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Abstract

This study aimed to assess the effects of thymoquinone (TQ) on pyrogallol-induced endothelial dysfunction in isolated rabbit
aorta. The protective effects of TQ were examined by incubating aortic rings in TQ concomitant with pyrogallol. The results
revealed that pyrogallol produced significant enhancement of phenylephrine-induced contraction and impairment of
acetylcholine-induced relaxation. Pyrogallol caused a significant increase in lipid peroxidation and reduction in the level of
superoxide dismutase and reduced glutathione in the aortic homogenates. In addition, pyrogallol produced a significant
decrease in nitrite/nitrate concentrations (NOx), constitutive nitric oxide synthase (cNOS) activity and an increase in
inducible nitric oxide synthase (INOS) activity in the aortic homogenates. These changes were counteracted by TQ co-
incubation as TQ attenuated pyrogallol-induced impairment in vascular reactivity in a dose-dependent manner.
Furthermore, TQ showed potent antioxidant activity as well as causing a significant increase in NOx and cNOS activity,
and depression in iINOS activity. These results suggest that TQ can protect against pyrogallol-induced endothelial
dysfunction which probably results from its potent antioxidant capacity that leads to an increase in NO production as well

as its ability to enhance the generation and bioavailability of NO.
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Introduction

The endothelium plays a critical role in the regulation of
vascular function and the development of physiological
and pathophysiological inflammation.! Endothelial dys-
function is a state of generalized alteration in endothelial
cell phenotype and function characterized by an abnormal
vasodilator response, decreased prostacyclin release, in-
creased production of vasoconstrictor substances, impaired
endothelial control of fibrinolysis and inflammation, and
compromised expression of adhesion molecules. The mech-
anisms for these endothelial changes are not fully under-
stood, but impaired nitric oxide (NO) bioactivity is a
principle feature of this abnormality.> NO is generated by
the endothelium through the activity of the endothelial
nitric oxide synthase (eNOS).> In this regard, loss of the
ability of the endothelium to release NO results in vascular
abnormalities such as vasoconstriction, platelet activation
and adhesion of blood elements to the endothelial surface.®
The decreased availability of NO is also affected by its rate
of degradation. NO is degraded by combining with super-
oxide anion to form peroxynitrite, which is toxic to cells
and oxidizes lipids, protein and DNA.* Superoxide
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dismutase (SOD) located between the endothelium and
vascular smooth muscle cell scavenges superoxide anion to
prevent NO degradation.” Emerging evidence suggests that
excessive production of reactive oxygen species (ROS) plays
a key role in endothelial dysfunction development® and
hence contributes to cardiovascular diseases including vascu-
lar inflammation, endothelial dysfunction, hypertension and
heart failure, as ROS diminish the vasodilatory, anti-
inflammatory and antithrombotic properties of endothelium.”®

Thymoquinone (TQ; 2-isopropyl-5-methyl-1,4-benzo-
quinone) is the major component of the volatile oil of
Nigella sativa seeds. Previous studies have shown the
diverse pharmacological actions of TQ such as antibac-
terial,’ antihypertensive,10 antidiabetic,! neuroprotec’cive,12
anti-inflammatory™® and hypolipidemic.’* The antioxidant
activity of TQ against experimental oxidative injury is
well known. Oral administration of TQ protected several
organs against oxidative damage induced by free radical-
generating agents.'””> TQ possesses strong antioxidant
properties through the scavenging ability of different free
radicals, its scavenging power being as effective as SOD
against superoxide anions.'®'”
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The aim of our study was to examine the possible effects
of TQ on endothelial dysfunction induced by pyrogallol in
rabbit isolated aortic rings and investigate its possible
mechanism(s).

