (27,490x10-3%) şi 
agliconul formonetină, iar în Glycyrrhiza echinata au fost identificate numai formononetina 
(0,864x10-3%) şi ononina (3,904x10-3%). În probele hidrolizate a fost identificată 
formononetina. Specia Ononis spinosa, cea mai bogată în aceste principii active, conţine 
daidzină (0,944x10-3%), genisteină (1,173x10-3%), ononină (175,7x10-3%), formononetină 
(9,499x10-3%); după hidroliză s-au identificat daidzeina (0,8196x10-3%), formononetina 
(113,622x10-3%) şi ononina (18,939x10-3%).  
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Introduction 

Isoflavonoids are plant secondary metabolites that have various 
biological functions and significant ecological impacts. It is known that they 
are frequently found in soybeans and other plants from Fabaceae family 
[1,2,12]. Isoflavones are a subgroup of phytoestrogens, natural plant 
substances with structures similar to 17-β-estradiol and capable of binding 
to estrogen receptors [2,3,9]. Recently, isoflavones have become of great of 
interest due to several reports on their positive effect on human health, in 
particular, in the prevention of some forms of hormone-dependent cancers, 
cardiovascular diseases, osteoporosis, adverse menopausal manifestations 
and age-related cognitive decline [2,9,12]. 

Glycyrrhiza glabra L. (licorice) contains not only triterpene saponins 
(glycyrrhizin), flavonoids, polysaccharides, but also various isoflavonoids: 
glabrone, glyzaglabrin, glyzarin, formononetin, glycyrrhizaisoflavones; 
Glycyrrhiza echinata was less studied, its aerial parts contain formononetin 
[1,5,6]. In the roots of Ononis spinosa L. (spiny restharrow) the folowing 
compounds are present: onocerin, sitosterol, isoflavones (ononin, 
formononetin, genistein, biochanin A 7-glucoside), as well as small amounts 
of the essential oil with trans-anethole, carvone and menthol [2,7].  

The purpose of this study was to evaluate the isoflavone profile in 
the roots of some Fabaceae species from the Romanian spontaneous flora, 
by HPLC-MS analysis, in order to obtain new sources of phytoestrogens. 

 

Materials and Methods 

The roots of Glycyrrhiza glabra L. (voucher No. 579), the roots of 
Glycyrrhiza echinata L. (voucher No. 580) and the roots of Ononis spinosa 
L. (voucher No. 682) were collected in September-October 2009 (Cluj, 
Romania). Voucher specimens were deposited in the Herbarium of the 
Department of Pharmaceutical Botany of the Faculty of Pharmacy (“Iuliu 
Hatieganu” University of Medicine and Pharmacy Cluj-Napoca, Romania). 
The hydroalcoholic extracts obtained from the roots (5% in 80% methanol, 
600C) were analyzed by HPLC-MS, before and after acid hydrolysis (2M 
HCl) [4,5,11]. 

 
Reagents 

Standards: daidzin (daidzein 7-glucoside), genistin (genistein 7-
glucoside), ononin (formononetin 7-glucoside), daidzein, glycitein, 
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genistein, formononetin from Merck (Germany). Methanol and 
hydrochloric acid used for the HPLC analyses were purchased from 
Merck (Germany). Methanolic stock solutions (100 g/mL) of the above 
standards were prepared and stored at 4°C, protected from daylight. 
They were properly diluted with ultrapurified water in order to obtain 
the standard concentrations for the calibration curves [4,5,11]. 

 
Equipment and Chromatographic Conditions 

The experiment was carried out using an Agilent 1100 HPLC 
system equipped with a degasser, binary pump, autosampler and 
column thermostat. For the separation of the compounds it was used a 
reversed-phase Zorbax SB-C18 analytical column (100x3.0 mm i.d., 5 
µm). The column thermostat operated at 48°C. The mobile phase used 
for the separation of isoflavones was a mixture of 0.1% acetic acid 
(V/V) in water (A) and methanol (B), in linear gradient mode, as 
follows: until 2 min, 20% B, at 10 min 40% B, at 10.5 min 40% B, at 
11.5 min 45% B, hold 45% B until 17 min. The flow rate was 1 
mL/min. For detection and quantification, the HPLC system was 
coupled with an Agilent 1100 Ion Trap SL mass spectrometer, operated 
with an electrospray (ESI) ion source in negative ion mode. The 
nebulisation gas used by the mass spectrometer was nitrogen at 65 psi; 
the dry gas was also nitrogen at a flow rate of 12 L/min and heated at 
360ºC. The capillary potential was set at +2500 V. The analysis mode 
of isoflavones was either in single ion monitoring mode (SIM) - for 
aglycons or in single reaction monitoring mode (SRM) – for glycosides 
[2, 5, 6, 8, 10,11]. The calibration curves for all isoflavones were built 
in the range of 40-4000 ng/mL. For fitting the calibration curves, a 
quadratic model and a 1/y weighing scheme were used. The accuracy of 
the calibration points, for each compound, was no more than ± 15% 
[4,5]. 

 

Results and Discussion 

The retention time of isoflavones and their mass spectrometry 
detection parameters are presented in Table I. Generally, glycosides’ 
ions lose the sugar group thus we can observe the aglycon ion, so all 
glycosides can be analyzed by the SRM mode. The aglycons ions were 
not efficiently fragmented, so for these compounds we applied a SIM 
mode analysis [4,11]. 

 



FARMACIA, 2012, Vol. 60, 5 

 

 

618 

Table  I    

                       The retention time of isoflavones and their mass spectrometry 
detection parameters 

Compounds 
Retention 

time (min) 

Detection 

mode* 

Parent m/z 

ion 

[M-H]
-
 

Quantified m/z 

ion 

Daidzin 3.7 SRM 415 253 

Genistin 5.5 SRM 431 268, 269 

Ononin 8.9 SRM 429 267 

Daidzein 9.2 SIM 253 253 

Glycitein 10.2 SIM 283 283 

Genistein 11.0 SIM 269 269 

Formononetin 14.4 SIM 267 267 
*SRM= single reaction monitoring; SIM = single ion monitoring 

The compounds (heterosides and aglycons of isoflavones) identified 
by HPLC and their levels are presented in Table II. 

