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Abstract
Aims: To value the antioxidant effect of vitamin C on atherogenesis induced by oxidative stress, using nitric oxide, superoxide dismutase and nitrotyrosine as 
biomarkers. 

Main methods: Wistar rats were used: (A) Control; (B) Proinflammatory Induction for 30 days, (C) Proinflammatory Induction for 30 days+Vitamin C, (D) 
Proinflammatory Induction for 60 days and (E) Proinflammatory Induction for 60 days+Vitamin C. Proinflammatory Induction with adrenaline (0.1 mg/day/rat). 
Vitamin C (2,14 mg/day/rat) administered 20 days in (C) and 50 days in (E). Nitric oxide (NO) (µM) and superoxide dismutase(U/ml) were estimated employing 
spectrophotometry, nitrotyrosine (nM) employing Elisa and histopathological sections were analyzed by optical microscopy. ANOVA was used for quantitative 
variables and square Chi was used for categorical variables, significance p<0.05 was stablished in all cases. 

Key findings: In groups (B) (12.23±1.14) and (D) (17.84±1.7) NO decreased compared with (A) (22.46±1.24) (p<0.001, p<0.01). NO normalization was found in 
(E) (21.78±1.9). Superoxide dismutase showed significantly increased in (B) (159.33±5.56) and (D) (241±5.6) compared to (A) (128.7±5) (p<0.01, p<0.001). Similar 
augment showed groups (C) (185.12±6.3) and (E) (298.75±3.17) compared with (A) (p<0.01, p<0.001). Nitrotyrosine was increased in (B) (5.03±0.1) and (D) 
(5.31±0.12) according to proinflammatory induction and decreased in (C) (2.28±0.32) when compared with (B) (p<0.001). Similar response showed (E) (0.73±0.4) 
compared with (D) (p<0.001). In groups (B) and (D) showed endothelial denudation, intimal thickening and vascular layers disorganization. Group (E) showed a 
reversal of the lesions described. 

Significance: nitrotyrosine is a useful marker of peroxynitrite production and oxidative damage to endothelial cells. Vitamin C reversed the oxidative stress but did 
not reverse the atherogenic lesions in endothelial.
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Background 
Cardiovascular diseases are the leading cause of morbidity 

and mortality in the occidental worldwide [1]. Ross proposed his 
inflammatory theory [2] in which postulated that the endothelial 
alteration is response at harmful stimuli. The established and 
emerging risk factors for cardiovascular disease [3] contribute to the 
atherogenic process initiated in the vascular wall due to imbalance 
in the homeostatic endotelial balance [4], characterized by the 
movement of cells from light into the vascular wall. The persistence of 
proinflammatory state stimulate the production of acute phase proteins 
such as fibrinogen, which high concentrations reflects inflammatory 
activity and endothelial dysfunction, both parts of the vascular disease 
[5]. Hyperfibrinogenemia induce pro-oxidative processes mediated by 
cytokines such as tumor necrosis factor, and these attract lipoproteins 
into subendothelial space and initiate a progressive oxidation [6]. 
This oxidative process, induce the expression of adhesion molecules 
that facilitate the access of monocytes and further processing to 
monocyte-macrophage residents, generating more free radicals 
and thus further oxidized lipoproteins, allowing to progress of the 
atherogenic lesion [7-9]. In this condition of vascular dysfunction 
and oxidative stress, nitric oxide (NO) synthesized in endothelial 
cells exerts its toxic effect by binding to the superoxide radical and/
or hydrogen peroxide forming peroxinitritos [10,11]. Moreover, 

reactive nitrogen species such as peroxynitrite and nitrogen dioxide 
mediates nitration of tyrosine residues in proteins associated with 
biomembranes forming 3-nitrotyrosine. This represents an oxidative 
post-translational modification that disrupts the physiological NO 
signaling and metabolism drift towards pro-oxidative processes [12,13]. 
3-Nitrotyrosine is thought to be a relatively specific marker of oxidative 
damage mediated by peroxynitrite. The formation of nitrotyrosine 
represents a specific peroxynitrite-mediated protein modification; thus, 
detection of nitrotyrosine in proteins is considered as a biomarker for 
endogenous peroxynitrite activity. The peroxynitrite-driven oxidation 
and nitration of biomolecules may lead to atherogenic process [13]. 
Nitrotyrosine formation would assess the toxic effect of NO involved 
in the disruption of cell signaling process inducing reversible damage 
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difficulting obtain an additional risk stratification in the population [14]. 
The enzyme superoxide dismutase (SOD), is an endogenous protection 
against free radicals and behaves as major antioxidant enzyme; its 
function is to remove superoxide dismutation ion due prevent water 
and oxygen reactions with biological molecules. In a oxidative stress 
situation, SOD is overwhelmed by excessive production of oxygen and 
nitrogen reactives species,so it is unable to exert its enzymatic function 
to preserve the bioavailability of NO and keep the tone vascular [15].