Materials and methods
Experimental animals

Twenty-four male New Zealand White rabbits weighing
1.5+ 02kg were obtained from the animal center of
Faculty of Pharmacy, Mansoura University, Mansoura,
Egypt. Rabbits were housed individually in standard stain-
less steel cages at 24 + 2°C with a 12-h light:dark cycle and
allowed free access to standard food (El Nasr Lab Chem.
Co., Cairo, Egypt) and tap water. All experiments were
performed in accordance with the protocol approved by
the Committee of Animal Experimentation of Mansoura
University.

Chemicals

Pyrogallol, TQ, Tiron, phenylephrine (PE), acetylcholine
(ACh) and sodium nitroprusside (SNP) were purchased
from Sigma Chemical Company (St Louis, MO, USA). All
other chemicals and biochemicals used in this study were
of high analytical grade. TQ was dissolved in 20% ethanol
and then diluted several times with saline to the required
concentrations before use (final concentration 0.35%). All
drugs were added to the organ bath in a final volume of
0.1 mL.

Preparation of rabbit aortic rings

Rabbits were anaesthetized by the administration of
ketamine (50 mg/kg) and xylazine (10 mg/kg) into the mar-
ginal ear vein. Under anesthesia, the thorax was opened and
the descending thoracic aortas were carefully and rapidly
removed and freed of adhering soft tissue. The aorta was
cut into rings (2-4 mm in length) and immediately placed
in a cold oxygenated physiological salt solution (PSS,
Krebs-Ringer bicarbonate solution) of the following com-
position (mmol/L): NaCl 118, KCI 4.7, CaCl, 2.5, KH,PO,
1.2, MgSO, 7H,O 1.2, NaHCO; 25 and glucose 11.1, pH
7.4. The aortic rings were divided into four groups each of
six preparations (only one segment from one rabbit was
used). Aortic rings were mounted between two stainless-
steel hooks in an organ bath filled with 18 mL of PSS at a
temperature of 37°C and bubbled with a mixture of 95%
O, and 5% CO,. A passive tension of 2 g was applied and
the rings were equilibrated for 60 min with the PSS solution
changed every 15 min. Isometric tension generated by the
vascular smooth muscle was measured using a force displa-
cement transducer (K30; Hugo Sachs Elektronik, March-
Hugstetten, Germany) and recorded with a Powerlab
unit linked to a PC running Chart v4.2 software (AD
Instruments Ltd, Chalgrove, Oxfordshire, UK). The software
was adjusted to record 20 samples per second at 2 mV sen-
sitivity and a 20 Hz filter was applied to remove any noises.
After the equilibration period, the rings were exposed to
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80 mmol/L KClI for three times to evoke the maximal con-
traction and then the rings were washed until tension
returned to the base line.

Experimental design

Measurement of the contractile function of rabbit

aortic rings

Cumulative concentration-response curves (CRCs) were
constructed to PE (10 °-10"> mol/L). Contraction responses
were expressed as the percentage of the maximum response
induced by KCl before. The maximum effect (En.x) and
concentration inducing 50% of Epax (ECsg) were determined
from the CRC, and pD, (negative logarithm to base 10 of the
ECs) values) was calculated as —log ECsy.

Measurement of the relaxant function of rabbit

aortic rings

To measure vasorelaxation, aortic rings were first pre-
contracted with PE (10~® mol/L). When the maximal con-
tractile plateau was reached, ACh (10~°-10"° mol/L) or
NO-releasing agent SNP was added to the bath cumulat-
ively. Relaxant responses were expressed as the percentage
decreases of the magnitude of the contraction induced by
PE before the application of ACh or SNP. The maximum
effect (Emax) and inhibitory concentration 50% (ICsp)
were determined from the CRC, and pD, was calculated
as —log IC50~

Effect of TQ on the vasoreactivity of rabbit aortic rings
preincubated with pyrogallol

Arterial dysfunction was induced through incubation of the
aortic rings with pyrogallol.'® The aortic rings were ran-
domly subjected to the different treatments as follows:

(1) Control group: aortic rings were incubated in TQ vehicle
for 30 min;

(2) Pyrogallol group: aortic rings were incubated in PSS with
500 wmol/L pyrogallol for 15 min;

(3) TQ + pyrogallol groups: aortic rings were preincubated
with TQ (107>, 10~* or 10 > mol/L) for 30 min and
500 umol/L pyrogallol for the last 15 min;

(4) Tiron + pyrogallol group: aortic rings were preincubated
with Tiron (a cell permeable superoxide scavenger,
10"%mol/L) and 500 umol/L pyrogallol for 15 min.
This group served as a positive control group.

