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Abstract: Oxidant/antioxidant imbalance in the body has been implicated as one of the
pathophysiological mechanisms leading to disease development. Therefore, we searched for a
good antioxidant candidate that can be used as a therapeutic agent alone or in combination
with other reported drugs. Earlier, we reported the A2A receptor antagonist properties
of 7-Imino-3-substituted-2-thioxo-3,7-dihydro-2H-thiazolo[4,5-d]pyrimidin-6-yl)-urea derivatives
(compounds 1–12) and the neuroprotective effect of compound 2. Therefore, in the present work,
the antioxidant potential of compounds 1–12 was studied. Compounds 1–12 were screened using
different (red/ox) tests, such as the Ferric Reducing Antioxidant Power (FRAP) assay, to determine
total antioxidant activity, redox status tests (with and without prooxidants) such as Advanced
Oxidation Protein Products (AOPP) and Total Oxidative Status (TOS) which measures H2O2 and
lipid hydroperoxides, Paraoxonase-1 Enzyme Activity (PON1), Total SH-groups content, and Total
Antioxidative Status (TAS) for antioxidant determination. The Prooxidative Score, Antioxidative
Score, and Oxy Score were also calculated. From the obtained results, compounds 6 (8720 FRAP
value and 39.31 Oxy Score) and 12 (7866 FRAP value and 36.41 Oxy Score) were found to possess
significant antioxidant activity with reasonable potential for therapeutic activity.
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1. Introduction

Reactive Oxygen Species (ROS) have a role in cell signaling, including apoptosis, gene expression,
and activation of cell signaling cascades and they also have the potential to cause a number of
deleterious events in the cells [1]. In normal aerobic cells, enzymatic (glutathione peroxidase, catalase,
and superoxide dismutase) and non-enzymatic (antioxidants a-tocopherol, ubiquinone, beta-carotene,
ascorbate, and glutathione) antioxidant systems are those that maintain a balance between oxidative
damage and/or antioxidant protection of the cells. Insufficient antioxidant protection and/or excessive
production of ROS generate oxidative stress, which has an important role in the development of cancers,
aging, and many other diseases [2,3]. Oxidative damage and mitochondrial dysfunction contribute to
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the cascade of events leading to degeneration, for example, of the dopaminergic neurons (supported
by postmortem brain analyses) which show increased levels of by-products of lipid peroxidation and
DNA and RNA oxidation products [4]. Oxidative stress can be effectively neutralized by enhancing
cellular defenses by applying higher levels of antioxidants [5].

Thiazoles are an important class of chemical compounds based on a simple five-membered
heterocyclic ring. Due to its already known pharmacological activity, a lot of research studies have
been done with different thiazole analogues to find possible agents with potential therapeutic use.
The main and the most evaluated effects are antioxidant, anti-inflammatory, antimicrobial, antifungal,
antiviral, diuretic, neuroprotective, and antitumor and cytotoxic potential [6–12]. This multiple effects
of thiazole derivatives are due to a broad spectrum of pharmacological activities with priority to the
following: (1) modulators of nicotinic, glutamate, cannabinoid and/or G protein-coupled receptors;
(2) ligands of dopamine and histamine-3 receptors; (3) agonists of the γ-aminobuteric acid receptor
and sphingosine-1-phosphate receptor [13].

Because thiazoles are core in the structure of a number of drug formulations, and because of the
high potential for pharmacological activity, where, for our work, presumed antioxidant properties
evoke specific interest, the present study is dedicated to the assessed antioxidant effect of synthesized
bicyclic thiazolopyrimidine derivatives. These compounds are of great importance as potential
therapeutic agents alone or in combination with reported drugs in the attenuation of neurological
disorders. There are already studies that declared them as potent A2A receptor antagonists [14–18]
particularly, the 2-thioxo-thiazolo-pyrimidine derivatives, which not only showed a remarkable
potential as A2A receptor antagonists [16] but also exhibited a neuroprotective effect [19,20]. The C-2
of the 2-thioxothiazole ring of thiazolopyrimidine sandwiched between the heteroatoms sulfur and
nitrogen and the exocyclic sulfur at C-2 may act as electron sinks. The 2-thioxothiazole ring of
thiazolopyrimidines seemed to resemble to the 2-oxo-furon ring of ascorbic acid. This property gives
thiazolopyrimidines potential for antioxidant activity.

