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Abstract: Object: The purpose of this study was to determine whether supplementation with L-arginine, a substrate 
used in the production of nitric oxide, had an effect on adiponectin concentration in rats fed a high-fat diet. The influ-
ence of L-arginine on insulin resistance was also evaluated. Materials and methods: The experiment was performed 
using 36 Wistar rats divided into three groups: group 1 was fed a standard diet, group 2 a high-fat (HF) diet, group 3 
a HF diet supplemented with L-arginine. After 42 days, serum levels of lipids, glucose, insulin, NO, and adiponectin 
were measured. Insulin resistance (IR) was estimated by the Homeostasis Model Assessment (HOMA). Results: 
Body mass was equal in all 3 groups, at the beginning as well as at the end of the study, however, in group 2 the 
amount of visceral fat was greater after 42 days. In group 3, there was a tendency for visceral fat to decrease. An 
increase in cholesterol, triglycerides, insulin and HOMA-IR, as well as a decrease in NO and adiponectin were seen 
in group 2, while in group 3, L-arginine supplementation ameliorated these disturbances. Conclusions: Our study 
shows that L-arginine supplementation in rats fed a HF diet is associated with an increase in insulin sensitivity. Our 
findings suggest that the underlying mechanism could be at least partially related to an increase in adiponectin 
concentration.
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Introduction

During the past few decades, nitric oxide (NO) 
has been recognized as a messenger molecule, 
involved in the regulation of the cardiovascular 
system [1, 2], the nervous system [3], and gene 
transcription [4]. NO acts as a neurotransmitter 
in the central and peripheral nervous systems 
and mediates physiological functions such as 
learning, memory and neurogenesis [3]. In the 
cardiovascular system, NO plays a central role 
in the control of vascular tone, cardiac contrac-
tility, regulation of arterial blood pressure and 
atherogenesis [1, 5, 6]. Consequently, a distur-
bance in NO production in the cardiovascular 
system may play a role as a pathogenic factor 
in many diseases. Hypertension, diabetes mel-

litus, hypercholesterolemia, hyperhomocystein-
emia, kidney failure, and smoking are condi-
tions that are associated with reduced NO bio-
synthesis [7-9]. 

The normal L-arginine plasma concentration is 
about 100 µmol/L, although the concentration 
sufficient enough to saturate endothelial NO 
synthase (eNOS) is much smaller, only about 3 
µmol/L [10, 11]. Supplementation of L-arginine 
in healthy subjects does not increase NO pro-
duction [12]. Numerous scientific reports have 
shown positive results in terms of the efficacy 
and safety of L-arginine supplementation, espe-
cially in patients with diseases characterized by 
endothelial dysfunction [7-9]. There is evidence 
describing NO mediated effects associated 
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with L-arginine supplementation, despite the 
fact that NOS is theoretically saturated at the 
physiological concentration of L-arginine, a 
phenomenon known as the L-arginine paradox 
[13]. The effect of L-arginine supplementation 
is an intensely explored topic. The influence of 
L-arginine on NO production and insulin resis-
tance is also observed in our study.

Adiponectin is a cytokine predominantly pro-
duced and secreted by adipocytes. Although 
produced in adipose tissue, plasma adiponec-
tin is paradoxically reduced in obese subjects 
[14]. In lean healthy individuals, circulating adi-
ponectin level ranges from 2 to 30 mg/L [15]. 
Hypoadiponectinemia is observed in patients 
with diabetes mellitus, insulin resistance [16, 
17], coronary artery disease [18] and hyperten-
sion [19]. In contrast, in patients with chronic 
diseases, such as chronic heart failure [20] and 
chronic renal failure [21], an increased level of 
circulating adiponectin is observed. Adiponectin 
has been shown to have anti-inflammatory [22] 
and anti-fibrotic properties [23].

Some studies demonstrate that adiponectin 
can regulate NO production via eNOS and 
inducible NOS (iNOS). There are three different 
isoforms of the NOS enzyme which are able to 
generate NO in mammals; endothelial (eNOS), 
cytokine-inducible (iNOS) and neuronal (nNOS) 
[24]. The isoform eNOS results in NO release 
from the endothelium of blood vessels and 
causes vasodilation via cyclic guanosine mono-
phosphate (cGMP) [25]. The expression of iNOS 
can be induced by bacteria, cytokines and 
other agents. This isoform produces large 
amounts of NO, which allows NO to react with 
superoxide (forming peroxynitrite), that in turn 
can lead to cell toxicity and death [26]. 
Endothelial cells have the capacity to express 
iNOS under some conditions, for example dur-
ing an inflammatory state. Augmented myocar-
dial iNOS expression is associated with chronic 
heart failure [24]. It has been found that iNOS 
markedly increases in adiponectin knockout 
rats after ischemia/reperfusion (I/R) injury, and 
that exogenous administration of adiponectin 
significantly reduces iNOS expression, but ele-
vates eNOS activity [27]. Adiponectin exhibits a 
dual role in cardioprotection against I/R injury 
through stimulating eNOS and inhibiting iNOS 
[27, 28]. The influence of adiponectin on NO 
production leads to the next question; whether 
or not supplementation of a substrate of NO 
can influence adiponectin levels in subjects 

