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Abstract:

Background: There are studies showing stimulative effect of arginine on insulin secretion. This mechanism is not fully explained.

The effects of the impact of arginine on carbohydrate balance under the conditions of ischemia and reperfusion remain to be deter-

mined. The aim of this study is the evaluation of the influence of short-term L-arginine supplementation on the concentration of glu-

cose and insulin in blood and insulin binding in rat skeletal muscle under the conditions of ischemia and reperfusion.

Methods: The study was conducted on male Wistar rats with average body mass 250 ± 30 g. Animals were divided into four groups:

Group I – control, Group II – placebo, Group III – L-arginine 500 mg/kg/24 h for 5 days, Group IV – L-arginine and L-NAME

(75 µmol/rat/24 h) for 5 days. Each group was divided into subgroups depending on duration of ischemia and reperfusion. Acute

ischemia of hind limb was induced in each group by putting pneumatic tourniquet on the thigh. Blood samples and skeletal muscles

were collected from the rats. Plasma concentrations of glucose and insulin were measured. Insulin binding to insulin receptors was

determined in skeletal muscle.

Results: A clear reduction of insulin binding to receptor was found in the group of animals without ischemia and the group supple-

mented with L-arginine and subjected to 4-h ischemia and 30- and 120-min reperfusion. A significant increase in insulin level was

found in groups of animals with L-arginine and/or L-NAME subjected to 4-h ischemia at all times of reperfusion. Supplementation

with L-arginine and/or L-NAME decreased levels of glucose in blood serum of animals undergoing ischemia-reperfusion syndrome

compared to the control and placebo groups.

Conclusion: Under conditions of ischemia-reperfusion, short-term administration of L-arginine causes a decrease in insulin binding ca-

pacity of insulin receptors in skeletal muscle, an increase in insulin level and a decrease in the concentration of glucose in blood serum.
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Introduction

L-arginine is an amino acid of great interest of scientists in

recent years, due to its multiple functions in organism and

potential applications in many disease entities. Numerous

scientific reports show positive results on the efficacy and

safety of L-arginine supplementation, especially in diseases

characterized with endothelial dysfunction, which are re-

lated to reduced production of nitric oxide (NO) [11, 14,

30]. Disturbances in NO production in the cardiovascular

system may be a pathogenetic factor in many cardiovascu-

lar diseases. They also cause vascular and organ damage in

acute and chronic hypoxia and ischemia [13].

An alternative way to improve endothelial function is to

increase the amount of biologically active nitric oxide. Its

synthesis can be intensified by increasing the availability of

agonists that stimulate release of nitric oxide to endothelial

cells, or providing an enzyme substrate or cofactor. The

principal substrate for endothelial nitric oxide synthase iso-

forms is, however, the amino acid L-arginine [2].

Metabolism of L-arginine is not limited to synthe-

sis of nitric oxide. In addition to the above-mentioned

function, L-arginine acts as a stimulant of insulin se-

cretion. This mechanism is not fully understood. It is

postulated that L-arginine affects pancreatic B-cells

excitability due to ionic changes (potassium and cal-

cium) and increases insulin secretion due to increased

level of nitric oxide [24]. When it became clear that

insulin, in addition to the key role in the metabolism

of carbohydrates, significantly affected cardiovascu-

lar system, its interrelation with nitric oxide and

L-arginine became particularly significant.

Insulin is a weak and physiologically unimportant vaso-

dilating substance but it significantly enhances endothelium-

dependent vasodilating effect. Its impact on cardiovascular

system is mediated mainly by sympathetic nervous system

and system of L-arginine – nitric oxide [34].

The purpose of this study was to determine the ef-

fect of short-term supplementation with L-arginine

under ischemia-reperfusion syndrome on the concen-

tration of glucose and insulin in blood and insulin

binding in rat skeletal muscle.

Materials and Methods

The project received positive feedback from the Local

Ethical Committee for the Affairs of Experiments on

Animals in Poznañ (number 44/2005).

Laboratory animals

The study was conducted on male Wistar rats with av-

erage body mass of 250 ± 30 g. During the experi-

ment, the animals were fed a standardized diet (LSM

granulate type) and water without restrictions. The in-

door animal house temperature was 18 ± 1°C and sub-

sequent light-dark cycles lasted 12 h. During the

whole course of experiment, the animals were under

veterinary supervision. The animals were divided into

4 groups, each of them divided into subgroups con-

taining 8 rats.