At the end of the treatments, the rings were incubated in
normal PSS without pyrogallol, TQ or Tiron, and then
CRCs were constructed to PE to evaluate the contractile
function of aorta. To measure vasorelaxation, CRCs were
constructed to both ACh or SNP in aortic rings precon-
tracted with PE (10~° mol/L).

Biochemical parameters

The aortic rings were separated and treated according to
the same procedure as mentioned before. Aortic rings
were collected after the incubation, blotted dry, weighed
and then made into a 5% tissue homogenate in ice-cold



0.9% NaCl solution using a variable-speed homogenizer
(OMNI International, Kennesaw, GA, USA). Tissue hom-
ogenates were centrifuged (1000 g, 4°C, 10 min) and super-
natants were obtained to measure the following parameters:

Effect of TQ on the oxidative stress induced by pyrogallol
This set of experiments were done to examine the effect of
TQ on pyrogallol-induced changes in thiobarbituric reactive
substances (TBARs), reduced glutathione (GSH) concen-
trations and SOD activity in rabbit aortic rings.

Estimation of lipid peroxidation

The TBARs concentration in the homogenate supernatant
was measured according to Ohkawa et al.'® Briefly, 1.0 mL
of 20% trichloroacetic acid and 1.0 mL of 1% thiobarbituric
acid reagent were added to 100 uL supernatant, then
mixed and incubated at 100°C for 80 min. After cooling on
ice, samples were centrifuged at 1000 g for 20 min and the
absorbance of the supernatant was read at 532 nm. A stan-
dard graph using 1,1,3,3-tetramethoxypropane was plotted
to calculate the concentration of TBARs which were
expressed as nmol/L/g tissue.

Estimation of SOD activity

The SOD activity was assayed according to the method
described by Misra and Fridovich.*® Briefly, supernatants
were added to the reaction mixture (550 uL. HCO; buffer,
400 uL EDTA, 500 uL epinephrine). Epinephrine undergoes
autoxidation rapidly at pH 10.0 to produce adrenochrome, a
pink-colored product that was detected spectrophotometri-
cally at 480 nm in the kinetic mode. The amount of
enzyme required to produce 50% inhibition was defined
as one unit of enzyme activity. The SOD activity was
expressed as U/mg protein.

Estimation of reduced GSH

The GSH content was determined according to Sedlak and
Lindsay.”! In brief, an aliquot of the supernatant fraction
of the aortic homogenate was mixed with 5% metaphos-
phoric acid, the mixture centrifuged at 2000g for five
minutes, and an aliquot of the clear supernatant was
mixed with 1.9 mL of 0.1 mol/L phosphate buffer pH 8.0
and 20 puL of 0.02 mol/L 5,5-dithiobis-2-nitrobenzoic acid
in 0.1 mol/L phosphate buffer pH 8.0. The absorbance of
the resulting product was measured spectrophotometrically
at 412 nm. The concentration of GSH in the sample was
derived by reference to a calibration curve of GSH prepared
from serial dilutions of a 240 umol/L GSH stock solution
that were treated in an identical manner as the aortic homo-
genate samples. The results were reported as umol/L/g
tissue.

