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Abstract

Previous studies showed that dietary L-arginine supplementation decreased white fat mass in genetically obese rats. This

study tested the effectiveness of L-arginine in diet-induced obesity. Male Sprague-Dawley rats were fed for 15 wk a high-

fat (HF) (40% energy) or low-fat (LF) (10% energy) diet beginning at 4 wk of age, resulting in 18% higher body weight gains

and 74% higher weights of major white fat pads (retroperitoneal, epididymal, subcutaneous, and mesenteric adipose

tissues) in HF than in LF fed rats. Starting at 19 wk of age, rats in each dietary group were supplemented for 12 wk with

1.51% L-arginine-HCl or 2.55% L-alanine (isonitrogenous control) (n ¼ 8 per treatment) in drinking water and arginine

groups were individually pair-fed to alanine controls. Despite similar energy intake, absolute weights of white fat pads

increased by 98% in control rats over a 12-wk period but only by 35% in arginine-supplemented rats. The arginine

treatment reduced the relative weights of white fat pads by 30% and enhanced those of soleus muscle by 13%, extensor

digitorum longus muscle by 11%, and brown fat by 34% compared with control rats. Serum concentrations of insulin,

adiponectin, growth hormone, corticosterone, triiodothyronine, and thyroxine did not differ between control and arginine-

supplemented rats. However, arginine treatment resulted in lower serum concentrations of leptin, glucose, triglycerides,

urea, glutamine, and branched-chain amino acids, higher serum concentrations of nitric-oxide metabolites, and

improvement in glucose tolerance. Thus, dietary arginine supplementation shifts nutrient partitioning to promote muscle

over fat gain and may provide a useful treatment for improving the metabolic profile and reducing body white fat in diet-

induced obese rats. J. Nutr. 139: 230–237, 2009.

Introduction

Obesity is caused by a chronic imbalance in energy metabolism,
namely a greater energy intake than energy expenditure (1). This
metabolic disorder has continued to increase worldwide at an
alarming rate in the past decade and affects both adults and
children (2). Particularly, obesity is closely associated with many
diseases and is a major risk factor for insulin resistance, type II
diabetes, atherosclerosis, stroke, hypertension, and some types

of cancer (3). The prevalence of obesity and the tremendous
costs of its treatment necessitate the search for new alternative
nutritional means.

L-Arginine, a conditionally essential amino acid (AA)7 for
adult mammals, is a precursor for the synthesis of biologically
important molecules, including nitric oxide (NO), polyamines,
creatine, agmatine, proline, and glutamate (4). Available evidence
shows that physiological levels of arginine and NO promote fat
oxidation and decrease fat synthesis in a tissue-specific manner
(5). Mice with the knockout of endothelial NO synthase had a
higher body fat weight than the wild-type mice with normal
expression of the protein despite similar food intake between the
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2 groups (6). Additionally, inhibition of systemic NO synthesis
increased circulating levels of triglycerides and body fat mass
in rats (7). In our recent studies aimed at improving vascular
function in Zucker diabetic fatty (ZDF) rats, we found that
dietary supplementation with L-arginine selectively reduced white
fat mass while increasing expression of the genes for AMP-
activated protein kinase and PPARg coactivator-1a (master regu-
lators of mitochondrial oxidation) (8). The ZDF rat has a defect
in the leptin receptor and is a genetically obese animal model of
type II diabetes (9). At present, the relevance of our finding of
the fat-reducing effect of arginine in ZDF rats to more common
diet-induced obesity is not known. Therefore, this study deter-
mined if dietary arginine supplementation could decrease fat gain
and improve glucose tolerance in diet-induced obese (DIO) rats.

Materials and Methods

Chemicals. Hexokinase and glucose-6-phosphate dehydrogenase were

obtained from Roche Diagnostics. HPLC-grade methanol and water were
purchased from Fisher Scientific. Unless indicated, all other chemicals

were obtained from Sigma-Aldrich.