Four groups of rats were created: 1) control group,

2) group taking placebo, 3) group supplemented with

L-arginine and 4) group supplemented with L-argi-

nine and L-NAME.

The following subgroups were distinguished in

each of four groups:

1) Animals not subjected to ischemia and reperfusion

2a) ischemia – 60 min, reperfusion – 0 min

2b) ischemia – 60 min, reperfusion – 30 min

2c) ischemia – 60 min, reperfusion – 60 min

2d) ischemia – 60 min, reperfusion – 120 min

3a) ischemia – 120 min, reperfusion – 0 min

3b) ischemia – 120 min, reperfusion – 30 min

3c) ischemia – 120 min, reperfusion – 60 min

3d) ischemia – 120 min, reperfusion –120 min

4a) ischemia – 240 min, reperfusion – 0 min

4b) ischemia – 240 min, reperfusion – 30 min

4c) ischemia – 240 min, reperfusion – 60 min

4d) ischemia – 240 mins, reperfusion – 120 min.

Dose, form and route of administration

of pharmacological agents

Ketamine (Biovet, Pu³awy, Poland) was administered

at a dose of 90 mg/kg body weight (b.w.), intraperito-

neally (ip). Xylazine (Scan Vet, Poland) was adminis-

tered at a dose of 10 mg/kg b.w., ip. L-arginine (Curtis

Healthcare, Poland) was administered orally at a dose

of 500 mg/kg b.w./24 h for 5 days. NG-nitro-L-

arginine methyl ester (L-NAME, Santa Cruz Biotech-

nology. Inc., USA), nitric oxide synthase blocker –

75 µmol/per rat/24 h for 5 days.

Induction of ischemia and reperfusion

Acute ischemia of hinter limb was induced in all sub-

groups (2, 3 and 4) of each studied group (control,

placebo, L-arginine, L-arginine + L-NAME) by estab-
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lishing a pneumatic tourniquet around the limb of

a sleeping rat and then pumping it to 200–210 mm

Hg. This value exceeds almost twice the resting blood

pressure of a rat. This procedure resulted in complete

ischemia of limb manifesting itself with paling and re-

duction of skin surface temperature of rat’s limb. The

skin temperature during ischemia was 28 ± 10°C and

was lower when compared to the temperature prior to

ischemia (34 ± 10°C). Maximum duration of ischemia

was 4 h. According to the subgroup, pneumatic tour-

niquet was put on for 60, 120 or 240 min, after which

the tourniquet was removed and reperfusion was in-

duced for 30, 60 or 120 min.

Collection of material

Blood and skeletal muscles were collected from anes-

thetized rats. Blood was collected by puncture of the

right ventricle and blood serum was obtained by cen-

trifugation and used for further analyses. Collected

skeletalar material of back limbs included: tensor

fascia latae, soleus, vastus intermedius and plantarius.

Throughout the experiment, the animals were assured

to have thermal comfort. Body temperature of rats was

monitored using a thermistor thermometer (Hellige,

Germany), allowing measurement of temperature in

the range of 0°C to 50°C. Heart rate and respiration

were read using HBT analyzer (heartbeat-breathing-

temperature) manufactured by Poznan Medical Equip-

ment Repair Works.

Before putting tourniquets on, the rats were admin-

istered ip ketamine (90 mg/kg b.w) and xylazine

(10 mg/kg b.w.). During the experiment, ketamine and

xylazine were administered (according to the need) in

amount of one third of applicated dose of drugs.

Estimating insulin receptors

Insulin receptor biding capacity was tested in prepara-

tions of cell membranes of muscle tissue. Skeletal

muscle cell membranes were obtained according to

the procedure described by [6].