                                                                                  
Table II 

                                               Content in 
isoflavones (mg/100g dry plant) 

Isoflavones 

(standards) 

Glycyrrhiza glabra Glycyrrhiza  echinata Ononis spinosa 

NH H NH H NH H 

daidzin 0.434 - - - 0.944 - 
genistin 0.672 - - - 1.173 - 
ononin 27.490 7.999 3.904 - 175.72 18.939 

daidzein - - - - - 0.819 
glycitein - - - - - - 
genistein - - - - - - 

formononetin 16.607 27.856 0.864 5.218 9.499 113.622 
 NH – non hydrolyzed samples; H – hydrolyzed samples  

The roots of Glycyrrhiza glabra contain daidzin (0.434x10-3%), 
genistin (0.672x10-3%), ononin (27.490x10-3%) and formononetin 
(16.607x10-3%). Only formononetin (27.856x10-3%) and ononin (7.999x  
10-3%) were identified after hydrolysis. The levels of isoflavones in our 
samples were smaller than in Glycyrriza glabra harvested from Syria [5]. 
Only ononin (3.904x10-3%) and formononetin (0.864x10-3%) were 
determined in the extract of Glycyrrhiza echinata roots. After acid 
hydrolysis the identified compound was formononetin (5.218x10-3%). 
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The extract of Ononis spinosa roots contains daidzin (0.944x10-3%), 
genistin (1.173x10-3%), ononin (175.7x10-3%) and formononetin (9.499x 
10-3%). The hydrolysed solution contains two aglycons, daidzein (0.819x 
10-3%) and formononetin (113.622x10-3%) and ononin (18.939x10-3%) as 
residual glycoside. Ononis spinosa was the richest species in isoflavonoids 
and it can be considered an important source of these active principles. 

The isoflavonoids can be present in plants like glycosides or more 
complex combinations like esther-glycosides: acetyl-glucosides or malonyl-
glucosides. The presence of ononin in the hydrolysed extracts could be 
explained by the fact that the acid hydrolysis was capable of cleaving ester 
bonds (malonyl- and acetyl-7-glucosides), but not sufficient for the 
quantitative cleavage of glycosidic bonds [8,10]. Increasing of formonetin 
levels after hydrolysis suggests the presence of its glycosides in the 
analyzed extracts. 

The absence of daidzin and genistin from Glycyrrhiza echinata can 
be used for the differentiation of the two species, to avoid the substitution of 
Glycyrrhiza glabra with Glycyrrhiza echinata. 

 

Conclusions 

The extract of Glycyrrhiza glabra roots contain daidzin, genistin, 
ononin and formononetin, while the extract of Glycyrrhiza echinata roots 
contain small quantities of formononetin and ononin; that is why we cannot 
use both the roots of Glycyrrhiza glabra and Glycyrrhiza echinata as being 
the same therapeutical product. 

The roots of Ononis spinosa, richer in isoflavonoids (daidzin, 
genistin, ononin, formononetin), represent an important natural source for 
oestrogenic therapy. 

Ononin was the most abundant isoflavone glycoside and it was 
found in all samples; its aglycon, formononetin was present in all extracts, 
before and after hydrolysis. 

Our results confirm the presence of isoflavones in the plants of 
Fabaceae family, compounds that belong to a class of substances known as 
non-steroidal phytoestrogens. 
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Summary

A comparative QSAR and QSRR study has been conducted by mul-

tiple linear regression (MLR), principal-component regression

(PCR), and partial least-squares (PLS) analysis. Comparisons

based on these regression methods have been used to model the

chromatographic retention (lipophilicity) of thirteen new oxadiazo-

line derivatives by means of descriptors obtained by use of the

Alchemy software package. Retention indices were determined by

reversed-phased high-performance thin-layer chromatography on

C
18

plates. The retention indices predicted were quite satisfactory

and in very good agreement with the molecular structure of the

compounds investigated.

1 Introduction

Quantitative structure–activity relationships (QSAR) describe

how molecular structure, in terms of lipophilic, electronic, and

steric descriptors, affects the biological activity of a com-

pound [1–4]. Similarly, quantitative structure–retention rela-

tionships (QSRR) relate the same descriptors to chromato-

graphic retention. Finally, quantitative retention–activity rela-

tionships (QRAR) imply that conclusions about biological

activity can be based on results from chromatographic experi-

ments [5–11]. In this respect it is assumed the same basic inter-

molecular properties determine the behavior of chemical com-

pounds in both biological and chromatographic environments.

As a consequence, the chromatographic approach has been

quite a successful means of duplicating partition coefficient

(log P) data obtained by use of the traditional “shake-flask”

technique or by other procedures. The relationships themselves

are usually obtained by correlation analysis.

Other forms of computational analysis used for correlation of

chemical or biological activity and chromatographic retention

with different molecular descriptors are multiple linear regres-

sion (MLR) [11–13], principal-component analysis (PCA)

[14–16], partial least-squares (PLS) analysis [17–19], or use of

artificial neural networks (ANN) [20–22]. In PCA and PLS,

starting from a multidimensional space described by different

variables a quantitative model is derived that transforms the

axes of the hypersystem. The first principal component (PC1)

defines as much of the variation in the data as possible. The sec-

ond principal component (PC2) describes the maximum amount

of residual variation after the first PC has been taken into con-

sideration, and so on. By using a limited number of PCs only the

dimensionality of the data space is reduced, thereby simplifying

further analysis.