Exogenous antioxidants like vitamin C (or ascorbic acid) could 
collaborate to standardize the enzymatic activity of SOD. Unlike 
endogenous antioxidants such as SOD, which neutralize the action of 
free radicals already formed, Vitamin C is a nonenzymatic group that 
interrupt the free radicals propagation due to inhibit the activation 
because react catalytically with them preventing chain reaction 
lipid peroxidation [16,17]. Humans do not synthesize this vitamin 
endogenously due to a genetic mutation that results in lack of a liver 
enzyme, L-gulonolactone oxidase, able of catalyzing the conversion of 
glucose to L-ascorbic acid [18]. Vitamin C or L-ascorbate is a glucose 
derivative, its hydroxyl groups associated with the double bond act as 
agents with high reducing power, allowing direct participate in oxygen 
reduction and functioning as donor substrate lipid peroxidation 
reactions. Besides being a water-soluble substance is an important 
antioxidant in the extracellular fluids and their molecular mechanism 
of action allows to consider it as an effective antioxidant.

In this context, this paper evaluates the antioxidant vitamin C 
effect in vascular oxidative stress, using NO, SOD and nitrotyrosine as 
biomarkers in rats with induced atherogenesis.

Materials and methods
Male adults Wistar rats were housed at room temperature (20 ºC±2 

ºC) with food and water ad libitum. After weaning, the animals were 
randomly assigned to single sex groups of 20 rats. The investigation was 
carried out according to the Guide for the Care and Use of Laboratory 
Animals published by the U.S. National Institute of Health (No. 8023, 
revised 1996). Besides, the Medical School Ethics Committee (National 
University of Córdoba, Argentina) approved the experimental animal 
procedures. Total of 120 rats were used grouped into the following 
experimental conditions: 

A) control (without intervention)

A-I) control + Vitamin C (without intervention and administration 
of vitamin C)

B) Induction proinflammatory (IP) for 30 days (with subcutaneous 
injection of adrenaline)

C) IP for 30 days + vitamin C (with subcutaneous injection of 
adrenaline and administration of vitamin C)

D) IP for 60 days (with subcutaneous injection of adrenaline)

E) IP for 60 days + vitamin C (with subcutaneous injection of 
adrenaline and administration of vitamin C)

No deaths and no animals were excluded in any of the 
groups studied. Considering previous work from our laboratory, 
proinflammatory induction (IP) was performed with subcutaneous 
injection of adrenaline (0.1 mg/day/rat) for 30 and 60 days [19,20]. 
Drug treatment was performed by administering vitamin C (2.14 mg/
day/rat), equivalent to 500 mg given in dose human [18] from day 10 of 
the first IP and for a period of 20 to 50 consecutive days corresponding 
to 30 and 60 days of IP. It was administered orally, with the aid of a 

syringe adapted with 1 ml probe at its end, allowing to deposit the 
indicated dose of vitamin in the esophagus preventing it be regurgitated 
by the animal.

Blood was obtained at 72 hours of the last IP, coinciding with the 
30 and 60 days, samples were centrifuged at 3000 rpm for 15 minutes to 
obtain the plasma and red cell lysing. 

Fibrinogen (mg/dL) was determined by Ratnoff and Menzie’s 
method [21]. Nitrites; such reference nitric oxide (NO) (uM) by Griess’ 
reaction [22] and SOD activity (U/ml) was assayed in red cell lysates 
using a Randox Kit [23]. Both parameters were quantified in a MetroLab 
1600 spectrophotometer. Nitrotyrosine (nM) was determined with 
Elisa using reagents Oxis technique Research [24].