Isolation of cell membranes

Tissue homogenization was carried out at 0–4°C using

Polytron homogenizer. The homogenization liquid

was cold NaHCO3 at a concentration of 1 mM used in

an amount of 20 ml/g of tissue. The homogenate was

filtered through bolting cloth and subjected to elutria-

tion in order to obtain the membranes. The first cen-

trifugation was conducted at 600 × g, then the super-

natant was centrifuged again at 20,000 × g. The

resulting precipitate was suspended in 1 mmol/l

NaHCO3 and centrifuged twice according to the pro-

cedures specified above. The protein was measured in

the resulting suspension of membranes by the Lowry

method. Membranes were resuspended in incubating

buffer (40 mM Tris-HCl with 0.1% bovine serum al-

bumin, pH 7.4 and diluted to a concentration of mem-

brane protein of 0.625 mg/ml. All centrifugations

were carried out at 0–4°C for 30 min.

Incubation of receptor with ligand

In order to determine the binding capacity of recep-

tors, 125iodine-labeled pig insulin (8.0 Gbq/mg) and

non-labeled monocomponent pig insulin (Novo In-

dustri, Denmark) were used. Vials with 50 µl of iodi-

nated hormone (0.3 nmol/l) and 50 µl of non-labeled

hormone (0 and 100 µmol/l) were incubated for 18 h

with 400 µl of cell membranes. During the reaction,

the temperature was kept at +4°C. Final concentration

of membrane protein in samples was 0.5 mg/ml. Re-

action conditions were chosen on the basis of litera-

ture indicating that a period of 18 h and a temperature

+4°C are optimal for obtaining both stable state of dy-

namic balance of hormone/receptor complex and the

highest percentage of specific binding [16, 17, 23].

These conditions also ensure the minimization of the

rate of insulin degradation which increases at higher

temperatures.

Separation of the hormone/receptor complex

from free hormone and calculations

After 18 h of incubation vials were centrifuged for

8 min at +4°C and 20,000 × g. The supernatants were

discarded and the radioactivity of pellets was meas-

ured using gamma counter (Wallac Wizard Gamma

Counter, PerkinElmer, USA). The percentage ratio of

counted radioactivity in pellets obtained in vials with

labeled hormone and simultaneous presence of large

excess of non-iodinated insulin (10 µmol/l) to total

measured radioactivity in vials was treated as a non-

specific binding. This value was subtracted from the

percentage ratio of counted radioactivity in pellets ob-

tained in vials without the presence of unlabeled hor-

mone, thus obtaining specific binding (Bsp%).
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Estimation of insulin and glucose levels in

blood serum

The concentration of glucose in blood serum was esti-

mated by the glucose oxidase method commercial kit.

The concentration of insulin was estimated using RIA

(Rat Insulin Kit, Millipore, USA).

Statistical analysis

Single and multifactor multivariate analysis of vari-

ance (MANOVA) and Bonferroni multiple compari-

son of averages test were performed. Factors of ex-

pected quality in MANOVA were group (control, pla-

cebo, test groups) and duration of the experiment.

Statistical analysis was performed with the software

Statistica v. 6.1 (Statsoft Inc.)

Results

Table 1 shows the binding of insulin to receptors in

skeletal muscle of rats. A clear reduction in insulin re-

ceptor binding was found in the group of animals

without ischemia treated with L-arginine. The same

trend was observed in the group of animals receiving

L-arginine and subjected to 4-h ischemia and 30 and

120 min reperfusion (Tab. 2). No statistically signifi-

cant changes in insulin receptor binding in skeletal

muscle of experimental animals were found in other

groups of animals.

Table 3 shows changes in insulin level in the blood

serum of experimental animals. There was an increase

of insulin level in two groups of animals with L-

arginine at all periods of ischemia compared to the

control and placebo groups. Supplementation with L-

arginine and/or L-NAME caused a significant in-

crease in insulin level in the blood serum of animals

subjected to 4-h ischemia compared to the control and

placebo groups at all periods of reperfusion (Tab. 4).