Effect of TQ on NOx concentrations

The concentration of total NOx was measured in the aortic
homogenate as an indicator of NO activity using a NO
assay kit according to the supplier’s specifications (R&D
Systems, Minneapolis, MN, USA). A 0.5% ZnSO4 solution
(100 uL) was prepared, then added to supernatant samples

(100 uL) and incubated for another five minutes at room
temperature. The mixture was centrifuged at 3700 g for
20 min at 4°C, and the supernatant was used for measure-
ment of total NOx. The principle of the assay is the conver-
sion of nitrate into nitrite followed by color development
with Griess reagent (sulfanilamide and N-naphthyl ethyle-
nediamine) in an acidic medium. The absorbance was deter-
mined at 540 nm. The amount of NOx in the test samples
were determined by interpolation of the result into the stan-
dard curve of nitrite prepared from serial dilutions of a
2000umol/L stock solution. All assays were performed in
duplicate and expressed as uM/mg protein.

Determination of NOS activity

Aortic NOS activity was assayed following the steps
described by the kit manufacturer (R&D Systems). Briefly,
NOS catalyzes L-arginine and O, into NO. NO interacts
with nucleophilic substances to become a colored com-
pound detected by a spectrophotometer at 530 nm. There
are two kinds of NOS, constitutive NOS (eNOS and
cNOS) that are activated by Ca*", and inducible NOS
(iNOS) in which activation is Ca® independent. To the
iNOS assay tube, we added an inhibitor solution which
inhibits eNOS and c¢NOS activity via eliminating Ca”",
and the results represented the iNOS activity.”*>* For total
NOS assay, we did not add the inhibitor solution, and the
results represented the total NOS activity. The total NOS
activity minus the iNOS activity is the constitutive
NOS activity. The NOS activity was expressed as U/mg
protein.

Statistical analysis

The results are presented as the mean + standard error of
mean (SEM), where (1) equals the number of animals or
preparations. Smooth muscle contraction was calculated as
% of maximal steady-state contraction induced by
80 mmol/L KCI. The CRC for each experimental condition
was plotted and from it were deduced the values of
maximal-agonist induced response (En.x) and the concen-
tration of the agonist (expressed as negative log molar con-
centration) producing 50% of Enax (pD2). The highest
response obtained was considered as the maximum re-
sponse (Emax). Non-linear regression analysis (4-parameter
curve fit) was carried out using GraphPad Prism software
(GraphPad Software Inc., San Diego, CA, USA) and signifi-
cant differences between groups were determined with
one-way analysis of variance followed by Tukey-Kramer
multiple comparisons test.

Results

Effect of TQ on the contractile function of isolated
rabbit aortic rings preincubated with pyrogallol

Incubation with pyrogallol (500 umol/L) for 15 min signifi-
cantly enhanced PE-induced contraction (P < 0.001) as com-
pared with the control group. Co-incubation with TQ (10>,
10~* or 10 > mol/L) or Tiron (10 *mol/L) reduced the
enhanced PE-induced contraction as compared with the

pyrogallol group (Figure 1).
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Figure 1 Effect of thymoquinone (TQ; 1075 10™* and 10 °mol/L)
co-incubation with pyrogallol (500 umol/L) on phenylephrine (10°°-
10°° mol/L)-induced contraction (a) and pD, values (b) in aortic rings
of rabbits. Tension was measured and calculated as a percentage of the con-
traction in KCI (80 mmol/L); pD; is the negative logarithm of the ECs,. Data
are expressed as means + SEM, n =6 rings from six rabbits per group.
P <0.01, ***P<0.001 as compared with the control group. #p < 0.05,
##p < 0.01, **P < 0.001 as compared with the pyrogallol group (one-way
analysis of variance followed by Tukey-Kramer multiple comparisons test)

Effect of TQ on the relaxant function of isolated rabbit
aortic rings preincubated with pyrogallol

