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Abstract:

Oxidative stress occurs in diabetic patients and experimental models of diabetes. The ability of L-arginine to ameliorate oxidative

stress after treatment with alloxan was investigated in rats.Adult male rats were injected intraperitoneally with multiple doses of

alloxan to produce experimental oxidative stress characteristic of diabetes mellitus. The rats were maintained in this state for eight

weeks. Rats were decapitated and gastrointestinal tissues were isolated. The results were interpreted and the significance was

analyzed using unpaired, two-tailed Student’s t tests and two-way repeated measures ANOVA. Hyperglycemia was observed in the

plasma after three days of alloxan treatment. This was associated with a depression of glutathione (GSH) concentration as well as

superoxide dismutase (SOD) and catalase (CAT) activities in the pylorus and ileum. In addition, the malonyldialdehyde (MDA)

levels were significantly elevated, indicating increased lipid peroxidation and oxidative stress in the same tissues. L-arginine

supplementation (0.15 mg/ml) through drinking water until eight weeks after alloxan injection significantly ameliorated the

oxidative stress, as evidenced by lower MDA levels as well as higher levels of endogenous GSH, SOD, and CAT (p < 0.001). These

effects were paralleled by marked protection and prophylaxis against alloxan-induced hyperglycemia. Thus, exogenously

administered L-arginine might improve the clinical manifestation of diabetes mellitus and decrease the oxidative stress in the

gastrointestinal tract. In addition, the study supports the beneficial effects of L-arginine. These effects might be attributed to its

direct, NO-dependent antioxidant capacity and/or NO-independent pathways.
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Introduction

In clinical and experimental research, attention is be-

ing paid to the role of antioxidant defense systems in

the prevention of human diseases such as cancer, dia-

betes mellitus, and cardiovascular pathologies [8, 38,

43, 44]. During the progression of these diseases, oxi-

dative stress events occur. Free radicals and reactive

oxygen species (ROS) are generated from molecular

oxygen to form superoxide, hydrogen peroxide, hypo-

chloride, hydroxyl, and peroxyl radicals. These free

radicals and ROS are thought to contribute to lipid

peroxidation (LPO) [20], DNA damage [23], and pro-

tein degradation [11]. Oxidative stress results from an

imbalance between radical-generating and radical-

scavenging systems (i.e., increased free radical pro-

duction, reduced activity of antioxidant defenses, or

both). Multiple enzymatic and non-enzymatic antioxi-

dant defense systems present in cells inactivate those
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free radicals and reduce the amount of cellular oxida-

tive damage they cause. These antioxidants include

free radical scavengers (exogenous vitamins A, C, or

E as well as endogenous glutathione (GSH) and enzy-

matic systems), superoxide dismutase (SOD), catalase

(CAT), glutathione peroxidase (GSH-Px), uric acid,

bilirubin, and albumin. The beneficial effects of the

antioxidant supplements have been assessed in many

degenerative diseases that are linked to oxidative

stress and free radical damage [1, 32, 37].

Diabetes is associated with the generation of reac-

tive oxygen species that cause oxidative damage, par-

ticularly to the heart, kidney, eyes, nerves, liver, small

vessels, large vessels and gastrointestinal system.

There are several studies demonstrating that patients

with diabetes not only have increased levels of circu-

lating markers of free radical-induced damage, but

also have reduced antioxidant defenses, which can in-

crease the deleterious effects of free radicals [17]. Hy-

perglycemia can induce oxidative stress via several

mechanisms. These include glucose autoxidation, for-

mation of advanced glycation end-products (AGE),

and activation of the polyol pathway. Enhanced oxi-

dative stress and changes in antioxidant capacity that

are observed in both clinical and experimental diabe-

tes mellitus are thought to cause chronic diabetic

complications [3]. Many of the complications of dia-

betes have been linked to oxidative stress. Therefore,

antioxidants (i.e., vitamin E, vitamin C, etc.) have

been considered as treatments [6, 9, 36, 41, 48]. How-

ever, clinical trials with antioxidants (in particular vi-

tamin E) have failed to demonstrate any beneficial ef-

fect. Antioxidants, vitamins, drugs or diets rich in

natural antioxidants might enhance the longevity of

life by increasing the damage threshold, sparing co-

enzymes for detoxification pathways during early

stages of diabetes, and delaying the onset of diabetic

complications. These treatments may also be useful

as supportive therapy during later stages of the dis-

ease.