Animals and diets. This study was approved by the Institutional

Animal Care and Use Committee of Texas A&M University. Male

Sprague-Dawley rats (23-d-old, 80–100 g) were purchased from Harlan

Laboratories. Upon arrival at the Texas A&M University Kleberg animal
facilities, all rats were housed individually in carbonate cages in a

temperature- and humidity-controlled room on a 12-h- light:12-h-dark

cycle. After a 5-d period of adaptation during which rats were fed a

regular nonpurified diet (product catalog no. 8604, Harlan Teklad), they
were randomly assigned to either a low-fat (LF) or high-fat (HF) diet

(n ¼ 24/diet) obtained from Research Diets (Table 1). The LF (4.3% fat)

and HF (23.6% fat) diets provided 10 and 40% of total energy as lipids
(mainly lard), respectively, and contained no nitrite or nitrate. The ratios

of protein, vitamins, minerals, and fiber to energy were constant in the

LF and HF diets. The body weight of rats assigned to the LF and HF

groups at 4 wk of age were 98.2 6 2.0 and 98.5 6 1.8 g, respectively.
Body weight and food intake were recorded on a weekly basis between

4 and 19 wk of age (the phase of obesity induction). After the 15-wk HF

or LF feeding, 8 rats from each diet group were killed to obtain tissues

(10) and the remaining rats in the HF or LF group were divided randomly
into 2 subgroups, which continued to be fed their same respective diets

and received drinking water containing either 1.51% L-arginine-HCl or

2.55% L-alanine (isonitrogenous control) (n¼ 8/sub-group). Thus, there

were 4 treatment groups: LF diet 1 L-alanine supplementation (LF-Ala);
LF diet 1 L-arginine supplementation (LF-Arg); HF diet 1 L-alanine

supplementation (HF-Ala); HF-diet 1 L-arginine supplementation (HF-

Arg). The drinking water was provided to rats daily. The dosages of
arginine and alanine were chosen on the basis of our previous studies

with nondiabetic and diabetic rats (8,11). L-Alanine was chosen as

isonitrogenous control primarily because of its extensive catabolism in the

body, its safety, and its inability as a precursor for endogenous synthesis of
arginine (4). In a separate study, we found that supplementing L-alanine

(2.55% in drinking water) to 19-wk-old lean or DIO rats for 12 wk did not

affect body weight or the weights of white fat, brown fat, and skeletal

muscle compared with rats that did not receive supplementation of any AA
in drinking water (G. Wu and C.J. Meininger, unpublished data).

Because our pilot studies showed that arginine-supplemented rats

tended to eat more than control rats, arginine-supplemented rats within
the LF or HF diet were individually pair-fed with alanine-supplemented

rats on a kilogram-body weight basis to ensure similar intakes of all

nutrients (except for arginine and alanine) between the 2 groups. Body

weight, food intake, and water intake of each rat were recorded on a
daily basis throughout this amino-acid supplementation phase of the

study. No spillage of food (pellet form) was noted for any group of

rats. After 12 wk of arginine supplementation, rats were food deprived

for 5 h to obtain blood samples (100 mL) from the tail vein using a
microhematocrit (12) for analyses of serum glucose and AA. Rats were

then immediately anesthetized with CO2 and killed by cervical disloca-

tion. Cardiac blood samples were collected and centrifuged immediately

to obtain sera for analyses of lipids and hormones. In addition, re-
troperitoneal (RP), epididymal (EP), subcutaneous (SC; inguinal), and

mesenteric (MT) fat tissues, as well as brown adipose tissue (located in

the interscapular region), extensor digitorum longus (EDL), and soleus

muscles, brain, kidney, and other tissues were dissected and weighed.
The intestinal lumen content was removed before weighing. Small por-

tions of each tissue were either used freshly for metabolic assays or snap-

frozen rapidly in liquid nitrogen for storage at 280�C.

Oral glucose tolerance test. An oral glucose tolerance test (OGTT)

was performed at 10 wk after the initiation of arginine supplementation

as described by Vital et al. (13) with modifications. After a 5-h period of
food deprivation, glucose (2 g/kg body weight) in water was adminis-

trated orally into stomach by gavage. Blood samples (20 mL) were

obtained from the tail vein into plain tubes using microhematocrit

capillary tubes at 0, 30, 60, 90, 120, 150, and 180 min postgavage, as
previously described (12). Blood samples were centrifuged immediately

at 10,000 3 g; 1 min to obtain sera, which were stored at 280�C until

analysis for glucose. Because of insufficient serum samples, insulin assays

were not performed in the OGTT.