In this paper we compare the three multivariate regression

methods for development of a QSAR-QSRR model for charac-

terization and classification of some new oxadiazoline deriva-

tives with potential biological activity.

2 Methods

2.1 Principal-Component Analysis

Principal-component analysis (PCA) is also known as eigen-

vector analysis, eigenvector decomposition, or Karhunen–

Loéve expansion. Many problems in chemistry and other tech-

nical fields can be treated effectively by use of PCA [23]. The

main purpose of PCA is to represent economically the location

of the samples in a reduced coordinate system in which instead
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of m axes corresponding to m characteristics p axes only (p < m)

are used to describe the data set and provide the maximum pos-

sible information.

In practice principal-component analysis transforms the origi-

nal data matrix (X
nxm

) into a product of two matrices, S
nxm

and

V
mxm

, which contains the information about the objects and the

variables, respectively. The S matrix contains the scores of the n

objects on m principal components (the scores are the projection

of the objects on the principal components). The V matrix is a

square matrix and contains the loadings of the original variables

on the principal components (the loadings are the weights of the

original variables in each principal component). It is usually

found that two or three principal components provide a good

summary of all the original variables. Loadings and scores plots

are very useful as a display tool for examining the relationships

between characteristics and between compounds, and looking

for trends, grouping, or outliers.

2.2 Multiple Linear Regression

Multiple linear regression (MLR) is an extension of simple lin-

ear regression to two or more independent variables (e.g. chem-

ical descriptors) and a numeric dependent variable (e.g. chro-

matographic retention). MLR attempts to model the relationship

between the independent variables and a response variable by

fitting a linear equation to the observed data by use of the equa-

tion:

(1)

where a
0

and ai are the estimated terms.

2.3 Principal-Components Regression

Principal-components regression (PCR) is a two-step multivari-

ate calibration method. In the first step principal-component

analysis of the data matrix X is performed. The measured or cal-

culated variables (e.g. descriptors) are converted into new vari-

ables (scores on latent variables). This is followed by multiple

linear regression, MLR, between the scores obtained in the PCA

step and the characteristic R to be modeled.

2.4 Partial Least-Squares Regression

Partial least-squares regression resolves matrices X and R into

the product of the smaller matrices P (the X loading matrix,

which contains the directions of the principal components or

axes), T (the scores matrix, which includes the coordinates of

the new axes), and Q (the R loading matrix), where:

X = TP + E (2)

R = TQ + F (3)

In our work matrix X (the descriptor matrix) was composed of

compounds as rows (1, …, 13) and variables as columns (1, …,

17). Matrix R (the retention matrix) consisted of the compounds
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Table 1

Retention indices, associated regression data (n = 5)a) and melting points of the oxadiazoline derivatives investigated in this work.

Compound R
M0

(±SD) b (±SD) r F s
e

mp [°C]

1 0.269  (±0.057) –1.23 (±0.10) 0.9900 148 0.032 217–219

2 0.236 (±0.060) –1.11 (±0.11) 0.9868 112 0.034 196.3–197.7

3 0.267 (±0.093) –1.19 (±0.16) 0.9724 52 0.052 193.6–194.2

4 0.287 (±0.093) –1.23 (±0.16) 0.9744 56 0.052 160.9

5 0.327 (±0.125) –1.33 (±0.22) 0.9609 36 0.070 190–193.7

6 0.343 (±0.110) –1.39 (±0.19) 0.9720 51 0.061 198–199

7 0.421 (±0.122) –1.54 (±0.21) 0.9819 51 0.068 214.3–216.5

8 0.403 (±0.153) –1.55 (±0.27) 0.9572 33 0.085 203.5

9 0.378 (±0.137) –1.50 (±0.24) 0.9632 39 0.076 268–269

10 0.415 (±0.194) –1.60 (±0.34) 0.9377 22 0.108 266.7–268.4

11 0.326 (±0.130) –1.36 (±0.23) 0.9600 35 0.073 118.5

12 0.317 (±0.115) –1.35 (±0.20) 0.9680 45 0.064 189.5

13 0.387 (±0.141) –1.51 (±0.25) 0.9619 37 0.078 262–264

a)n is the number of regression points (concentrations)

Figure 1

The chemical structures of the oxadiazoline derivatives.



as rows and retention indices as columns (1, 2). Finally, matri-

ces E and F (the residual matrices) contained the model error

and random noise, respectively.

3 Experimental

3.1 Chromatography

The chromatographic behavior of the compounds was studied

on the C
18

silica gel bonded HPTLC plates (20 cm × 20 cm),

obtained as a gift from Macherey–Nagel (Düren, Germany).

Methanol for chromatography was supplied by Reactivul

(Bucharest, Romania). Each compound (Figure 1) was dis-

solved in methanol (1 mg mL–1) and 3 µL of the solutions were

spotted randomly on the plates. Methanol–water mixtures con-

taining from 25 to 75% (v/v) methanol in steps of 10% were

used as mobile phases because the compounds studied differed

substantially in their retention. Chromatography was performed

in duplicate. Plates were developed by the ascending technique

at room temperature; the development distance was 10 cm.

After development the dried plates were examined under a UV

lamp (λ = 254 nm). R
M

values of each compound were obtained

by use of the well-known equation:

R
M

= log (1/R
F

– 1)                                                                     (4)

Linear correlation between R
M

values and the concentration of

organic modifier in the mobile phase were calculated separately

for each compound by use of the equation:

R
M

= R
M0

+ bC (5)

where C is the concentration of methanol in the mobile phase.

R
M0

and b values (related to molecular lipophilicity) and statis-

tical data from regression analysis (correlation coefficients r,

F-test values F, and the standard error of estimates s) are depict-

ed in Table 1.