Table 5 shows changes in glucose level in the blood

serum of experimental animals. Influence of ischemia

on glucose level showed a decrease of this parameter

in groups with L-arginine at 60 and 240 min period of

ischemia. There was significantly decreased glucose

level observed in groups of animals with L-arginine

and/or L-NAME at 4-h ischemia at all periods of

638 Pharmacological Reports, 2012, 64, 635�642

Tab. 1. Influence of period of ischemia on binding of insulin (Bsp%) to receptors in skeletal muscle

Time of ischemia

Groups
0 min 60 min 120 min 240 min

Control 5.33 ± 0.67b 3.14 ± 0.65 3.25 ± 0.50 2.21 ± 0.76

Placebo 5.45 ± 0.65b 3.18 ± 0.36 3.16 ± 0.37 2.01 ± 0.56

Arginine 2.95 ± 0.45a 3.04 ± 0.36 3.15 ± 0.51 1.88 ± 0.53

Arginine + L-NAME 4.87 ± 0.53b 3.25 ± 0.41 3.11 ± 0.42 2.15 ± 0.60

a, b Significant differences between all groups at 0 min ischemia; p < 0.001

Tab. 2. Binding of insulin (Bsp%) to receptors in skeletal muscle in animals subjected to 240 min ischemia

Time of reperfusion

Groups
0 min 30 min 60 min 120 min

Control 2.21 ± 0.76 2.33 ± 0.33ab 2.57 ± 0.45 2.90 ± 0.58b

Placebo 2.01 ± 0.56 2.92± 0.38b 2.95 ± 0.54 2.88 ± 0.54b

Arginine 1.88 ± 0.53 1.93 ± 0.35a 2.79 ± 0.28 2.03 ± 0.47a

Arginine + L-NAME 2.15 ± 0.60 2.36 ± 0.31ab 3.05 ± 0.60 2.79 ± 0.52ab

a, b Significant differences between groups at 30 min (p < 0.001) and 120 min (p < 0.001) reperfusion
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Tab. 3. Influence of period of ischemia on insulin (mU/l) level in the blood serum of animals

Time of ischemia

Groups
0 min 60 min 120 min 240 min

Control 46.48 ± 1.97 44.47 ± 2.12 45.51 ± 1.50 31.41 ± 1.76a

Placebo 45.45 ± 1.15 43.88 ± 1.36 44.86 ± 2.26 32.51 ± 2.69a

Arginine 48.39 ± 1.92 48.71 ± 1.24 49.79 ± 2.74 45.57 ± 3.68b

Arginine + L-NAME 49.77 ± 1.42 47.05 ± 1.95 51.39 ± 2.72 44.08b ± 2.34

a, b Significant differences between groups at 240 min ischemia; p < 0.001

Tab. 4. Insulin level (mU/l) in the blood serum in animals subjected to 240 min ischemia

Time of reperfusion

Groups
0 min 30 min 60 min 120 min

Control 31.41 ± 1.76a 34.46 ± 2.33a 33.21± 2.54a 36.53 ± 2.50a

Placebo 32.51 ± 2.69a 33.92 ± 3.08a 34.95 ± 3.53a 35.94 ± 2.04a

Arginine 45.57 ± 3.68b 44.33 ± 2.35b 42.79 ± 2.28b 44.78 ± 2.50b

Arginine + L-NAME 44.08 ± 2.34b 47.36 ± 2.31b 44.05 ± 2.52b 43.38 ± 2.71b

a, b Significant differences between all groups; p < 0.001

Tab. 5. Influence of period of ischemia on glucose (mmol/l) level in the blood serum of animals

Time of ischemia

Groups
0 min 60 min 120 min 240 min

Control 5.93 ± 0.37 6.17 ± 0.22b 5.51 ± 0.31 6.78 ± 0.26b

Placebo 5.85 ± 0.43 6.11 ± 0.38b 5.44 ± 0.42 6.82 ± 0.35b

Arginine 4.86 ± 0.38 5.12 ± 0.31a 5.97 ± 0.48 5.99 ± 0.37a

Arginine + L-NAME 4.97 ± 0.67 5.76 ± 0.82ab 5.79 ± 0.41 6.12 ± 0.61a

a, b significant differences between groups at 60 min (p < 0.001) and 240 min (p < 0.001) ischemia

Tab. 6. Glucose level (mmol/l) in the blood serum in animals subjected to 240 min ischemia