In a number of neurological diseases an imbalance in the body of oxidants/antioxidants is
detected as one of the mechanisms with pathophysiological importance for disease development,
therefore, the main goal of our study was to find if some of investigated compounds could be good
antioxidant candidates.

Evaluation was made by using different (red/ox) tests, namely, the Ferric Reducing Antioxidant
Power (FRAP) assay which determines the total antioxidant activity of the sample; redox status tests
(with and without prooxidants) such as: Advanced Oxidation Protein Products (AOPP) and Total
Oxidative Status (TOS) which measures H2O2 and lipid hydroperoxides; for antioxidant determination
evaluation was made using: Paraoxonase-1 Enzyme Activity (PON1), Total sulfhydryl (SH)-groups
content, and Total Antioxidative Status (TAS, test for all reducing substances in plasma). Finally,
summary scores, Prooxidative Score, Antioxidative Score, and Oxy Score were calculated.

2. Materials and Methods

2.1. Chemicals and Instrumentation

Solvents and reagents, unless otherwise specified, were of analytical reagent grade purchased
from Aldrich Chemie (Steinheimm, Germany), Merck (Darmstadt, Germany), Chem Service (West
Chester, PA, USA) and Santa Cruz Biotechnology (Dallas, Texas, USA). Analysis was performed by
using a microplate reader (ChemWell, Awareness Technology, Inc., Palm City, FL, USA) and ILAB 300+
automatic analyzer (IL, Milan, Italy).

2.2. Chemical Synthesis of the Bicyclic Thiazolopyrimidine Derivatives

The chemical synthesis of the compounds was carried out according to the previous method [16].
Briefly, the reaction of the equimolar mixture of isothiocyanate, malononitrile and sulfur powder
in dimethylformamide (DMF) was carried out and the addition of triethylamine (TEA) after
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15 min gave 4-amino-3-substituted-2-thioxo-2,3-dihydro-thiazole-5-carbonitrile derivatives that
on refluxing in toluene with triethylorthoformate (equimolar ratio) and p-toluene sulfonic acid
(catalytic amount) yielded imino-ether derivatives. The reaction of imino-ether derivatives with
semicarbazide hydrochloride/furoic acid hydrazide (equal mol) and TEA (catalyst) in ethanol led to
the compounds (1–12).

2.3. Evaluation of the Antioxidant Potential of the Bicyclic Thiazolopyrimidine Derivatives

2.3.1. FRAP Analysis

Total antioxidant activity was measured using the FRAP assay of Benzie and Strain [21].
The FRAP assay uses antioxidants as reductants in a redox-linked colorimetric method, employing
an easily-reduced oxidant system present in stoichiometric excess. At low pH, the reduction of ferric
tripyridyltriazine (Fe III TPTZ) complex to ferrous form (which has an intense blue color) can be
monitored by measuring the change in absorption at 593 nm. All samples are prepared as solutions in
dimethyl sulfoxide (DMSO) with the concentration 1 mg/mL. The sample is mixed with FRAP reagent
and the absorbance (593 nm) is measured at the end-point after incubation at 37 ◦C for 30 min. The total
antioxidant status is expressed as µmol FeSO4 L−1. All values are means of triplicate analyses ±SD.

2.3.2. Redox Status Methods

Analyses were performed in the human serum pool harvested from healthy volunteers.
Investigated compounds dissolved in DMSO in volume of 50 µL were added in serum aliquots
(450 µL) in duplicates. Three different concentrations were prepared (100%, 50%, 25%) for every
substance. An additional set of samples was prepared with the addition of the prooxidant terc-bythil
hydroperoxide (TBH) in order to get information about the antioxidative potency of the compounds.
The samples were incubated at 37 ◦C, 2 h in a water bath. The control sample was native serum pool.

Advanced Oxidation Protein Products (AOPP)

AOPP was assayed in 20 mM phosphate buffer with pH 7.4 in reaction with glacial acetic acid and
1.16 M potassium-iodide according to Witko-Sarsat et al., [22]. The complex formed has an absorbance
maximum at 340 nm. The calibration of this reaction is performed with Chloramine T as a standard,
with a concentration range 10–100 µmol/L. This compound also has a specific absorption maximum at
340 nm. From the obtained parameters, the Oxy Score is calculated that represents the resulting action
and is then used for further analysis.