3.2 The Oxadiazolines

The oxadiazoline derivatives investigated were synthesized as

described elsewhere [24]. The molecular structures of the oxa-

diazolines studied in this paper are shown in Figure 1, in which

X stands for H (1), o-Cl (2), m-Cl (3), p-Cl (4), o-Br (5), p-Br

(6), p-F (7), o-OCOCH
3

(8) , m-OCOCH
3

(9) , p-OCOCH
3

(10),

o-OCH
3

(11), m-OCH
3

(12), and p-OCH
3

(13). The melting

points (mp) of compounds are listed in Table 1.
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Table 2

The descriptors computed for the oxadiazoline derivatives investigated in this work.

Compound log P 1χ 3χ 0χv 1χv 3Kα W V M DM MP SP Q+ SQ SQNO

1 3.32 16.08 12.33 17.80 10.43 4.43 3541 384.5 440.4 4.28 47.18 0.122 0.211 5.257 2.088

2 2.96 16.49 12.80 18.85 10.91 4.63 3812 397.8 474.9 4.61 49.11 0.123 0.212 5.303 2.086

3 3.58 16.47 12.66 18.85 10.91 4.77 3839 398.5 474.9 2.99 49.11 0.123 0.211 5.268 2.088

4 3.61 16.47 12.74 18.85 10.91 4.77 3866 398.5 474.9 2.81 49.11 0.123 0.212 5.260 2.087

5 2.87 16.49 12.80 19.68 11.33 4.70 3812 405.1 519.3 4.28 49.81 0.122 0.211 5.199 2.089

6 3.17 16.47 12.74 19.68 11.32 4.84 3866 406.2 519.3 3.83 49.81 0.122 0.211 5.154 2.089

7 3.70 16.47 12.74 18.10 10.53 4.66 3866 388.6 458.4 2.46 47.09 0.121 0.212 5.432 2.086

8 2.74 17.88 13.36 20.04 11.46 5.35 4799 427.8 498.4 2.83 51.58 0.120 0.212 6.243 2.732

9 2.94 17.86 13.31 20.04 11.45 5.50 4907 428.4 498.4 5.40 51.58 0.120 0.212 6.214 2.744

10 2.74 17.86 13.37 20.04 11.45 5.50 5015 428.2 498.4 2.24 51.58 0.120 0.212 6.186 2.738

11 2.93 17.02 13.11 19.13 10.96 4.74 4117 408.9 470.4 5.74 49.66 0.121 0.212 5.742 2.465

12 2.80 17.01 13.08 19.13 10.95 4.87 4171 409.5 470.4 4.75 49.66 0.121 0.211 5.697 2.469

13 2.81 17.01 13.15 19.13 10.95 4.87 4225 409.5 470.4 2.74 49.66 0.121 0.212 5.684 2.467

Figure 2

PC1, PC2, and PC3 loading plot of all the data in Table 1 (autoscaled data).



To define the character of the compounds from their structures,

descriptors available in the Alchemy 2000 software [25] were

used as independent variables. The descriptors used were the

partition coefficient (log P), the first-order (1χ) and third-order

(3χ) connectivity indexes, the zero-order (0χv) and first-order

(1χv) valence order connectivity indexes, the third-order shape

index for molecule (3Kα), the Wiener (W) index based on the

graph of the molecule, the volume (V), the molar mass (M), the

dipole moment (DM), the molecular polarizability (MP), the

specific molar polarizability (SP), the largest positive charge

over the atoms in a molecule, in electrons (Q+), the sum of

absolute values of the charges on each atom of the molecule, in

electrons (SQ), and the sum of absolute values of the charges on

the nitrogen and oxygen atoms in the molecule, in electrons

(SQ
NO

). Before calculation Alchemy performs minimization of

the potential energy (geometry optimization) for each molecule

by the standard technique of the molecular mechanics method.

The values obtained are presented in Table 2.

4 Results and Discussion

By reducing the number of features from 17 original descriptors

(including also retention indices) to three principal components

(latent variables), the information preserved is sufficient to

enable primary examination of the similarities and differences

between descriptors and oxadiazoline derivatives. The contribu-

tion of the first component represents 69.07% of the total vari-

ance and the second component 13.80%; a two-component

model accounts for 82.87% of the total variance. The first three

components reproduce almost 92% of the total variance and the

first six reproduce as much as 99.17%, and the eigenvalues

become negligible after the seventh component.

All these statements are well supported by the 2D and 3D rep-

resentations of the loadings. The projection of the 3D represen-

tation (Figure 2) gives a more complete pattern. It is clear, for

example, that most of the descriptors considered in this study

form two well defined clusters: the first includes 1χ , 3χ ,
3Kα, W, V, Q, SQ, and SQNO and the second encompasses MP,
0χv, and 1χv. log P; R

M0
,
,
b, SP, DM, and M appear more or less

as outliers.

The scatter plot of scores in the space described by PC1, PC2,

and PC3 (Figure 3) reveals interesting results. Three clusters

seem to be well defined and in good agreement with the com-

pound structure – one corresponds to the halogen derivatives

(right) the others include the group of methoxy derivatives

(middle) and methyl acetate group (left).

Multivariate regression analysis was performed to describe the

relationship between the chromatographic retention indices of

the chemicals (R
M0

and b values) and the calculated structural

data. The high-quality regression equations below were ob-

tained by stepwise regression analysis.

Modeling the Retention of Oxadiazoline Derivatives

Journal of Planar Chromatography VOL. 19. SEPTEMBER/OCTOBER 2006 345

Table 3

Statistical data from evaluation of the linear correlation between

observed retention indices and values predicted using three multiple

regression methods (MLR, PCR, and PLS).