Endothelium-dependent and -independent relaxations were
produced by ACh and SNP, respectively, in PE (10~® umol/L)
precontracted isolated rabbit aortas in a dose-dependent
manner. Co-incubation with pyrogallol (500 umol/L) for
15 min significantly attenuated ACh-induced endothelium-
dependent relaxation as compared with the control group.
Treatment with TQ (10>, 10~* or 10 > mol/L) or Tiron
(10"2mol/L) produced a significant reduction (P < 0.001)
in pyrogallol-provoked attenuation of ACh-induced
endothelium-dependent relaxation in a dose-dependent
manner (Figure 2). Moreover, there was no difference in
the maximal vasorelaxation response to ACh between
Tiron- and TQ-treated aortic segments. However, SNP-
induced endothelium-independent relaxation did not
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Figure 2 Effect of thymoquinone (TQ; 107, 10™* and 10 °mol/L)
co-incubation with pyrogallol (500 umol/L) on acetylcholine (10~°-
107% mol /L)-induced relaxation (a) and pD, values (b) in phenylephrine
(1 wmol/L)-precontracted aortic rings of rabbits. Tension was measured and
calculated as a percentage of the contraction in response to phenylephrine
(1 umol/L); pD; is the negative logarithm of the ECs,. Data are expressed as
means + SEM, n = 6 rings from six rabbits per group. *P < 0.05, **P < 0.01,
***P < 0.001 as compared with the control group. *##P < 0.001 as compared
with the pyrogallol group (one-way analysis of variance followed by Tukey—
Kramer multiple comparisons test)

significantly change among the different experimental
groups (data not shown).

Effect on antioxidant status

The lipid peroxidation as assessed in terms of measuring
TBARs was significantly increased in the case of incub-
ation with pyrogallol as compared with the control group
(P <0.001). However, treatment with TQ (107>, 10~ * or
10> mol/L) significantly attenuated pyrogallol-induced
increase in TBARs in a dose-dependent manner (Table 1).
Co-incubation of isolated aortic rings with pyrogallol re-
sulted in a significant reduction in SOD activity (P < 0.001)
and GSH content (P < 0.001) in aortic homogenates as com-
pared with the control group. As depicted in Table 1, TQ or
Tiron treatment induced a significant increase in the SOD



Table 1 Effect of thymoquinone (TQ) on pyrogallol-induced change in thiobarbituric acid reactive substances (TBARs), glutathione (GSH) and

superoxide dismutase (SOD) in the aortic homogenates of rabbits

Pyrogallol + Tiron Pyrogallol+TQ Pyrogallol+TQ Pyrogallol+TQ
Parameter Control Pyrogallol (1073 (1079) (1074 (1079
TBARS (nmol/g tissue) 18.54 + 1.6  35+2.7*** 185+ 1.9%# 27.2 + 2.36* 21 + 1.52### 18.6 + 1.58%##
SOD (U/mg protein) 6.1+0.37 25+0.12* 57+ 0.5 3+ 0.28"** 4.5 4 0.33*### 5.3 + 0.21###
GSH (umol/g tissue) 104+ 0.87 3.2+ 042 99 + 0.9 6.2 + 0.6* 7.5 + 0.65%* 9.4 + 0.75"#

Data are expressed as means + SEM, n = 6 rings from six rabbits per group

*P < 0.05, **P < 0.01, ***P < 0.001 as compared with the untreated control group

#P < 0.05, #P < 0.01, ##P < 0.001 as compared with the pyrogallol group (one-way analysis of variance followed by Tukey—Kramer multiple comparisons test)

Nitrite/nitrate (umol/mg protein)

1075,
on pyrogallol (500 umol/L)-induced change in nitrite/nitrate concentrations
in aortic homogenates of rabbits. Data are expressed as means + SEM,
n = 6 rings from six rabbits per group. ***P < 0.001 as compared with the
control group. *P < 0.05, *P < 0.01 as compared with the pyrogallol
group (one-way analysis of variance followed by Tukey-Kramer multiple
comparisons test)

Figure 3 Effect of thymoquinone (TQ; 10™* and 103 mol/L)

activity and GSH content in a dose-dependent manner as
compared with the pyrogallol group.