with an elevated cardiovascular risk. The pur-
pose of this study was to determine whether 
L-arginine had an effect on adiponectin concen-
tration, and to evaluate the potential influence 
of L-arginine on insulin resistance in rats fed a 
high fat diet.

Materials and methods

The protocol of the study was approved by the 
local bioethical commission in Poznan (approv-
al no. 20/2011). The animal experiment con-
forms to institutional standards.

Laboratory animals

The experiment was performed using 18 male 
and 18 female Wistar rats (8 weeks old, 
weighing 160 ± 12 g), purchased from the 
Department of Toxicology at the Medical 
University of Poznan, Poland. All rats were 
housed individually in carbonate cages in a 
temperature and humidity controlled en- 
vironment, on a 12-hr light and 12-hr dark 
cycle, designed for the purpose of the study. 
The temperature inside the rat cages was 21 ± 
2°C, relative humidity was 60 ± 5% and 
consecutive light-dark cycles lasted 12 hours. 
All rats were provided ad libitum diet and 
distilled water for 42 days. Food intake was 
measured daily and weight changes were 
monitored weekly. The rats were under 
veterinary supervision during the whole course 
of the experiment. Although individual housing 
may seem like a stressful habitat, all of the rats 
were subjected to the same conditions, and 
tests assessing the influence of stress on the 
rats were performed.

Experimental design

After a 5 day period of adaptation to laboratory 
conditions, the rats were randomly divided into 
three equal groups (male to female ratio 1:1):

Group 1 (control-K; n = 12): untreated rats, 
were allowed free access to a standard diet 
(Table 1).

Group 2 (high-fat diet-F; n = 12): were fed a 
high-fat diet.

Group 3 (arginine group-A; n = 12): were fed a 
high-fat diet supplemented with L-arginine 
(Curtis Healthcare, Warsaw, Poland) 20 g/kg 
diet; the appropriate value of wheat starch was 
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reduced in the diet. Arginine is generally safe 
and non-toxic when used as a dietary supple-
ment [29]. There is some evidence that sug-
gests that an excess of arginine, due to an 
amino acid imbalance, can cause severe 
adverse effects, such as impaired growth and 
even death [30].

The rats were fed either a standard semisyn-
thetic diet based on the AIN-93M diet [31] or a 
high-fat (HF) diet with modified amounts of fat 
and sodium chloride. The full composition of 
the diets is presented in Table 1.

Collection of material

At the end of the experiment (day 42), having 
been starved for 16 hours, the rats were 
weighed, anesthetized by an intraperitoneal 
injection of thiopental (40 mg/kg body mass) 
and killed by cardiac puncture. The blood sam-

ples were collected in serum separation tubes, 
and subsequently used for biochemical stud-
ies. The coagulated blood was left to clot at 
room temperature for 30 min, next it was cen-
trifuged for 15 min at 2,500 r.p.m. at a tem-
perature of 4°C; and finally the supernatant 
fluid was separated. Serum samples used for 
analysis were stored at -70°C. Visceral perire-
nal fat was dissected and weighed.

Examined parameters

Selected nutritional parameters in rats: In all 
rats, weight gain and the absolute and relative 
weight of visceral fat was determined. The rela-
tive weight of visceral fat was defined as the 
percentage of body weight.

Laboratory measurements: Serum lipid profiles, 
including total cholesterol (TCH) and tri- 
glycerides (TG) were measured by an enzymatic 
method (Siemens Healthcare Diagnostics Inc., 
Erlangen, German). Serum fasting glucose 
concentration was analyzed by an enzymatic 
method involving hexokinase and glucose-6-
phosphate dehydrogenase (Siemens Health- 
care Diagnostics Inc., Erlangen, Germany).

The NO concentration in serum was determined 
by means of a spectrophotometric method 
using a testing set from Oxis (Oxis International 
Inc., Foster City, USA).