Variable MLR PCR PLS

R
M0

b R
M0

b R
M0

b

R2 0.9785 0.9833 0.8652 0.8668 0.8536 0.8858

F 502 647 71 78 64 85

p 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

s 0.0090 0.0212 0.0227 0.0576 0.0236 0.0554

a
0

0.0000 –0.0000 0.0007 –0.0790 –0.0049 0.0339

a
1

1.0000 1.0000 1.0076 0.9486 1.0256 1.0304

Figure 3

PC1, PC2, and PC3 score plot of all the data in Table 1 (autoscaled data).

Figure 4

Cross-validated error for the ozadiazoline derivatives, for application of PCR and

PLS.



R
M0

= 7.628 – 62.582SP – 0.0182DM + 0.0013M + 0.00551χv

+ 0.042log P – 0.08373Kα (6)

(R2 = 0.9786, n = 13, F = 46, p < 0.0000, s = 0.0122)

b = –1.913 + 176.09SP + 0.034DM – 0.003M + 0.1631χ (7)

(R2 = 0.9800, n = 13, F = 98, p < 0.0000, s = 0.0272)

where n is the number of compounds, R2 the determination coef-

ficient, F the F-test value, p the significance level of the equa-

tion, and s is standard error of the estimate. The F and p values

for eqs (6) and (7) show that the equations are very significant,

because of the high determination coefficients and small s

values. These results also suggest that the most significant

descriptors in both models are SP and DM, i.e. the electronic

term and the shape (volume) of the molecules. By eliminating

the descriptors with statistically non-significant coefficients

(according to the t-test), the simpler models below were

obtained (eqs 8 and 9):

R
M0

= 5.437 – 41.222SP – 0.0196DM (8)

(R2 = 0.8454, n = 13, F = 27, p < 0.0000, s = 0.0255)

b = –16.061 + 119.299SP + 0.0375DM (9)

(R2 = 0.8876, n = 13, F = 39, p < 0.0000, s = 0.0577

For PCR and PLS the original 15 descriptors were used for

selection of the optimum number of factors by using the cross-

validation procedure. The prediction error was calculated as the

root mean square (RMS) error, as described elsewhere [26]. The

values of RMS are plotted in Figure 4. By use of the cross-val-

idation procedure it is easy to observe that its numerical values

were minimized by use of the first seven factors in PCR and five

factors in PLS.

To compare MLR, PCR, and PLS as predictive models, linear

regression was applied using observed and predicted values of

the retention indices. Good correlations were obtained between

observed retention indices and those predicted by use of the

three methods, as is readily apparent from Table 3 and

Figures 5 and 6. The intercept a
0

is always statistically zero

(t-test) and the slope a
1

is not statistically different from unity

(t-test). As a direct consequence it can concluded that all three

straight lines are parallel and pass through the origin. In addi-

tion, high F values and very small s values were always

obtained. It should be remarked that MLR seems to be the most

effective method for estimation of retention indices.

5 Conclusion

Correlation obtained between chromatographic retention

indices and structure descriptors for substituted oxadiazolines

are highly significant and might be used to predict the retention

behavior and, as a consequence, the lipophilicity of other mem-

bers of the series. Of the multivariate regression methods com-

pared in this study, MLR seemed to be most effective for pre-

dicting the retention indices of the compounds studied. The spe-

cific polarizability and dipole moment seem to be dominant in

the retention mechanism, in good agreement with other report-

ed results.
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plates with methanol-water in different volume proportions as mobile phase. Compari-

sons based on the multiple regression methods including multiple linear regression

(MLR), principal component regression (PCR) and partial least squares (PLS) have

been applied to the modelling of chromatographic lipophilicity (RMo and b values)

by means of 16 different descriptors obtained by using Alchemy package software.
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of absolute values of the charges on each atom of the molecule (SQ), and the sum of

absolute values of the charges on the nitrogens and oxygens in the molecule (SQNO)

seem to be dominant in the retention mechanism.
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INTRODUCTION

Quantitative structure-activity relations (QSAR) describe how the molecular

structure, in terms of descriptors – lipophilic, electronic, and steric – affects

the biological activity of a compound.[1–4] Similarly, quantitative structure –

retention relations (QSRR) relate these descriptors to chromatographic

retention. Finally, the quantitative retention – activity relations (QRAR)

imply that conclusions concerning biological activity can be based on chroma-

tographic experiments.[5–11] In this regard of QRAR, it is considered that the

same basic intermolecular actions determine the behaviour of chemical

compounds in both biological and chromatographic environments. As a conse-

quence, the chromatographic approach has been quite successful in duplicating

Log P data derived by the traditional “shake-flask” technique or other

procedures. The relations themselves are usually based on correlation analysis.

Another form of computational analysis used for the correlation of

chemical or biological activity and chromatographic retention with different

molecular descriptors are Multiple Linear Regression (MLR),[11–13]

Principal Component Analysis (PCA),[14–16] Partial Least Squares

(PLS),[17–19] or Artificial Neural Networks (ANN).[20–22] In the case of

PCA and PLS, for example, starting from a multidimensional space

described by different variables, a quantitative model is derived that trans-

forms the axes of the hypersystem. The first principal component (PC1)

defines as much of the variation in the data as possible. The second

principal component (PC2) describes the maximum amount of residual

variation after the first PC has been taken into consideration, and so on. By

using only a limited number of PCs, the dimensionality of the data space is

reduced, thereby simplifying further analysis.

In this paper we discuss and apply three multivariate regression methods

to develop comparative studies, and to provide a QSAR-QSRR model for the

characterization and classification of some new methyl-thiazole-oxadiazoline

derivatives with a potential antibacterial, antimycotic, and anti-inflammatory

activity.

Principal Component Analysis

Principal components analysis (PCA) is also known as eigenvector analysis,

eigenvector decomposition, or Karhunen-Loéve expansion. Many problems

from chemistry and other scientific fields are strongly related to PCA.[23]

The main purpose of PCA is to represent, in an economic way, the location

of the samples in a reduced coordinate system where, instead of m-axes

(corresponding to m characteristics), only p (p , m) can usually be used to

describe the data set with maximum possible information.