Effect on NOx concentrations, and iNOS and cNOS
activities

As shown in Figure 3, pyrogallol (500 umol/L) caused a
significant decrease (P < 0.001) in NOx concentrations as
compared with the control group. This effect was counter-
acted by treatment with TQ (10>, 10~* or 10> mol/L)
which significantly increased the NOx level in a dose-
dependent manner. Pyrogallol resulted in a significant
increase (P < 0.001) in iNOS activity and a decrease (P <
0.001) in <NOS activity in aortic homogenates as compared
with the control group (Figure 4). Either TQ or Tiron signifi-
cantly attenuated these changes as they decreased iNOS
activity and increased cNOS activity as compared with the
pyrogallol group.

Discussion

The present study aimed to test whether TQ has a beneficial
effect against pyrogallol-induced endothelial dysfunction
in isolated rabbit aorta and to investigate the possible
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Figure 4 Effect of thymoquinone (TQ; 10°°, 10* and 10”3 mol/L) on pyro-
gallol (500 umol/L)-induced change in nitric oxide synthase (NOS) activities
in aortic homogenates of rabbits. Data are expressed as means + SEM, n =6
rings from six rabbits per group. “*P < 0.05, ***P < 0.001 as compared with
the control group. #P < 0.01, ##P < 0.001 as compared with the pyrogallol
group (one-way analysis of variance followed by Tukey-Kramer multiple com-
parisons test)

mechanism(s). Furthermore, in this study, Tiron, a potent
superoxide scavenger, was used as a positive control to
evaluate the antioxidant efficiency of TQ. The results
obtained demonstrate the protective effect of TQ against
the oxidative damage induced by pyrogallol exposure in
rabbit aortic rings. Endothelial dysfunction induced by pyr-
ogallol (500 umol/L) was depicted by both an increase of
PE-induced contraction and the decrease of ACh-induced
endothelium-dependent relaxation. On the other hand, pyr-
ogallol did not alter the SNP-induced endothelium-
independent relaxation. TQ ameliorated both the enhance-
ment of PE-induced contraction and the impairment of
ACh-induced endothelium-dependent relaxation in a dose-
dependent manner and this effect may be partially
explained through scavenging ROS and increase in NO con-
centration. Moreover, results have shown that TQ may be as
much potent as Tiron in scavenging free radicals.
Endothelial dysfunction plays a key role in the pathogen-
esis of various cardiovascular disorders such as athero-
sclerosis, hypertension and coronary artery disease.®***
The impairment in vascular endothelium integrity, decrease
in serum and aortic nitrite/nitrate concentrations and
reduction in ACh-induced endothelium-dependent relax-
ation have been documented to be an index of experimental
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endothelial dysfunction.”** The pathogenic relationships
among increased oxidative stress, endothelial dysfunction
and its cardiovascular complications are well estab-
lished.??* Previous studies have reported that endothelial
dysfunction can be induced by superoxide ion (O37)
donor, pyrogallol, which rapidly auto-oxidizes in an
oxygen-containing aqueous medium to generate O3 '8
and thus has been used to induce damage from ROS in
vitro.’® This effect of pyrogallol has been attributed to the
generation of superoxide ion, which then inactivates the
NO responsible for ACh relaxation.*"**