Studies on the beneficial effects of antioxidants and

their application to diabetics have been analyzed for

several decades [18]. More recent clinical trials con-

firm that the use of typical antioxidants alone or in

congruence with other natural supplements may re-

tard or even prevent the normal progression of dia-

betic complications. Interesting antioxidants such as

L-propionylcarnitine and lipoic acid have been shown

to have beneficial effects on diabetic heart function,

peripheral nerve function, vascular blood flow, and

endothelial dysfunction in animal models of diabetes

and in diabetic patients.

At times we have overlooked the tremendous

opportunity to alter the normal course of a disease by

the use of something as benign as a vitamin. One of

the latest entries in the antioxidant arsenal for

diabetics is L-arginine, which was first identified in

extracts of etiolated lupine seedlings by Schultz and

Steiger in 1886. It has been reported that the arginine

concentration decreases in the plasma of diabetic

patients [16] and in the plasma and vascular tissue of

diabetic rats [33]. It has been shown that L-arginine

ameliorates oxidative stress in the liver and brain in

seven-day-old rats with diabetes mellitus [13].

L-arginine can also cause an increase in polyamines

in the pancreas of diabetic rats and enhance the

recovery of endocrine pancreatic function [30]. Polya-

mines might also play antioxidant and antiapoptotic

roles [28]. Researchers have also shown that L-argi-

nine reduces superoxide radical release in isolated

aortic rings to control levels (the same rings were

unaffected by vitamin E treatment) [5]. To our knowl-

edge, however, there are no data concerning the

effects of long-term L-arginine supplementation,

particularly in the state of chronic oxidative stress

associated with the development of alloxan-induced

diabetes. The present study was conducted to describe

the effects of L-arginine in this situation. In this study,

we monitored the levels of LPO that were expressed

as thiobarbituric acid reactive substances (malondial-

dehyde [MDA]). We also monitored the enzymatic

and nonenzymatic antioxidant defense systems, which

include GSH as well as the enzymes SOD and catalase.

Blood glucose levels and formation of advanced

glycation end products (markers of oxidative stress)

were also determined.

Materials and Methods

Chemicals

L-arginine, alloxan, phenylmethanesulfonyl fluoride

(PMSF), thiobarbituric acid, and 5,5’-dithiobis(2-

nitrobenzoic acid) (DTNB) were purchased from

Sigma-Aldrich, USA. A total protein assay kit and

glucose GOD-POD kit were purchased from Span di-
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agnostics Ltd., Surat, India. All other chemicals were

of analytical grade.

Animals

Young healthy male Sprague-Dawley rats weighing

260–300 g (National Institute of Nutrition, Hydera-

bad) were housed under the controlled conditions of

temperature, humidity (25 ± 2°C, 55 ± 2%) and dark/light

(12/12 h) cycle. They received a standard rodent

chow (Goldmohar brand, Lipton India, Ltd.) and wa-

ter ad libitum. The Institutional Animal Ethical Com-

mittee (IAEC), constituted by the Ministry of Envi-

ronment and Forests, Government of India, New

Delhi, for the purpose of controlling and supervising

experimental animals, approved the experimental pro-

tocols. Every care was taken to minimize animal suf-

fering and reduce the number of animals used.

Groupings and treatment protocol

Rats were grouped as non-diabetic and diabetic. Al-

loxan (120 mg/kg, ip) was used to induce hyperglyce-

mia in rats of the diabetic group and was maintained

during the time of the study by the reinforcement of

100 mg/kg alloxan (ip) at day 12 and 21 after the first

administration. Rats were also given daily treatment

of L-arginine (0.5 mg/ml) through drinking water.