Principal component analysis practically transforms the original data

matrix (Xnxm) into a product of two matrices, one of which contains the
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information about the objects (Snxm) and the other about the variables (Vmxm).

The S matrix contains the scores of the n objects on m principal components

(the scores are the projection of the objects on principal components). The V

matrix is a square matrix and contains the loadings of the original variables on

the principal components (the loadings are the weights of the original

variables in each principal component).

Moreover, it may well turn out that usually two or three principal com-

ponents provide a good summary of all the original variables. Loadings and

scores plots, respectively, are very useful as a display tool for examining

the relationships between characteristics as well as between compounds,

looking for trends, groupings, or outliers.

Multiple Linear Regression

Multiple linear regression (MLR) is an extension of simple linear regression

consisting of two or more independent variables (e.g., chemical descriptors)

and a numeric dependent variable (e.g., chromatographic retention index).

MLR attempts to model the relationship between the independent variables

and a response variable by fitting a linear equation to observed data in the

following equation:

R ¼ ao þ
Xk

i¼1

aixi ð1Þ

where ao, ai are the estimated regression parameters.

Principal Component Regression

Principal component regression (PCR) is a two-step multivariate calibration

method: in the first step, a principal component analysis of the data matrix

X is performed. The measured or calculated variables (e.g., descriptors) are

converted into new ones (scores on latent variables). This is followed by a

multiple linear regression step, MLR, between the scores obtained in the

PCA step and the characteristic R to be modelled.

Partial Least Squares Regression

Partial least squares (PLS) is a statistical multivariate regression procedure

that is widely applied in chemistry and many other scientific fields. Being a

multivariate procedure, PLS provides the ability to predict multiple com-

ponents of interest simultaneously. The PLS procedure simultaneously

estimates underlying factors (loading factors or eigenvectors) that represent
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the variation patterns (trends) in both the descriptor data X (in our study) and

the retention values R (RMo and b in our study). These loading factors are used

to define a subspace in X that better models R. This is accomplished by using

the columns of R matrix to estimate the loading factors of X matrix. At the

same time, the columns of X matrix are used to estimate the loading factors

for R matrix. The resulting models are shown in Equation (2) and (3).

X ¼ TPþ E ð2Þ

R ¼ TQþ F ð3Þ

PLS resolves matrices X and R into products of smaller matrices, namely

P (the X loading matrix, which contains the directions of the principal com-

ponents or axes) and T (the scores matrix, which includes the coordinates

for the new axes) and Q (the R loading matrix). The factors for X and R are

associated through the following relationship:

q ¼ btþ 1 ð4Þ

where q and t equal the column vectors of Q and T matrices, respectively, and

1 equals errors associated with the u-t relationship.

Using both descriptor and retention information to determine the loading

factors is the main difference between the PLS and other statistical multi-

variate procedures, such as multiple linear regression and principal

component regression. This feature makes the PLS prediction models more

robust for complex data. The number of loading factors used in the final

regression model was selected through a cross-validation procedure.[27]

EXPERIMENTAL

The chromatographic behavior of the compounds was studied on the C18 silica

gel bonded plates. Glass HPTLC plates (20 � 20 cm) were obtained as a gift

Figure 1. Chemical structure of methyl-thiazole-oxadiazolines.
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from Macherey-Nagel (Düren, Germany). Methanol for chromatography was

supplied from Reactivul (Bucharest, Romania). Methanolic solutions of each

compound, in Table 1, were prepared at a concentration of 1 mg mL21. Chro-

matograms were developed by an ascending technique at room temperature;

the developing distance being 10 cm. The mobile phase was a mixture of

methanol–water with various content from 45 to 70% (v/v) in 5% steps, as

the studied compounds differed considerably in their retention. After being

developed, the dried plates were examined under a UV lamp (l ¼ 254 nm).

The RM values of each compound were obtained by using the well known

following equation:

RM ¼ log ð1=Rf � 1Þ ð5Þ

Table 1. The structures of the substituents in Figure 1

Compound R1 R2 R3

1 CH3 H C6H4Cl(o)

2 H H C6H4Cl(m)

3 H CF3 C6H4Cl(p)

4 H H C6H4OCH3(p)

5 H CF3

6 CH3 H

7 CH3 H C6H4OCH3(o)

8 H CF3 C6H4OCH3(m)

9 H CF3 C6H4OCOCH3(p)

10 H H C6H4OCOCH3(o)

11 CH3 H C6H4OCOCH3(m)

12 H H C6H5

13 CH3 H C6H4Cl(p)

14 H H

15 H CF3 C6H5

16 H CF3 C6H4OCOCH3(o)

17 H H C6H4Cl(o)

18 H CF3 C6H4Cl(o)

19 H CF3 C6H4OCH3(o)

20 CH3 H C6H4OCOCH3(p)
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Linear correlation between RM values and the concentration of organic

modifier in the mobile phase were calculated separately for each compound

according to the equation:

RM ¼ RMo þ bC; ð6Þ

where C is the concentration of methanol in the mobile phase. The RMo and b

values (related to the molecular lipophilicity) are listed in Table 2.

Description of Methyl-Thiazole-Oxadiazolines

The investigated methyl-thiazole-oxadiazoline derivatives were synthesized

by the procedure described earlier.[24,25] The molecular structure of methyl-

thiazole oxadiazoline series studied in this paper is depicted in Table 1.