The plasma level of adiponectin was deter-
mined by an enzyme-linked immunoassay, in 
strict accordance with the manufacturer’s 
instructions (R&D Systems, Minneapolis, USA).

The plasma concentration of insulin was deter-
mined by an enzyme-linked immunoassay, also 
in strict accordance with the manufacturer’s 
instructions (Demenditec Diagnostic GmbH, 
Kiel-Wellsee, Germany).

Insulin resistance was estimated by the 
Homeostasis Model Assessment (HOMA), 
according to the formula: Insulin resistance 
index = fasting insulin (μg/L) × fasting glucose 
(mg/dl)/405.

Statistical analysis 

Results are shown as mean ± SEM. Continuous 
variables were assessed for normal distribu-
tion with the use of the Shapiro-Wilk test. 
Differences between means of three groups for 
diet intake, initial body mass, weight gain, vis-

Table 1. Ingredient and nutrient composition 
of diets (grams per kilogram diet)

Ingredient Standard 
diet

High fat 
diet

Casein 140 140
Wheat starch 625 430
Sucrose 100 100
Potato starch 50 50
Vitamin mixture* 10 10
Mineral mixture** 35 35
Sunflower oil 40 40
Lard - 160
Sodium chloride - 35
Total energy (kcal/100 g diet) 420 515
Total protein (% of energy) 18 18
Total fat (% of energy) 9 39
*Composition of vitamin mixture (g/kg mix): nicotinic 
acid (3), Ca pantothenate (1.6), pyridoxine (0.7), thiamin 
(0.6), riboflavin (0.6), folic acid (0.2), biotin (0.02), 
vitamin B12 (0.003); vitamin E (500 IU/g), vitamin A 
(500,000 IU/g), vitamin D3 (400,000 IU/g), vitamin 
K1 (0.08), choline bitartrate (200), powdered sucrose 
(777.15). **Composition of mineral mixture (g/kg mix): 
calcium carbonate (357), potassium phosphate mono-
basic (250), potassium citrate (28), sodium chloride 
(74), potassium sulfate (46.6), magnesium oxide (24), 
ferric citrate (6.06), zinc carbonate (1.65), sodium meta-
silicate×9H20 (1.45), manganous carbonate (0.64), cu-
pric carbonate (0.30), chromium chloride×6H20 (0.147), 
boric acid (0.0816), sodium fluoride (0.0635), nickel 
chloride×6H20 (0.0578), lithium sulfate×H20 (0.0263), 
sodium selenate anhydrous (0.0103), potassium iodate 
(0.010), ammonium paramolybdate×4H20 (0.0795), 
ammonium vanadate (0.066), powdered sucrose 
(209.758).
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ceral body fat, TCH, TG, glucose, insulin, HOMA-
IR, NO, adiponectin were analyzed by One-way 
ANOVA followed by Tukey’s post hoc test. A 
value of P<0.05 was regarded as a significant. 
Statistics were performed with STATISTICA ver-
sion 10 (data analysis software system), 
StatSoft, Inc. (www.statsoft.com). 

Results

The average dietary intake, initial body weight, 
and weight gain were comparable in all groups 
(Table 2). The absolute and relative mass of vis-
ceral fat (as percentage of body mass) was sig-
nificantly higher in rats fed a HF diet, as com-
pared to the control group. In rats fed a HF diet 
supplemented with L-arginine, a tendency 
towards a decrease in visceral fat was 
observed.

The results presented in Table 3 demonstrate 
that six weeks of a HF diet resulted in a statisti-
cally significant increase (P<0.05) in TCH and 
TG, while L-arginine supplementation signifi-
cantly ameliorated the increase in both TCH 
and TG.

From the results in Figures 1, 2, it is clear that 
there was a significant increase (P<0.05) in 
serum insulin and HOMA-IR level in rats fed a 

Discussion

The results of our study confirm the favorable 
effect of L-arginine on the level of insulin resis-
tance. The significant impact of L-arginine sup-
plementation on adiponectin concentration, in 
rats fed a HF diet, is a new finding demonstrat-
ed by our study.

The study provided a useful model of environ-
mentally induced visceral obesity. In our trial, 
the rats fed a HF diet did not gain any more 
weight than the rats fed the standard diet; 
although the duration of the study was most 
likely too brief to be able to reveal significant 
differences between the two groups. After 42 
days of consuming a different diet, despite the 
similarities in bodyweight, changes in body 
composition were observed. Rats fed a HF diet 
had a significantly higher absolute and relative 
mass of visceral fat as compared to the control 
group. The results of our study demonstrated 
that the short interval of being fed a HF diet 
was responsible for an increase in visceral fat, 
even though it did not affect body weight. 
Surprisingly, in rats on a HF diet supplemented 
with L-arginine, a tendency towards a decrease 
in visceral fat was observed. Some previous 
studies have shown that L-arginine therapy 
decreases white fat mass in obese rats [32].