The concentration in the drinking water supplied to

the diabetic rats was adjusted (0.15 mg/ml L-arginine

on average) to ensure equivalent feeding because their

water consumption was 3.5 times that of the nondia-

betic rats. The concentration was based on the daily

doses used earlier [21, 34, 45, 46] and the average

volume of water consumed by the rats. Drinking wa-

ter was changed daily. Throughout the course of the

study, all rats had free access to food and drinking wa-

ter. Average fluid intakes and individual body weights

were recorded twice per week.

All rats fasted for 18 h prior to the determination of

blood glucose levels on day three, 15 and 57. During

this time interval, 1.0 ml of blood was withdrawn

from the retrorbital plexus under light ether anesthesia

[39] and centrifuged at 3000 rpm to separate plasma

and cells. The plasma was used to estimate glucose

levels and packed cells were used for the estimation

of glycosylated hemoglobin.

Determination of plasma glucose levels

The plasma glucose levels were estimated using the

glucose oxidase-peroxidase (GODPOD) method [42]

with the glucose GOD-POD kit (Span diagnostics

Ltd., Surat, India). Blood glucose levels were ex-

pressed as mg/dl. The rats showing a fasting glucose

of more than 170 mg/dl three days after the first ad-

ministration of alloxan were considered diabetic.

Glycosylated hemoglobin estimation

Glycosylated hemoglobin was measured by a previously

described method [7] and expressed in terms of %.

Assessment of oxidative stress

Preparation of tissue homogenate

After receiving the treatments for 56 days, the rats

were sacrificed using deep ether anesthesia on the

57th day. The stomach and intestine were removed

and thoroughly washed with ice-cooled 0.1 M phos-

phate buffered saline (PBS) containing 0.1 mmol/L

phenylmethanesulfonyl fluoride. The individual tissue

was blotted dry and homogenized in 0.1 M PBS in an

ice bath to prepare a 10% suspension. This suspension

was then centrifuged at 16000 × g for 1 h in a cooling

centrifuge at 0°C. The supernatant was employed to

assess the parameters of oxidative stress after estimat-

ing the protein content.

Lipid peroxidation (LPO) in tissue

MDA, an end product of fatty acid peroxidation, was

measured in tissue homogenates as previously de-

scribed [22]. The method is based on the formation of

a red chromophore that absorbs at 532 nm. The chro-

mophore forms from the reaction of thiobarbituric

acid (TBA) with malonyldialdehyde (MDA) and

other break-down products of peroxidized lipids, col-

lectively called thiobarbituric acid reactive substances

(TBARS). All samples were run in duplicate and per-

oxidation was expressed as nM MDA/mg protein.

Reduced glutathione (GSH)

Tissue glutathione (GSH) concentrations were deter-

mined according to the method of Beutler et al. [4] us-

ing metaphosphoric acid for protein precipitation and
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5,5’-dithiobis(2-nitrobenzoic acid) (DTNB) for color

development. The results were expressed as µg of

conjugated DTNB per mg of protein.

Super oxide dismutase (SOD) activity

Tissue SOD activities were determined by the method

of Marklund et al. [29]. The ability of the enzyme to

inhibit the autoxidation of pyrogallol in the presence

of EDTA was used as a measure of SOD activity.

One unit of the enzyme activity was defined as

50% inhibition of the rate of the autoxidation of pyro-

gallol as determined by the change in absorbance/min

at 420 nm. The activity of SOD is expressed as

units/mg protein. The assay was performed in dupli-

cate in a two-fold concentration range.

Catalase (CAT) activity

Catalase activity was measured [1] by the breakdown

of hydrogen peroxide catalyzed by catalase enzyme.

The results were expressed as CAT activity U/mg of

protein.

Statistical analysis

Data were analyzed using Graph Pad Prism version

4.00 for Windows (Graph Pad Software, San Diego,

CA, USA). Significance was analyzed using unpaired,

two-tailed Student’s t-tests. Unless otherwise indi-

cated, data are presented as the mean values (± SEM).