In order to define the character of the compound structure, the following

descriptors available in the ALCHEMY 2000 programs[26] were taken into

consideration and used as independent variables. The partition coefficient

(Log P), the first-order (1x) and the third-order (3x) connectivity index, the

zero-order (0xv) and the first-order (1xv) valence order connectivity index,

the third-order shape index for molecule (3Ka), the Wiener (W ) index based

on the graph of the molecule, volume (V ), molar mass (M ), dipole moment

(DM), molecular polarizability (MP), specific molar polarizability (SP), the

largest positive charge over the atoms in a molecule, in electrons (Qþ), the

largest negative charge over the atoms in a molecule, in electrons (Q2), the

sum of absolute values of the charges on each atom of the molecule, in

electrons (SQ), and the sum of absolute values of the charges on the

nitrogens and oxygens in the molecule, in electrons (SQNO). The values

obtained are presented in Table 2.

RESULTS AND DISCUSSION

By reducing the number of features from 18 original descriptors (including

retention indices) to three principal components (latent variables), the infor-

mation preserved is enough to permit a primary examination of the similarities

and differences between descriptors and methyl-thiazole-oxadiazoline deriva-

tives. The contribution of the first component represents 55.71% of the total

variance and 75.11% of the total variance. The first three components

reproduce approximately 88% of the total variance and the first six even

99.31%, and the eigenvalues become negligible after seventh component.

All the statements above are well supported by the 2D- and 3D-represen-

tations of the loadings. The projection of the 3D-representation (Figure 2)

gives a more complete pattern: it is clear, for example, that the majority of

the descriptors considered in this study form two close clusters: the first one

includes 1x, 3x, W, RMo, M, and the second one encompasses MP, 0xv, 1xv,
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Table 2. The descriptors computed for the methyl-thiazole-oxadiazoline derivatives investigated in this paper

Log P 1x 3x 0xv 1xv 3Ka W V M DM MP SP Qþ Q2 SQ SQNO RMo b

1 4.111 13.44 10.60 17.21 10.0 3.72 2059 348.84 411.91 3.80 43.86 0.126 0.215 20.377 3.760 1.253 2.74 24.35

2 3.941 13.02 10.04 16.29 9.6 3.61 1856 332.36 397.87 4.67 42.03 0.126 0.215 20.376 3.683 1.256 2.63 24.22

3 4.207 14.63 11.41 17.85 10.3 4.53 2782 361.07 465.88 4.28 43.59 0.121 0.424 20.376 4.502 1.254 3.38 25.33

4 3.335 13.56 10.53 16.56 9.6 3.73 2103 343.01 393.47 5.72 42.57 0.124 0.215 20.382 4.099 1.635 2.54 24.07

5 4.248 17.10 13.59 20.96 12.5 5.07 4327 424.07 528.58 5.45 51.97 0.122 0.424 20.376 5.124 1.549 3.55 25.32

6 4.637 15.88 12.72 20.33 12.2 4.39 3405 411.67 474.61 3.10 52.25 0.127 0.219 20.376 4.338 1.549 3.06 24.76

7 3.594 13.97 10.91 17.49 10.0 3.82 2260 359.52 407.49 3.13 44.41 0.123 0.215 20.381 4.200 1.633 2.30 23.88

8 3.563 15.17 11.75 18.12 10.3 4.64 3024 372.14 461.47 3.02 44.14 0.119 0.424 20.382 4.939 1.637 2.71 24.47

9 2.718 16.02 12.05 19.03 10.8 5.28 3718 390.11 489.48 8.03 46.06 0.118 0.424 20.376 5.428 1.906 2.87 24.66

10 2.558 14.43 10.75 17.47 10.1 4.20 2455 361.03 421.48 5.49 44.49 0.123 0.216 20.375 4.657 1.900 1.78 23.36

11 3.315 14.81 11.10 18.40 10.5 4.57 2806 377.26 435.51 3.74 46.33 0.123 0.215 20.376 4.670 1.911 2.16 23.77

12 3.302 12.63 9.71 15.23 9.1 3.30 1676 318.38 363.44 3.47 40.10 0.126 0.215 20.376 3.672 1.256 2.04 23.48

13 4.180 13.42 10.53 17.21 10.0 3.85 2101 349.16 411.91 5.26 43.86 0.126 0.215 20.376 3.717 1.254 2.81 24.50

14 4.606 15.49 12.30 19.41 11.8 4.17 3098 394.78 460.58 2.98 50.41 0.128 0.219 20.376 4.296 1.549 2.70 24.30

15 4.020 14.24 11.00 16.79 9.8 4.20 2523 346.99 431.44 5.04 41.66 0.120 0.424 20.376 4.499 1.256 2.64 24.33

16 3.171 16.04 12.04 19.03 10.8 5.13 3526 390.42 489.48 3.65 46.06 0.118 0.424 20.376 5.487 1.900 2.29 24.00

17 3.733 13.04 10.19 16.29 9.6 3.49 1836 331.85 397.89 3.66 42.03 0.127 0.215 20.376 3.719 1.253 2.84 24.55

18 4.188 14.65 11.48 17.85 10.3 4.39 2734 361.29 465.88 4.40 43.59 0.121 0.424 20.376 4.546 1.253 3.10 24.89

19 3.929 15.18 11.79 18.12 10.3 4.50 2976 372.31 461.47 5.65 44.14 0.118 0.424 20.381 4.985 1.633 2.61 24.33

20 2.675 14.81 11.17 18.40 10.5 4.57 2890 377.03 435.51 6.07 46.33 0.123 0.215 20.376 4.642 1.906 2.20 23.77
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Log P, V; 3Ka, SQ, Qþ, DM, SQNO, Q2, SP, and b appear more or less as

outliers and are the most discriminating.

The scatter plot of scores in the space described by PC1, PC2, and

PC3 (see Figure 3) shows interesting results. Three clusters appear to be

Figure 2. PC1, PC2, and PC3 loading plot of the autoscaled all data in Table 2.