Furthermore, in all groups were selected 300 cuts of thoracic aortic 
from origin to the last portion, because in rats has shown that injuries 
are preferably in the aortic portion, unlike humans where commonly 
they found in abdominal aorta. The aorta was severed from its origin 
to the last rib portion; 30 sections 4 μm making each cut, selected by 
simple blind. The processed for histopathology material preserved in 
formalin bufferizado 10%, it was stained with hematoxylin-eosin (HE) 
and examined by light microscopy with a 40X and 60X magnification. 
To stratify the degree of injury endothelial cells and intimal thickness 
control in thoracic aortas analyzed and classified as follows: endothelial 
denudation: Mild: <5%, moderate: between 5% -10% and severe:> 10%; 
intimal thickening measured in microns was classified as: mild: <5 µm; 
moderate: between 5-10 μm and severe:> 10 µm.

Statistical analysis

Quantitative variables were analyzed using ANOVA and post hoc 
test Hotelling. For the results of pathology Chi Square test was used for 
categorical variables, p<0.05 was considered as significant.

Results
The proinflammatory status was confirmed by significantly 

increased in fibrinogen levels in the groups with IP for 30 days (B) 
(289±12.8 mg/dL) and IP for 60 days (D) (337±9.4 mg/dL) compared to 
the control (A) (199±11.2 mg/dL) (p<0.001). In addition, it was found 
that antioxidant administration for 50 days (E) (225±13 mg/dL) was 
reduced fibrinogen levels compared to (D) (p<0.001) (Figure 1a).

At the same time, a control group was performed with administration 
of vitamin C (A-I) in order to test whether oxidative stress biomarkers 
were modified by the antioxidant drug. The administration of vitamin 
C did not alter the levels of NO (23.89±1.7 µM) and SOD (122.3±4.36 
U/ml), in addition nitrotyrosine was not quantified and electron 
microscopy did not show changes, otherwise when referring to the 
control group is done we will stand referring to the group (a) without 
intervention, to avoid redundancy of results.

When the bioavailability of NO was analyzed, a significant decrease 
in the groups with IP for 30 days (B) (12.23±1.14 µM) and IP for 60 days 
(D) (17.84±07.01 µM) compared to control (A) was evident (22.46±1.24 
µM) (p<0.001, p<0.01 respectively). In addition, it was confirmed in 
the treaty for 20 days (C) group antioxidant administration failed to 
increase levels of NO (19.89±2.3 µM) to the values of the control group 
(A) (p<0.01). Different behavior expressed the treatment group for 50 
days (E) (21.78±1.9 µM), which did not show difference compared to 
the control group (A) (Figure 1b).

The enzymatic activity of SOD in groups with IP for 30 days (B) 
(159.33±5.56 U/ml) and IP for 60 days (D) (241±5.6 U/ml) significantly 
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increased compared to the control (A) (128.7±5 U/ml) (p< 0.01, 
p<0.001, respectively). In addition, it was found that the persistence of 
pro-inflammatory state (D), significantly increases the SOD enzyme 
response compared to group IP for 30 days (B) (p<0.001). Similar 
behavior showed the groups that received treatment with vitamin C 
for 20 days (C) (185.12±03.06 U/ml) and 50 days (E) (298.75±3.17 
U/ml), in which increased activity of SOD significantly contrasted 
with (A) (p<0.01, p<0.001, respectively). Also objectify the prolonged 
antioxidant treatment group (E) expressed significantly increased SOD 
activity regarding the treaty for 20 days (C) (p<0.01) group (Figure 1c).

Quantification of oxidative stress nitrotyrosine found in 
proinflammatory groups for 30 days (B) (5.03±0.1 nM) and 60 days 
(D) (5.31±0.12 nM) expressing an increase in concentration according 
to the persistence of the IP. On the other hand, a significant decrease in 
nitrotyrosine was saw in animals with antioxidant treatment for 20 days 
(C) (2.28±0.32 nM) compared to the untreated group (B) (p<0.001). 
Similar response showed the lot with administration of vitamin C for 
50 days (E) (0.73±0.4 nM) contrasted with the IP group for 60 days (D) 
(p<0.001). At the same time, we noted that prolonged drug treatment 
group (E) decreased nitrotyrosine levels compared to animals treated 
with vitamin C for 20 days (C) (p<0.001) (Table 1).