The groups of experimental rats were compared to the

appropriate control groups.

Two-way repeated measures ANOVA was used to

examine the overall effects of treatment and time on

the change in plasma glucose levels and glycosylated

hemoglobin concentrations. A relevant, post-hoc

analysis was performed using a Bonferroni adjust-

ment of the significant level.

Differences were considered significant when p < 0.05.

Results

Body weight

The control group of rats exhibited a gradual increase

in body weight over a period of eight weeks. However,

diabetic rats exhibited significant weight loss (p < 0.001).

The daily supplementation of diabetic rats with

L-arginine significantly prevented this weight loss, as

shown in Table 1.

Blood glucose levels

Table 2 exhibits the influence of alloxan on plasma

glucose levels in the diabetic group. Rats receiving al-

loxan injection developed diabetes within three days

of administration. Diabetes was determined on the

basis of glucosuria, hyperglycemia and body weight

loss (likely due to fluid loss). The results indicated

a significant increase in the glucose levels in the dia-

betic group at all time intervals (i.e., day 3, 15 and 57;

p < 0.0001). Treatment of L-arginine in diabetic rats

was found to arrest the rise in glucose levels after day

15 and significantly restored it to near to normal lev-

els at the end of the experiment (p < 0.001).
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Tab. 1. +�� ,������ -�. � ����� ��� �������� ����� ������� ��� ��������� ,��� /(��������

Group Treatment

Body weight (g)

Day of estimation

00 12 21 57

Non-diabetic Vehicle 262.2 ± 3.5 275.5 ± 4.3 286.0 ± 3.4 313.2 ± 3.5

L-Arg 265.3 ± 4.2 274.0 ± 4.1 289.0 ± 4.3 333.6 ± 5.6

Diabetic Vehicle 296.7 ± 5.4 276.5 ± 4.1 250.2 ± 4.3 208.5 ± 3.1*

L-Arg 292.8 ± 6.5 279.0 ± 5.9 286.8 ± 4.2 296.3 ± 5.4�

0����� ��� ��� ����� 1 �2�� � 3 45 6 
 7 #&#8 ,��� ��
���� ,��� ��(�������� ���
5 � 
 7 #&#8 ,��� ��
���� ,��� �������� ���
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Tab. 2. ������ ������ ������ � ����� ��� �������� ���� ������� ��� ��������� ,��� /(��������

Group Treatment

Glucose (mg/dl)

Day of estimation

00 03 15 57

Non-diabetic Vehicle 92.2 ± 2.3 91.8 ± 1.8 92.1 ± 2.3 88.9 ± 1.8

L-Arg 94.5 ± 2.3 94.1 ± 2.2 108.0 ± 2.5 124.4 ± 3.1

Diabetic Vehicle 95.9 ± 1.6 326.4 ± 11.3* 344.3 ± 13.7* 322.9 ± 15.6*

L-Arg 95.2 ± 1.5 326.2 ± 9.6 244.5 ± 15.2 � 133.1 ± 8.1�

0����� ��� ��� ����� 1 �2�� � 3 45 6 
 7 #&#8 ,��� ��
���� ,��� ��(�������� ���
5 � 
 7 #&#8 ,��� ��
���� ,��� �������� ���


Tab. 3. 9���������� �������� ������ -:. � ����� ��� �������� ����� ������� ��� ��������� ,��� /(��������

Group Treatment

Glycosylated hemoglobin (%)

Day of estimation

00 03 15 57

Non-diabetic Vehicle 3.3 ± 0.1 3.1 ± 0.1 3.4 ± 0.1 3.3 ± 0.1

L-Arg 3.3 ± 0.1 3.3 ± 0.1 3.6 ± 0.1 3.8 ± 0.2

Diabetic Vehicle 3.3 ± 0.1 4.1 ± 0.2* 5.2 ± 0.2* 6.2 ± 0.2*

L-Arg 3.2 ± 0.2 4.2 ± 0.2 4.0 ± 0.2� 3.6 ± 0.2�

0����� ��� ��� ����� 1 �2�� � 3 45 6 
 7 #&#8 ,��� ��
���� ,��� ��(�������� ���
5 � 
 7 #&#8 ,��� ��
���� ,��� �������� ���


Tab. 4. ������ ��
�� 
��;������ 
������ -���	!<�� 
�����.� ���������� ������� -9�=� � ���& 	��+<�� 
�����.� ��
��;��� ���������
�������� -�>	� �<�� 
�����. ��� �������� �������� -?!�� �<�� 
�����. �� ����� ��� �������� ����� ������� ��� ��������� ,��� /( ��������

Group Treatment LPO GSH SOD CAT

Non-diabetic Vehicle 0.45 ± 0.04 0.29 ± 0.01 0.78 ± 0.03 16.29 ± 0.98

L-Arg 0.43 ± 0.03 0.30 ± 0.01 0.86 ± 0.03 18.54 ± 1.24

Diabetic Vehicle 0.66 ± 0.04� 0.17 ± 0.01� 0.42 ± 0.03 � 8.78 ± 0.36 �

L-Arg 0.45 ± 0.06� 0.26 ± 0.02� 0.70 ± 0.02� 15.41 ± 1.03 �

�
 7 #&##@ �� ��
���� � ������ �
 7 #&##@ �� ��
���� � �������� ������ � 
 7 #&#@ �� ��
���� � ������ �
 7 #&#@ �� ��
���� �
�������� �����

Tab. 5. %���� ��
�� 
��;������ 
������ -�� �	!<�� 
�����.� ���������� ������� -9�=� A� ���& 	��+<�� 
�����.� ��
��;��� ���������
�������� -�>	� �<�� 
�����. ��� �������� �������� -?!�� �<�� 
�����. �� ����� ��� �������� ����� ������� ��� ��������� ,��� /(��������

Group Treatment LPO GSH SOD CAT

Non-diabetic Vehicle 0.32 ± 0.02 0.20 ± 0.01 1.59 ± 0.09 10.07 ± 0.43

L-Arg 0.30 ± 0.04 0.21 ± 0.01 1.80 ± 0.04 10.89 ± 0.76

Diabetic Vehicle 0.58 ± 0.03� 0.13 ± 0.01� 1.08 ± 0.06� 5.51 ± 0.81�

L-Arg 0.31 ± 0.04� 0.22 ± 0.01� 1.5 ± 0.08� 9.66 ± 0.59�

� 
 7 #&##@ �� ��
���� � ������ � 
 7 #&##@ �� ��
���� � �������� ������ � 
 7 #&#@ �� ��
���� � �������� �����



Glycosylated hemoglobin

Table 3 shows the levels of glycosylated hemoglobin

in the various treated groups. The results revealed that

persistent hyperglycemia significantly increased the

generation of advanced glycation end-products

(measured in terms of glycosylated hemoglobin con-

centration) on day three (p < 0.05). The measured

end-products almost doubled on day 15 and 57 in the

vehicle-treated diabetic group as compared to the cor-

responding non-diabetic group (p < 0.001). L-arginine

treatment in diabetic rats significantly reduced HbA1C

on day 15 (p < 0.001). This measurement was near

a normal level on day 57 when compared to the dia-

betic group (p < 0.001).

Oxidative stress parameters

The results of this study show that persistent hyper-

glycemia for a period of eight weeks induces oxida-

tive stress. Oxidative stress was indicated by the lev-

els of oxidative stress markers, including lipid peroxi-

dation, reduced glutathione, superoxide dismutase

and catalase in the pylorus and ileum (Tab. 4 and 5).

Tissue levels of lipid peroxidation, in terms of MDA,

were found to be significantly higher in the pylorus

(p = 0.0045) and ileum (p < 0.0001) of diabetic rats.

Tissue antioxidant components, such as SOD, CAT

and GSH, were significantly lower in the diabetic

group (p < 0.001). L-arginine treatment for 8 weeks in

diabetic rats reduced lipid peroxidation and increased

antioxidant enzyme levels to near normal.