Time of reperfusion

Groups
0 min 30 min 60 min 120 min

Control 6.78 ± 0.26b 7.46 ± 0.33b 7.93 ± 0.51b 8.11 ± 0.47b

Placebo 6.82 ± 0.35b 7.58 ± 0.39b 7.89 ± 0.41b 8.16 ± 0.46b

Arginine 5.99 ± 0.37a 5.82 ± 0.42a 5.89 ± 0.48a 5.79 ± 0.49a

Arginine + L-NAME 6.12 ± 0.61a 5.48 ± 0.59a 5.92 ± 0.56a 5.81 ± 0.59a

a, b Significant differences between groups; p < 0.001



reperfusion (Tab. 6). These results correspond with

changes in insulin levels in the examined groups of

animals (observed reduction in insulin level by 32, 26,

28 and 21%, respectively). After supplementation

with L-arginine and/or L-NAME, a slight increase in

insulin level was observed (by 23% after 4-h ischemia

and 20% after 30 min of reperfusion, 21% after

60 min of reperfusion and 19% after 120 min of reper-

fusion compared to the groups without ischemia). Al-

though insulin levels were clearly higher in the groups

of animals receiving L-arginine and/or L-NAME,

changes in glucose levels were not as clear.

Discussion

L-arginine stimulates insulin secretion, which facili-

tates vasodilation. It seems that vasodilating function

of insulin under physiological conditions may be im-

portant in conditions of impaired vascular perfusion.

Metabolic function of insulin and its effect on the

body’s energy balance also seems to be important. It

was shown in presented study that both L-arginine

and (to a lesser extent) its analogue L-NAME stimu-

late secretion of insulin. It seems to be considered

the share of insulin, which secretion is stimulated by

L-arginine, in the regulation of blood flow in skeletal

muscle.

A problem that still remains to be solved is the im-

pact of L-arginine on the function of insulin receptor

and processes associated with stimulation of insulin

receptor. Insulin receptors are present both in tissues

with insulin-dependent (muscle and fat tissue) and

-independent (nerve cells, erythrocytes) transport of

monoglicerides. Insulin receptors are present on the

surface of nearly all tissues and organs [27]. Their

number, however, is variable and varies widely de-

pending on the type of cells, and many physiological

and pathological factors. One of the factors regulating

the number of insulin receptors on the cell surface is

insulin itself, which reduces the number of its own re-

ceptors by stimulating the degradation of the receptor

protein and (in some cell types) by reducing the level

of the receptor mRNA. This mechanism is referred to

as a ligand-dependent reduction in the number of re-

ceptors (down regulation).

As mentioned earlier, the amount of insulin recep-

tors is dependent on insulin level. Torliñska et al. [26]

observed an increase in the number of insulin recep-

tors in rat skeletal muscle in the course of hypother-

mia, which was associated with the induction of the

upregulation by low levels of circulating insulin.

An increase in serum glucose levels observed un-

der conditions of ischemia may indirectly inhibit the

upregulation of insulin receptors in skeletal muscle.

Such effect was observed by Kobayashi et al. [9] in

a streptozotocin-induced diabetes. Another explana-

tion for this phenomenon may be an increase in insu-

lin binding in skeletal muscle under influence of

higher adrenaline level (elevated under conditions of

acute ischemia). It is probable that adrenaline modu-

lates the binding of insulin to the receptor, controlling

the degree of phosphorylation of the receptor [22].

Other researchers have also observed a decrease in the

amount of insulin binding sites in cells with signifi-

cant reduction of metabolic activity [25]. This phe-

nomenon may be associated with decreased rate of

cellulipetal transport of amino acids and slowing of

glucose utilization processes [1]. Krebs [10] observed

that a twofold increase in plasma amino acid concen-

trations caused a decrease in skeletal muscle sensitiv-

ity to insulin by up to 25%. It is suggested that the

regulation of insulin intracellular signals by amino ac-

ids is associated with their effects on mTOR kinase

[7]. mTOR kinase is a protein responsible for regulat-

ing the process of cell proliferation and protein syn-

thesis. In response to insulin, amino acids and the en-

ergy state of the cell it modulates the activity of

p70S6 kinase (S6K1) and the translation initiation

factor-binding protein (4E-BP1). Insulin activates

mTOR and p70S6 kinase via a system of IRS-1/

PI3K1/Akt proteins while L-arginine can activate

mTOR by inactivating TSC1/TSC2 complex [4]. In

all cases, however, due to the existence of a negative

feedback between S6K1 and IRS-1, activation of

mTOR and S6K1 leads to serine phosphorylation

of IRS-1 protein. Such phosphorylation limits the

ability of IRS to bind the insulin receptor and activate

3-phosphatidylinositol kinase. It may even result in

accelerated degradation of this protein, which leads to

a weakening of the intracellular insulin signal [15, 32].