Moreover, when 300 thoracic aorta tissue sections by light 
microscopy in group (B) (Figure 2a), 79.33% of same showed multiple 
sectors of endothelial denudation were analyzed and 66% of the intimal 
thickening. Similar lesions presented histopathology analyzed animals 
with IP for 60 days (D) (Figure 2b) where 283 cuts (94.33%) showed 
endothelial denudation and disorganization of the vascular layers with 
increased extracellular matrix was observed in 245 of 300 cuts studied 
(81.67%), expressing significant changes compared to the group (B) 
(p<0.01).

Animals treated with vitamin C for 20 days (C) (Figure 2c) showed 
persistence of endothelial denudation in 201 of 300 (67%) and intimal 
thickening in 186 slices (62%), showing a partial regression of vascular 
lesions compared with the group (B) (p<0.02). When histological 
sections in the group with prolonged antioxidant treatment (E) were 
analyzed, we observed a recovery in endothelial denudation in 196 

1a)

Figure 1. (a) Measurements of plasma fibrinogen in rats with proinflammatory induction 
and antioxidant treatment. (b) Nitric oxide levels in rats with proinflammatory induction 
and administration of vitamin C. (c) Effect of vitamin C on the enzymatic activity of 
superoxide dismutase in rats with proinflammatory induction (n=20 in each group)

Groups Nitrotyrosine (nM)
Control (A) -

IP x 30 days (B) 5.03±0.1
IP x 30 days+vit.C (C) 2.28±0.32 

IP x 60 days (D) 5.31±0.12
IP x 60 days+vit.C (E) 0.73±0.4

ME ±ES: (B) vs. (C): p<0.001, (B) vs. (D): NS; (C) vs. (E): p<0.001; (D) vs. (E): p<0.001.
Proinflammatory induction (IP).
Mean and standard error (ME±ES).

Table 1. Quantification of nitrotyrosine in rats with proinflammatory induction and 
antioxidant treatment

Figure 2. (a) Histological section of the thoracic aorta for the IP group for 30 days (B) 
where multiple sectors endothelial denudation (arrow) and intimal thickening (star) are 
displayed. (b) Histological section of the thoracic aorta for the IP group for 60 days (D) 
where endothelial denudation (arrow) and disorganization of the vascular layers with 
increased extracellular matrix (Star) was evident. (c) Histological section of the thoracic 
aorta for the IP group for 30 days+Vitamin C (C) which showed persistence of endothelial 
denudation (arrow) and intimal thickening (star). (d) Histological section of the thoracic 
aorta for the IP group for 60 days+Vitamin C (E) where a recovery in endothelial denudation 
(arrow) and intimal thickening (star) was observed. (e) Histological section of the thoracic 
aorta for the control group (A) where endothelium is observed (arrow) and adventitious 
unscathed (circle) and wall with several (star) elastic boundary layers
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(65.33%) and intimal thickening in 204 (68%) of the 300 courts 
studied, regarding the group (D) (p<0.01) as shown in Figure 2d. 
Optical microscopy of the control group (A) is displayed in Figure 
2e (Table 2).

Discussion
Our results showed that the fibrinogen concentration increases in 

response to endothelial injury and in accordance with the persistence 
of pro-inflammatory stimulus. On this way it would demonstrate its 
active participation in early stages of atherosclerosis [20]. Fibrinogen´s 
measurements in plasma could be used as biological marker of 
atherogenesis regardless its role as cardiovascular risk factor [3,25].

A decrease in the bioavailability of NO in groups with IP originates 
a proinflammatory state and a loss of the homeostatic mechanisms. 
Thus, the persistence of inflammatory stimulus would be the beginning 
of endothelial dysfunction, inducing the process of oxidative stress and 
altering the delicate balance between vasodilators and vasoconstrictor 
factors [26,27]. NO has antithrombotic and antiatherogenic properties 
so, the NO decrease result in an impaired endothelium-dependent 
vasodilation, and also in the acceleration and accentuation of 
atherogenic process.

Multiple processes would be associated with pro-inflammatory and 
oxidative stress; therefore, the endothelial nitric oxide synthase can 
generate both superoxides instead of NO, or NO and superoxide and at 
the same time [28]. The NO molecule has a mismatched electron that 
allows it to react rapidly with oxygen and other reactive oxygen species. 
The reaction of NO with the superoxide ion produces peroxynitrite. 
This reaction occurs at a rate three times higher than the SOD is able 
to dismantle the superoxide ion. This results in a decrease in NO 
bioavailability with inhibition of its physiological functions [12,14]. The 
oxidative inactivation of NO results in excessive peroxynitrite formation, 
this is potent biological oxidant, whose pathophysiological effects 
accentuate the vascular lesions as we observed in Figures 2a and 2b.