Table 2. Effects of dietary L-arginine on initial body mass, weight gain and visceral fat tissue

Groups

Parameters

n Dietary intake  
(g/day)

Initial body mass 
(g)

Weight gain  
(g)

Visceral body fat (g)/
percentage of body 

mass (%)
Group 1 control 12 21.5 ± 1.8 190.1 ± 12.2 153.5 ± 17.8 3.0 ± 0.2/0.84a

Group 2 high fat diet 12 20.5 ± 1.2 188.8 ± 12.8 157.2 ± 19.2 3.5 ± 0.2/1.05b

Group 3 arginine 12 20.8 ± 1.5 190.7 ± 12.5 142.5 ± 20.1 3.1 ± 0.3/0.9a,b

Values are calculated as means ± SEM for twelve rats. Means in the same column with different superscripts are significantly 
different (P<0.05).

Table 3. Effects of dietary L-arginine on total cholesterol 
concentration (TCH), triglycerides (TG) and glucose (Glu) 
concentration in high fat diet rats

Groups 
Parameters

TCH (mg/dL) TG (mg/dL) Glu (mg/dL)
Group 1 control 65.2 ± 5.7a 35.2 ± 8.1a 102.2 ± 13.0
Group 2 High-fat diet 73.6 ± 8.0b 43.6 ± 7.2b 106.0 ± 13.5
Group 3 arginine 67.2 ± 9.8a,b 33.2 ± 6.7a 100.7 ± 10.9
Values are calculated as means ± SEM for twelve rats. Means in the 
same column with different superscripts are significantly different 
(P<0.05).

HF diet. L-arginine supplementation 
partially restored the insulin concen-
tration and HOMA-IR to control levels.

From the results in Figures 3, 4, it is 
apparent that there were significant 
decreases in NO and adiponectin con-
centrations in rats fed a HF diet. 
L-arginine supplementation protected 
against a decrease in adiponectin and 
significantly increased the concentra-
tion of NO.
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Many studies have shown that the amount of 
visceral fat is closely associated with the level 
of serum insulin and is linked to many meta-
bolic defects with an underlying mechanism 
related to insulin resistance. In support of this 
view, serum insulin and HOMA-IR levels were 
found to be higher in the rats fed a HF diet, than 
in those from the control group which were fed 
the standard diet. L-arginine supplementation 
partially restored the insulin concentration and 
HOMA-IR to control levels. The beneficial 
effects of dietary L-arginine supplementation 

concentration. We found that L-arginine is an 
effective stimulus for adiponectin release. 
Serum adiponectin levels correlate negatively 
with body mass index (BMI) and hypoadiponec-
tinemia is a typical feature of obesity [14]. In 
many trials, a significant increase in serum adi-
ponectin level was observed following weight 
reduction [40]. In our study, the influence of the 
change in body weight on the level of adiponec-
tin was excluded. In all three groups of rats, we 
found different levels of serum adiponectin, 
whereas the body weight was similar in all 

Figure 1. Effects of dietary L-arginine supplementation on serum insulin 
levels. Means with different superscripts (a-c) are significantly different 
(P<0.05).

Figure 2. Effects of dietary L-arginine supplementation on insulin resistance 
index. Means with different superscripts (a-c) are significantly different 
(P<0.05).

on both insulin and HOMA-IR 
may result from increased 
insulin sensitivity. The poten-
tial influence of L-arginine on 
insulin resistance is still being 
explored, heretofore the re- 
sults of several studies on this 
topic are inconsistent and 
generally inconclusive [33-
37]. The beneficial influence 
of L-arginine therapy on insu-
lin sensitivity has been 
described in several animal 
and human trials. A study by 
Bogdański [38] evaluated 
insulin sensitivity in obese 
patients after 6 months of 
L-arginine supplementation 
using the hyperinsulinemic-
euglycemic clamp technique. 
It was found that six months 
of L-arginine treatment signifi-
cantly increased the M value 
and decreased the insulin 
concentration, whereas no 
changes in the M value or the 
insulin level were observed in 
the placebo group in the 
aforementioned trial.