Total Oxidative Status (TOS)

TOS was measured by using a spectrophotometric method optimized by Erel, 2005 [23], and
Kotur-Stevuljevic et al., 2015 [24]. All oxidants such as hydrogen-peroxide and lipid-hydroperoxide
from the sample have the capability to oxidize the ferrous ion–o-dianisidine complex to a ferric ion.
The reagent is composed of 5 mM ferrous ammonium sulfate and 10 mM o-dianisidinedihydrochloride.
The oxidation is performed in high concentration of glycerol molecules (1.35 mol/L). The second
reaction is based on the ferric ion reaction with xylenol orange (150 µmol/L) in an acidic medium,
which makes a colored complex. The intensity of color is proportional to the total amount of oxidant
molecules present in the sample. Absorbance measurement is at 560 nm. The assay is calibrated
with hydrogen peroxide (water solution, 10–200 µmol/L) and the results are expressed in micromolar
hydrogen peroxide equivalent per liter (µmol H2O2 equiv/L).

Paraoxonase-1 Enzyme Activity (PON1)

Serum PON1 activity was measured kinetically using paraoxon (POase activity) and
diazinon-O-analog (DZOase activity) as substrates, by the method of Richter and Furlong, 1999 [25],
and the PON1 phenotype was determined both graphically and by using the anti-mode method with
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DZOase/POase activity ratio calculation. POase activity determination is based on serum PON1
enzyme activity on 1.2 mM paraoxon as a substrate, and its conversion to a p-nitrophenol compound;
the rate of this conversion could be followed at 405 nm, because in alkaline conditions (10 mmol/L
Tris-HCl, pH 8.5, 2 mmol/L CaCl2) p-nitrophenol has an intense yellow color. DZOase activity was
measured upon PON1 enzyme reaction with a diazinone-O-analog (1 mM); after that it decomposed
on diethyl-phosphate and 2-isopropyl-4-methyl-6-pyrimidinol (IMHP); the rate of this conversion
could be followed at 270 nm, where IMHP has a characteristic absorption maximum.

Total SH-groups Content

The levels of SH-groups were measured by Ellman’s method [26] modified by Kotur-Stevuljevic et
al., 2015 [24], using 10 mM dinitrodithiobenzoic acid (DTNB) as a reagent. DTNB reacts with aliphatic
thiol compounds in a basic environment (pH 9.0) and this reaction generates 1 mole p-nitrophenol
anion per mole of thiol. The absorbance was measured at 412 nm. The calibration of the method was
achieved with the reduced glutathione in the concentration range from 0.1–1.0 mM.

Total Antioxidative Status (TAS)

TAS was measured by a spectrophotometric method using 10 mmol/L 2,2’-azino-bis(3-
ethylbenzothiazoline-6-sulphonic acid (ABTS) as a chromogen [27]. The reduced ABTS molecule
is oxidized to ABTS+ radical cation using hydrogen peroxide in acidic medium (an acetate buffer 30
mmol/L, pH 3.6). Under defined conditions, emerald green ABTS+ molecules are stable for a long
time. The antioxidants present in the sample cause reagent discoloration to a degree proportional to
their concentrations and the discoloration rate is directly related to the antioxidative potential of the
sample. The reaction is calibrated with Trolox, a water-soluble vitamin E analog, the measurement is
performed at 660 nm, and the assay results are expressed in micromoles Trolox equivalent/L.

Prooxidative Score, Antioxidative Score, and Oxy Score

Oxy Score is the difference between Prooxidative Score (average value of Z Scores of all measured
prooxidants and their products) and Antioxidative Score (average value of Z Scores of all measured
antioxidants). A larger Oxy Score means worse redox status (weaker antioxidative protection,
higher prooxidants content).

Z Score is the difference between the original value and the control value divided by SD of control
values (or population means and SDs).

2.4. Statistics

The statistical analysis was made by ANOVA using the simple difference between all
12 substances, in a whole group (all concentrations and with and without added TBH as an prooxidant)
and then in subgroups according to TBH status (with or without), and also using repeated measures
ANOVA because we performed analysis on the same material (the same serum pool from healthy
donors) so we could think about samples as the same samples under different study conditions.