Discussion

The data of this study provide a good indication of the

presence of oxidative stress in the gastrointestinal tis-

sues of diabetic rats. These findings are in agreement

with other reports in isolated pancreatic islets [15],

erythrocytes [47], kidney [24], liver and testis [12,

40], and forebrain [25] and suggest that free radicals

play a crucial role in diabetes. Increased lipid peroxi-

dation suggests an increase in reactive oxygen spe-

cies, which could be due to increased glucose concen-

trations. The exact mechanism by which increased

blood glucose concentrations lead to lipid peroxida-

tion in diabetic patients is not known. However, in vi-

tro studies suggest that enolization of glucose under

physiological conditions results in reduction of mo-

lecular oxygen and production of oxygen free radicals

and �-ketoaldehydes, which ultimately cause peroxi-

dative breakdown of phospholipids and accumulation

of malondialdehyde, a terminal compound of lipid

peroxidation.

The glutathione system, SOD and CAT are some of

the more important antioxidant organic mechanisms

against tissue damage induced by free radicals. An in-

crease in the activities of antioxidant enzymes has been

detailed in some organs of diabetic rats. Increases in

these defense mechanisms may be a response to in-

creased free radicals as a result of hyperglycemic

states. However, some studies showed decreased lev-

els of SOD, GSH and CAT after the fifth day of al-

loxan treatment in rats [26]. These findings are in ac-

cordance with our results and may be due to an inacti-

vation of mitochondrial and cytosolic enzymes, leading

to a decrease in metabolic activity [35].

The induction of ROS seems to be the mechanism

by which alloxan damages the beta cells. It is known

that the action of L-arginine on beta cells occurs

mainly on the plasma membrane. Researchers have

shown that male Sprague-Dawley rats receiving a sin-

gle ip alloxan dose tended to normalize their endo-

crine function by day 12 after alloxan administration.

This process included both regeneration and neogene-

sis of pancreatic beta cells from either ductal or acinar

cells [10]. Therefore, in this study, hyperglycemia was

sustained during the time of the study by the rein-

forcement of 100 mg/kg alloxan (ip) at day 12 and 21

after the first administration (120 mg/kg, ip). Under

these conditions, oxidative stress and advanced glyca-

tion end products (characterized by the doubling of

HbA1c) were produced. L-arginine treatment showed

beneficial effects in diabetic rats. Treated rats recov-

ered normal glucose concentrations and the other pa-

rameters measured also tended towards normal. This

is in agreement with previous results [31] and further

strengthens the finding that L-arginine has antioxidant

activity.

Muscle wasting is another consequence of diabetes

due to a lack of glucose for energy purposes. Improved

body weight on arginine supplementation indicates the

favored utilization of conventional metabolic sub-

strates and may have prevented muscle wasting.

The ROS-scavenging properties of L-arginine and

polyamines [27], their ability to sustain and/or spare

endogenous antioxidants (including SOD and CAT),
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and their ability to increase NO and thiol groups [14]

may help to explain the antioxidative effects of

L-arginine. The molecular mechanism of NO, polya-

mines and their precursor (L-arginine) in stimulating

insulin synthesis, stimulating insulin release, activat-

ing insulin receptors [19], and activating endogenous

antioxidants is critical in diabetes mellitus and re-

quires further investigation. To our knowledge, the

present investigation is the first report to show that

L-arginine inhibited hemoglobin glycation and oxida-

tive stress generation in gastrointestinal tissues in

chronic diabetes.

Many clinical trials have evaluated the benefits of

arginine in patients at risk for intestinal disease be-

cause of trauma, critical illness, or cancer and recom-

mend it as an immune-enhancing diet. Clinically,

L-arginine has generally been well tolerated by healthy

volunteers and patients when administered via the in-

travenous or oral routes in doses < 30 g. The results of

this study demonstrate its benefits in the prevention of

various chronic complications in diabetic patients.
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