Results of the present study have shown that exposure of
aortic rings to pyrogallol (500 umol/L) enhance PE-induced
contraction and impair ACh-induced relaxation. It has been
reported that al-adrenoceptor-mediated vasoconstriction
can be modulated by NO released by the activation of adre-
nergic receptors on endothelial cell membrane.®® In this
study, it is possible that blockade of this NO release may
explain the pyrogallol-induced increase in contractile
response to PE. It is also possible that pyrogallol enhance-
ment of PE contraction contributes to its attenuation of
ACh-induced relaxation. Previous studies have shown that
ACh induces NO release from the endothelium via increas-
ing intracellular calcium in endothelial cells. NO diffuses
into adjacent smooth muscle cells and leads to soluble
guanylyl cyclase (sGC) activation, cyclic GMP (cGMP)
elevation and ultimately to vascular smooth muscle relax-
ation.* The biochemical results of the present study indi-
cated that pyrogallol decreased the aortic concentrations of
NOx and cNOS activity and increased iNOS activity that
may be responsible for the impairment of ACh-induced
relaxation. Putting these findings together, this study
suggests that the mechanism by which pyrogallol enhanced
PE-induced contraction and inhibited ACh-induced relax-
ation resides mainly upstream of the Ach-eNOS-NO-
sGC-cGMP  cascade and NO  modulation of
al-adrenoceptor.

O3 is a major component of ROS and the direct inacti-
vation of NO by O;” is a key event in impairing the
endothelium-derived NO bioactivity. The underlying mech-
anism is probably that NO readily reacts with O3~ to gener-
ate the highly reactive molecule peroxynitrite,” and triggers
a cascade of harmful events, such as apoptosis, causing
uncoupling of NOS, which produces O3~ instead of NO.*
All these reactions contribute to the pathogenesis of endo-
thelial dysfunction, including impairment of endothelium-
dependent relaxation. Furthermore, pyrogallol impaired
the antioxidant status as it significantly decreased the level
of the antioxidant enzymes in the aortic homogenate,
leading to increased TBAR concentration. These results
suggest that pyrogallol-induced endothelial dysfunction is
mediated through oxidative stress which is consistent with
previous investigations.?”®

Results of the present study have shown the beneficial
effect of TQ against pyrogallol-induced endothelial dys-
function in a dose-dependent manner. Moreover, in vitro
co-incubation of aortic rings with Tiron, a superoxide
scavenger, significantly improved vascular response to PE
and ACh. Treatment with TQ markedly inhibited the en-
hancement of PE-induced contraction and impairment of

1037

ACh-induced endothelium-dependent relaxation in aortic
rings exposed to pyrogallol. This beneficial effect of TQ
was prominent in the biochemical results as TQ showed
potent antioxidant activity. TQ attenuated lipid perioxida-
tion and increased antioxidant enzymes activities. These
results are inconsistent with many previous studies that
pointed to the effect of TQ as inhibiting tissue inflammation
and oxidative stress.” "> It has been reported to have
strong antioxidant potentials through the scavenging
ability of different free radicals, its scavenging power
being as effective as SOD against superoxide anions.'®'” It
acts as a scavenger of superoxide, hydroxyl radicals and
singlet molecular oxygen.””*’ Furthermore, recent studies
have demonstrated that TQ supplementation increases the
expression of antioxidant genes, SOD, catalase and gluta-
thione peroxidase, in rat liver. Thus, TQ may reduce oxi-
dative stress through a direct antioxidant effect as well as
induction of endogenous antioxidant enzymes.*' So many
previous studies have shown that pretreatment with TQ
protected organs against oxidative damage induced by a
variety of free radical-generating agents, including cispla-
tin,** carbon tetrachloride** and doxorubicin.**

Furthermore, NO level and cNOS activity in aortas incu-
bated with pyrogallol were normalized following treatment
with TQ. These results are consistent with the previous
studies that reported that TQ possesses a potent effect
on iNOS activity. TQ inhibited iNOS mRNA expression in
rat lipopolysaccharide-stimulated peritoneal macrophage
cells,’>** which has been attributed to its ability to reduce
oxidative stress-induced inflammation leading to the pre-
vention of iNOS upregulation.

Taken together, the overall observed beneficial effect of
TQ in preventing vascular endothelial dysfunction may be
due to reduction of oxidative stress and increase in NO
bioavailability.

Author contribution: DSE-A contributed to the protocol de-
velopment and the concept of this study, and MAN per-
formed data analysis. Both authors contributed to all other
aspects of this study.
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