3. Results

3.1. Advanced Oxidation Protein Products (AOPP)

Amino acids, peptides, and proteins are vulnerable to attacks by a variety of free radicals and
related oxidants. Oxidation of particularly sensitive amino acid residues, aggregation, cross linking,
fragmentation, as well as loss of enzymatic or other functional properties are a few of the documented
examples. In this study, we investigated the effect of the compounds 1–12 on normal plasma samples
as advanced oxidation protein products (AOPP), and found its slight prooxidative effects more in
compounds 1–6 and 12, and less in compounds 7–11. The prooxidative effects were also noticed in
samples with TBH and in vitamin E samples. It seems that protein biomolecules are the first line of
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defence from radical species, possibly like some kind of free radical buffers, because of their ubiquity
(p < 0.001 for compound 6 vs. pure serum pool).

3.2. Total Oxidative Status (TOS)

The total oxidative status is a chemical measure of the prooxidative medium potency measured
by H2O2 and lipid hydroperoxide activity. We reported here a significantly higher TOS concentration
in compounds 1–3 (among which compound 3 had the highest value) compared to the plain serum
pool and the pool with vitamin E dissolved (p < 0.05, <0.01 respectively).

3.3. Paraoxonase-1 Enzyme Activity (PON1)

Regarding PON1 antioxidative activity, all substances showed significant prooxidative activity,
specifically anti-PON1 activity, i.e., all substances cause significant fall in its enzymatic activity, maybe
through the pH change or some other chemical influence in the reaction milieu (p < 0.01 for all
compounds compared to the native serum pool, except compound 9).

3.4. Total SH-Groups Content

Total sulfhydryl groups content is a marker of the reductive capability of biological fluids (blood).
It is obvious that almost all 12 substances caused SH-groups content increase, but this is especially
true for compounds 8 and 9 (p < 0.01 compared to the native pool).

3.5. Total Antioxidative Status (TAS)

The general antioxidative potency of the serum pool was enlarged in the presence of compounds
1–6 and 12, compared to the native serum, as was the case with serum with TBH (p < 0.001 vs. native
pool for 1–6 and 12th compounds).

3.6. FRAP Assay Together with Final Oxy Score

The obtained results from the FRAP assay, together with the final Oxy Score, are presented in
Table 1. The table also contains the structural formulae and molecular weight of all compounds for a
more clear presentation. The results from the tests for oxidative stress status parameters (with and
without the addition of prooxidant TBH) are presented in Figure 1.

Table 1. FRAP assay and Oxy Score values.

No Structural Formulae MW
(g·mol−1)

FRAP Values
(µmol/L
FeSO4)

(p = 0.01)

OXY SCORE
Median

(25th–75th
Percentile)

Significant
Difference vs.

1
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Table 1. Cont.
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Percentile)
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Figure 1. Oxidative stress status parameters after the addition of the tested compounds numbered
from 1–12. Blank serum pool is signed as 0 (blue box); TBH—serum pool with prooxidant substance
terc-buthyl-hydroperoxide (grey box) and serum pool with vitamin E as antioxidative substance
(green box).

4. Discussion

The interpretation of the results and the evaluation of the antioxidant potential of the tested
compounds were done with respect to their chemical structures and the principles and mechanisms
of the used test reactions. According to the molecular structure, all compounds possess general
thiazolopyrimidine pharmacophore with two different main modifications, where compounds 1–7
are with a urea moiety, and compounds 8–12 incorporate a furonamide moiety. In addition, different
substituents on the N-atom in the thiazole ring are present in all compounds. There are studies that
present increased water solubility properties in thiazolopyrimidine derivatives with the urea and
furonamide substituents [16].

The antioxidant mechanism of the FRAP assay is based only on e− transfer. According to the
obtained FRAP values, the highest total antioxidant activity in the group of compounds with urea
moiety can be found with compound 6, followed by compound 5. Concerning the structure-activity
relationship, we find the benzene substituent on the N-atom in the thiazole ring as important for
antioxidant activity. Moreover, incorporation of an iodine atom in the benzene ring as electron
withdrawing group in compound 6 additionally increases the antioxidant potential. A well-known
fact is that the halogen atom (iodine in this case) is hydrophobic and will have influence on general
physic-chemical properties of the molecule as well as propagation of the diffusion across the biological
membranes in the body. Having in mind these findings, we presume the presence of a hydrophobic
substituent at benzene ring as a valuable positive factor for the highest antioxidant activity. In the study
of Desai et al. from 2016 [10], the presence of a hydrophobic substituent in the molecule was connected
with the high antimicrobial potential of the studied substances. In their case, they make a positive
relationship between the presence of a fluoro and/or nitro group as a substituent in 1,3,5-triazine
based thiazole derivatives and antimicrobial activity against a set of microorganisms.