Moreover, in this research we observed an increment in SOD 
activity versus time of proinflammatory induction, demonstrating an 
adaptive response to oxidative stress present in the vascular wall [29]. 
Inflammatory signals activate the endothelium using superoxide radical 
chain reaction generating free radicals which initiate lipid peroxidation 

causing loss in its structure and function cellular [30] as observed in 
pathologic sections of IP groups (Figures 2a and 2b).

In addition, the quantification of nitrotyrosine in groups with IP 
indirectly demonstrate the production of peroxynitrite and oxidative 
damage in endothelial cells, it would be the "mark" that would exempt 
when vascular tissue is damaged during atherogenic process [13,31]. 
The presence of nitrotyrosine in our research, only observed in animals 
with proinflammatory induction therefore normally not synthesized.

Consistent with the plasma results, showed histopathological 
studies in groups with IP endothelial denudation, leaving the exposed 
collagen platelet aggregation facilitating further reflecting focal 
inflammatory activity level of the vessel wall. Also, it noted that the 
persistence of proinflammatory state generated thickening vascular 
intima and increase in the extracellular matrix, probably as a result of a 
number of physiological stimuli that are an attempt to maintain tissue 
vascular homeostasis. These lesions showed that IP is associated with 
endothelial histopathological changes of Type I, II and III of the Stary 
[32] classification.

Those results demonstrate that the antioxidant mechanism exerted 
by the SOD was insufficient. Vitamin C prolonged treatment showed 
anti-inflammatory effect with reduced reactive oxygen and nitrogen 
species, increasing the bioavailability of NO and inhibing the formation 
of peroxynitrite. The L-ascorbic acid donates two electrons from a 
double bond between carbons at positions 2 and 3, this action would 
preserve the physiological functions of NO by intracellular superóxide 
ion chelation [33,34].

The SOD activity increased in treated animals and this suggests 
that vitamin C to scavenge free radicals formed during the atherogenic 
process, restoring the enzymatic response of SOD [12,18]. In addition, 
the antioxidant capacity of this vitamin in the treated groups, showed 
a decrease in levels of nitrotyrosine, indirectly demonstrating that 
peroxynitrite formation would be controlled at the endothelial level. 
Thus, there would cooperation of antioxidant systems to reverse the 
pathophysiological state leading to the atherogenic process.

Similarly, the pathological study showed partial restitution of 
the injuries described in the group treated for 50 days. Ascorbic 
acid strengthens the permeability barrier by improving endothelial 
dysfunction, preventing lipoprotein oxidation by neutralizing free 
radicals and inhibiting the formation of peroxynitrite [35-37]. The 
partial regression of the lesions observed in different groups with treated 
IP, is related to the ability of vitamin C to inhibit the differentiation and 
proliferation of vascular smooth muscle cells in the areas of vascular 
damage. It is likely required extended treatment periods to exert more 
definitive antioxidants effects.
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Groups Endothelial 
Denudation

Injury in other
vascular layers

 IP x 30 days (B)
 *300

Mild: 16%
Moderate 51%
Severe: 33%

n=243**

Mild: 20%
Moderate: 32%

Severe: 48%
n=198**

IP x 30 days +vit. C (C)
 *300

Mild: 56 %
Moderate: 21 %

Severe: 23% 
n=201**

Mild: 38 %
Moderate: 22%
Severe: 40 %

 n=186**

IP x 60 days (D)
 *300

Mild: 17%
Moderate: 27%

Severe: 56%
n=283**

Mild: 13%
Moderate: 25%

Severe: 62%
n=245**

IP x 60 days +vit. C (E)
 *300

Mild: 75 %
Moderate: 21 %

Severe: 04% 
n=196**

Mild: 66 %
Moderate: 22 %

Severe: 12 % 
n=204**

*Histological sections studied by group.
**Numbers of cuts with anatomopathological modifications.
Endothelial Denudation: (B) vs. (D): p<0.01; (B) vs. (C): p<0.02; (E) vs. (D): p<0.01. 
Intimal Thickening: (C) vs. (D): p<0.01; (B) vs. (C): p<0.02; (D) vs. (E): p<0.01.
Proinflammatory induction (IP).

Table 2. Classification of lesions in rats with proinflammatory induction and vitamin C 
administration
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