It seems that NO production is 
strictly associated with insulin 
resistance [39]. The underly-
ing molecular mechanisms 
are still being examined. In 
our study, the results suggest 
that one of the potential 
mechanisms responsible for 
the favorable effect of 
L-arginine supplementation 
on insulin resistance could be 
the increase in adiponectin 
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groups. Rats fed a HF diet had lower adiponec-
tin levels than those fed the standard diet. 
L-arginine supplementation in rats fed a HF diet 
was effective in increasing both adiponectin 
and NO concentrations. Some trials suggest a 
close relationship between endothelial func-
tion and adiponectin release. A defect in NO 
bioavailability associated with increased endo-
thelin-1 activity is observed in patients with 
metabolic syndrome [41, 42]. Hattori [43] 
examined the mechanism by which adiponectin 
levels were reduced in rats, noting that chronic 
inhibition of NO synthesis by N-omega-nitro-L-
arginine-methyl ester (L-NAME) in rats induced 

observations made by Gonon [28] suggest that 
the cardioprotective effect of adiponectin is 
mediated via NO by phosphorylation of eNOS. 

We found abnormal lipid profiles in the rats fed 
the HF diet, which is a typical consequence of a 
HF diet and insulin resistance. The critical role 
of insulin resistance in the pathogenesis of 
lipid disorders is well-documented. Our results 
show the positive influence of L-arginine on the 
concentrations of total cholesterol and triglyc-
erides. Similar results were obtained in other 
experimental and clinical studies [45, 46]. It 
has been suggested that the hypolipemic effect 

Figure 3. Effects of dietary L-arginine supplementation on serum nitric ox-
ide levels. Means with different superscripts (a-c) are significantly different 
(P<0.05).

Figure 4. Effects of dietary L-arginine supplementation on serum adiponec-
tin levels. Means with different superscripts (a, b) are significantly different 
(P<0.05).

a state of hypoadiponec-
tinemia. Adiponectin mRNA 
level was also reduced. 
Treatment with peroxisome 
proliferator-activated recep-
tor gamma (PPARγ) agonist 
(pioglitazone), increases adi-
ponectin levels in L-NAME 
treated rats, most likely by 
means of transcriptional acti-
vation of the adiponectin 
gene promoter in adipose tis-
sue via the PPAR response 
element (PPRE) [44]. Acti- 
vation of angiotensin II and 
angiotensin converting en- 
zyme (ACE) has also been 
demonstrated in L-NAME tr- 
eated rats, suggesting a 
pathogenic role of oxidative 
stress in hypoadiponectine- 
mia. A study by Hattori [43] 
has confirmed that oxidative 
stress in rat adipose tissue is 
mediated by xanthine oxi-
dase. In line with these find-
ings, they suggest that NO 
may modulate adiponectin 
release. Adiponectin stimu-
lates phosphorylation of ade-
nosine monophosphate-acti-
vated protein kinase (AMPK), 
which results in downstream 
phosphorylation of eNOS in 
the ischemic/reperfused my- 
ocardium. Phosphorylation of 
eNOS at residue Ser1177 is 
associated with increased 
enzyme activity and increased 
production of NO [32]. The 
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of L-arginine is associated, at least in part, with 
an increase in NO level and a decrease in fatty 
acid oxidation [47]. The results of the study by 
Tan [48] indicate that L-arginine regulates the 
expression of lipid-metabolic genes in skeletal 
muscle and in white adipose tissue, therefore 
favoring lipogenesis in muscle along with lipoly-
sis in adipose tissue.

A limitation of the present study is the relatively 
small number of studied rats, nevertheless, we 
have reached our goal of demonstrating a sta-
tistically significant increase in insulin, and 
HOMA-IR, as well as a decrease in adiponectin 
and NO in rats fed a HF diet. The results were 
also statistically significant in rats fed a HF diet 
combined with L-arginine, demonstrating the 
positive effects of L-arginine supplementation. 
In a study consisting of a larger group of rats, 
the test subjects could be divided by gender 
and analyzed separately to avoid the influence 
of estrous cycles on metabolism. In our study, 
male and female rats were not analyzed sepa-
rately; but in all studied subgroups, both gen-
ders were represented equally. A further limita-
tion of our study is the inability to fully deter-
mine the level of insulin sensitivity. We 
assessed the serum insulin and glucose con-
centration and calculated HOMA-IR. However, 
the results should also be evaluated by the 
test-clamp technique, oral glucose tolerance 
test, and tissue analysis.

In conclusion, our study shows that L-arginine 
supplementation in rats fed a HF diet is associ-
ated with improvement in insulin sensitivity. 
Our findings suggest that the underlying mech-
anism could at least be partly related to an 
increased concentration of adiponectin.
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