Connecting the structure/activity data, we find that a direct bond between the N-atom and
benzene ring in the molecule is probably of great importance, because beside the fact that compounds
5 and 7 have almost the same structure, the presence of only one –CH3 group between two rings
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decreases 7–8 folds the antioxidant activity in compound 7. The status of compound 6 as the substance
with the best antioxidant potential from the group with a urea moiety also confirms the obtained
parameters for the oxidative stress status and the value for the Oxy Score (39.31).

Among compounds that incorporate a furonamide moiety, compounds 11 and 12 possess the
highest antioxidant activity (Oxy Score 32.41 and 36.41, respectively). Compound 12 also has the
highest value from the FRAP test (7866). Some authors [16,28] connected the presence of a furan ring
in the structure of non-xanthine analogues as essential for the binding of the molecule with the active
site of A2A receptors, which proposes a potential for a pharmacological effect in neurological disorders
(e.g., Parkinson disease). However, this kind of an electron-rich group is prone to oxidative metabolism
and after metabolic reactions they can be transformed into a potential reactive metabolite [29].

From Table 1, it can be seen that the FRAP values showed that four out of the seven
thiazolopyrimidines with a urea moiety i.e., compound 6 (8720), >5 (7580), >3 (7328), >2 (5228),
and compound 12 (7866) between five thiazolopyrimidines with a furonamide moiety, possesses
significant antioxidant activity values. The Oxy Score is the difference between the Prooxidative Score
and the Antioxidative Score. A larger Oxy Score means a worse redox status (weaker antioxidative
protection, higher prooxidants content). The Oxy Score of twelve compounds ranged from 32.41
(compound 11) to 74.32 (compound 3). Moreover, we found that the thiazolopyrimidines with a
urea moiety possessed a higher Oxy Score range; 74.32 (3, C4H9), 72.45 (1, C2H5), 67.25 (2, C3H7),
45.23 (7, CH2Ph) 44.54 (4, C3H5), 42.49 (5, Ph), 39.31 (6, Ph(p-I)), thus indicating that, although
thiazolopyrimidines with a urea moiety apparently seem to possess a significant antioxidant potential,
thiazolopyrimidines with a furanamide moiety possess a better Oxy Score (52.21 (9, C3H7), 47.30
(10, C4H9), 46.43 (8, C2H5), 36.41 (Ph, 12), 32.41 (11, C3H5)), 32.41 being the best Oxy Score for
N3-allyl-2-thioxo-thiazolopyrimidine furanamide. Concerning the fact that Oxy Score values depend
on several factors, the structure/activity relationship (SAR) of 12 compounds for Oxy Score illustrated
that in both thiazolopyrimidine series, a saturated N-substitution showed a higher Oxy Score as
compared to unsaturated/conjugated N-substitution. The best antioxidant values and their related
Oxy Scores in decreasing order of arrangement were found for compound 12 ((7866; 36.41) > 6 (8720;
39.31) >5 (7580; 42.49) >2 (5228; 67.25) >3 (7328; 74.32)).

Compounds 6 (8720; 39.31) and 12 (7866; 36.41) were found to possess the best antioxidant
potential among the series of twelve thiazolopyrimidines. Incidentally, compound 12 also shows
strong binding affinity (K1 = 0.0085 ± 0.001 nM) with A1 receptors and activated cyclic adenosine
monophosphate (cAMP) at low concentrations (0.048 pmol/mL) [16].

5. Conclusions

Through results obtained from in vitro screening of selected thiazolopyrimidine derivatives, we
have confirmed that some representatives such as compounds 6 (8720; 39.31) and 12 (7866; 36.41)
exhibited a remarkable antioxidant potential. The studied compounds presented hereby significantly
differ in their corresponding antioxidant activity. The main reason is the type of substituents.
Accordingly, particularly derivatives possessing electron withdrawing groups (halogen atom) or
electron-rich groups (furan ring) were identified as compounds with a potent antioxidant capability.
Concerning the values obtained, substances 6 and 12 have the best antioxidant capability. Thus, these
chemical entities may be considered suitable candidates for further investigation/development as
possible effective antioxidant agents.
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