Many reports in the literature suggest that excessive

activation of mTOR, as a result of chronic hyperinsu-

linemia or increased supply of amino acids, may be

the cause of in vitro insulin resistance of skeletal mus-

cle and adipose tissue [18, 20]. Tremblay and Marette

[28] showed that parenteral administration of amino

acid solution to healthy men led to an increase in

640 Pharmacological Reports, 2012, 64, 635�642



p70S6 kinase activity, increased phosphorylation of

serine sites within IRS-1 protein and reduced activity

of 3-phosphatidylinositol kinase in muscle, which

consequently resulted in inhibition of insulin signal

transduction. In vitro studies conducted on L6 myo-

cytes cultures showed that blocking the mTOR/S6K1

by rapamycin protected IRS-1 protein from amino ac-

ids induced hyperphosphorylation and ultimately re-

stored the normal activity of insulin receptor. This

may suggest that a decrease in insulin-binding capac-

ity of insulin receptors in ischemic skeletal muscle

observed in this study after administration of arginine

is associated with excessive activation of mTOR and

impaired substrate 1 function for insulin receptor

(IRS-1) [5].

There are studies indicating that L-arginine,

through its ability of depolarization of pancreatic b

cell membranes, enhances glucose-stimulated insulin

release [12]. The consequence of prolonged hyperin-

sulinemia (in our experiment observed after 4 h) is ex-

cessive activation of mTOR, which leads to a reduc-

tion in Akt activity and reduction of IRS-1 content in

skeletal muscle. It is also concluded that hyperinsu-

linemia, simultaneously with high levels of amino ac-

ids in the plasma, leads to significant increase in

S6K1 activity, resulting in inhibition of insulin-

stimulated glucose metabolism in muscle [19, 33].

In presented study, there were no statistically sig-

nificant changes in insulin binding to receptors in the

membrane of skeletal muscle in animals with 1-, 2-

and 4-h ischemic limb after administration of ar-

ginine. This state may be the result of compensating

the effects of L-arginine by AMP-dependent protein

kinase (AMPK), activated under conditions of ische-

mia. Ischemia leads to tissue hypoxia and inhibition

of the transport of energy substrates. Inadequate oxy-

gen supply of tissue and lack of energy substrates are

the main causes of inhibition of ATP synthesis in

cells. AMPK is activated in response to lower energy

level in the cell (high AMP/ATP ratio). Active AMP-

dependent kinase causes phosphorylation of TSC1/

TSC2 protein complex and increases its GTP-ase ac-

tivity. This results in inactivation of mTOR, dephos-

phorylation of p70S6 kinase and 4E-BP1, inhibition

of processes requiring energy inputs (e.g., protein

synthesis) and starting the processes leading to resto-

ration of cell energy resources (e.g., oxidation of fatty

acids) [7, 8].

In this study, not only L-arginine but also its ana-

logue L-NAME stimulate secretion of insulin. In

other study, chronic NOS blockade by L-NAME in

high fat induces obese mice improved insulin signal-

ing in skeletal muscle, suggesting that endogenous

NO plays a modulatory role in the development of in-

sulin resistance, but we did not confirm that [31].

During ischemia-reperfusion syndrome, the model

used in our study, overproduction of free radicals is

observed. Both L-arginine and L-NAME are well esti-

mated free radicals scavengers [21]. That explains re-

sults obtained in our study.

No difference in influence, between L-arginine ad-

ministrated alone and co-administrated with L-NAME,

on carbohydrate balance under the conditions of

ischemia and reperfusion suggests insignificant NO

role in this process. Our observations confirm results

obtained by [3, 29]. L-NAME used with L-arginine in

this study did not limit m-TOR activation and proteins

synthesis.

Conclusions

Under conditions of ischemia-reperfusion short-term ad-

ministration of L-arginine causes a decrease in insulin

binding capacity of insulin receptors in skeletal muscle.

This condition is associated with an increase of insulin

level and decrease of glucose level in blood serum.
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