Figure 3. PC1, PC2, and PC3 score plot of the autoscaled all data in Table 2.
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well defined and in good agreement to the structure of compounds: one of

them corresponds to the compounds 5, 6, 14 (the largest molecules in the

series) in the above left part of the graph, the second including the group

of fluorine derivatives (3, 8, 9, 15, 16, 18, 19), with the exception of

compounds 5, 6, and 16, is located in the middle bottom of the graph

and the third group (1, 2, 4, 7, 10, 11, 12, 13, 17, 20), respectively (right).

In order to describe the relationship between the chromatographic

retention indices of tested compounds (RMo and b values) and the calculated

structural descriptors, a multivariate regression analysis was performed. By

forward stepwise multiple regression analysis, the following high quality

regression equations were obtained:

RMo ¼ 3:365� 0:203LogPþ 0:021Mþ 3.268 SQNO

� 4:094SQþ 10:937Qþ þþ0:0003W ð7Þ

ðR2 ¼ 0:9438; n ¼ 20; F ¼ 36; p , 0:0000; s ¼ 0:1260Þ

b ¼ �2:477� 0:203LogPþ 0:029M� 3:625SQNO

þ 4:393SQ� 11:999Qþ � 0:026DM� 2:094SPð8Þ ð8Þ

ðR2 ¼ 0:9402; n ¼ 20; F ¼ 27; p , 0:0000; s ¼ 0:1635Þ

where n is the number of compounds, R2 the determination coefficient, F the

F-test value, p is the significance level of all the equation, and s is standard

error of estimates.

The F and p values of Equation (7) and (8) show that the equations are

very significant, having a high determination coefficient and relatively small

s values.

The results also suggest that the largest positive charge over the atoms

in a molecule (Qþ), the sum of absolute values of the charges on each

atom of the molecule (SQ) and the sum of absolute values of the

charges on the nitrogens and oxygens in the molecule (SQNO), seem to

be dominant in the retention mechanism and, as a consequence, control

the lipophilicity.

By eliminating the descriptors having statistical non significant coeffi-

cients (according to t-test), the following simpler models may be obtained

(Equation (9) and (10)):

RMo¼ 1:132� 0:021Mþ 3:112SQNO � 3:487SQþ 9:593Qþ

ðR2¼ 0:9191; n ¼ 20; F ¼ 43; p , 0:0000; s ¼ 0:1408Þ
ð9Þ

b ¼ �2:369� 0:025M� 3:777SQNO þ 4:125SQ� 11:900Qþ

ðR2 ¼ 0:9196; n ¼ 20; F ¼ 43; p , 0:0000; s ¼ 0:1696Þ
ð10Þ
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For PCR and PLS methods, the original 16 descriptors were used for the

selection of the optimum number of factors by using the cross-validation

procedure.

The prediction error was calculated as a root mean square (RMS) error

according to ref. [27]. The values of RMS are graphed in Figure 4. By

using the cross-validation procedure, it is easy to observe that its numerical

values were minimized in the case of the first eight factors for PCR and

seven factors for PLS, respectively.

In order to compare the MLR, PCR, and PLS predictive models, the

linear regression was applied considering observed and predicted values

of retention indices. Good correlations between observed and predicted

retention indices of the three methods were found, as it is easy to

observe in Table 3. In all cases, the intercept ao is statistically zero (t-

test) and the slope a1 is not statistically different from 1 (t-test). As a

direct consequence, one can conclude that all three straight lines are

parallel and pass through the origin (Figure 5 and 6). In addition, high F

values and very small s values were obtained in all cases with a special

remark in the case of MLR, which appears to be the most effective for

the estimation of retention indices.

Figure 4. Root mean square errors of estimation of RMo and b using PCR

and PLS.
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Table 3. Statistical parameters to evaluate linear relation between observed and predicted retention indices considering

all three multiple regression methods (MLR, PCR and PLS)

Statistical

MLR PCR PLS

RMo b RMo b RMo b

R2 0.9438 0.9402 0.8254 0.8099 0.8164 0.7926

F 302 283 85 77 80 69

p 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

s 0.1042 0.1294 0.1845 0.2311 0.1944 0.2493

ao 0.1486 20.2581 0.3145 20.5708 0.2636 20.4828

a1 0.9438 0.9402 0.8875 0.8737 0.9073 0.8930
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Figure 5. Correlation between RMo determined by HPTLC and predicted values by

MLR, PCR, and PLS.

Figure 6. Correlation between b determined by HPTLC and predicted values by

MLR, PCR, and PLS.
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CONCLUSIONS

Correlation obtained between chromatographic retention indices and structure

descriptors for substituted methyl-thiazole-oxadiazolines are highly signifi-

cant and might be used to predict the retention behavior, and as a consequence,

the lipophilicity of other members of the series. By comparing the multivariate

regression methods used in this study, the forward stepwise MLR appeared to

be the most effective in predicting retention indices for compounds investi-

gated. The largest positive charge over the atoms in a molecule (Qþ), the

sum of absolute values of the charges on each atom of the molecule (SQ),

and the sum of absolute values of the charges on the nitrogens and oxygens

in the molecule (SQNO) seem to be dominant in the retention mechanism

and, hence, these descriptors control the lipophilicity.
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5. Kaliszan, R. Quantitative structure retention relationships. Anal. Chem. 1992, 64,

619A–631A.

6. Pyka, A.; Miszczyk, M. Chromatographic evaluation of the lypophilic properties

of selected pesticides. Chromatographia 2005, 61, 37–42.

7. Kaliszan, R. Chromatography and capillary electrophoresis in modelling the basic

processes of drug action. Trends Anal. Chem. 1999, 18, 401–409.

8. Wang, Q.S.; Zhang, L. Review of research on quantitative structure-retention

relationships in thin-layer chromatography. J. Liq. Chromatogr. & Rel. Technol.

1999, 22, 1–14.

9. Garcia Alvarez-Coque, M.C.; Torres Lapasio, J.R. Quantitation of hydrophobicity

in micellar liquid chromatography. Trends Anal. Chem. 1999, 18, 533–543.
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