Biochemical analyses of serum. Glucose was measured enzymati-

cally using a fluorometric method involving hexokinase and glucose-6-

phosphate dehydrogenase (11). AA were quantified using fluorometric
HPLC methods after a derivatization reaction with o-phthaldialdehyde

(14). Urea was analyzed using a colorimetric method involving urease,

phenol, and hypochlorite (15). Nitrite and nitrate (oxidation products
of NO) were measured using a fluorescence HPLC method (16). Assay

kits were employed for the analysis of triglycerides (catalog no. 2780–

250; Thermo DMA), total cholesterol (catalog no. 2350–250; Thermo

TABLE 1 Composition of LF and HF diets

LF diet1 HF diet2

Ingredient Composition, % kJ/kg diet Composition, % kJ/kg diet

Casein 18.96 3173 23.31 3901

L-Cystine 0.284 48 0.350 59

Corn starch 29.85 4996 8.48 1419

Maltodextrin-10 3.32 556 11.65 1950

Sucrose 33.17 5552 20.14 3371

Cellulose 4.74 0 5.83 0

Soybean oil 2.37 892 2.91 1096

Lard 1.90 715 20.68 7788

Mineral mix S100263 0.95 63 1.17 78

Dicalcium phosphate 1.23 0 1.51 0

Calcium carbonate 0.521 0 0.641 0

Potassium citrate 1.56 0 1.92 0

Vitamin mix V100014 0.95 159 1.17 196

Choline bitartrate 0.19 0 0.233 0

Yellow dye 0.005 0 — —

Red dye — — 0.006 0

Total 100 16,155 100 19,858

1 Containing 67.3% carbohydrate, 4.3% fat, and 19.2% protein on an as-fed basis.
2 Containing 41.0% carbohydrate, 23.6% fat, and 20.89% protein on an as-fed basis.
3 Containing the following (g/kg mineral mix): magnesium oxide, 41.9; magnesium

sulfate.7H2O, 257.6; sodium chloride, 259; chromium KSO4.12H2O, 1.925; cupric

carbonate, 1.05; potassium iodate, 0.035; ferric citrate, 21; manganous carbonate,

12.25; sodium selenite, 0.035; zinc carbonate, 5.6; sodium fluoride, 0.20; ammonium

molybdate.4H2O, 0.30; sucrose, 399.105. Sucrose in the mineral mix provided 63 kJ

energy/kg diet.
4 Containing the following (g/kg vitamin mix): retinyl palmitate, 0.80; cholecalciferol,

1.0; all-rac-a-tocopheryl acetate, 10; menadione sodium bisulfite, 0.08; biotin (1.0%), 2.0;

cyancocobalamin (0.1%), 1.0; folic acid, 0.20; nicotinic acid, 3.0; calcium pantothenate,

1.6; pyridoxine-HCl, 0.70; riboflavin, 0.60; thiamin-HCl, 0.60; and sucrose, 978.42. Sucrose

in the vitamin mix provided 159 kJ energy/kg diet.
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DMA), FFA (catalog no. 994–75409; Wako Chemicals), total triiodo-

thyronine (catalog no. 06-B256447; MP Biomedicals), total thyroxine

(catalog no. 06-B254011; MP Biomedicals), insulin (catalog no. RI-13K
for rat; Linco), leptin (catalog no. RL-83K for rat; Linco), adiponectin

(catalog no. MADP-60HK for mouse; Linco), growth hormone (catalog

no. RGH-45HK for rat; Linco), and corticosterone (catalog no. 07–

120002 for rat; MP Biomedicals). The precision of the assays (agreement
between replicate measurements) was as follows: 0.8% for glucose,

1.3–1.7% for AA (14), 1.8% for urea, 0.9% for nitrite (16), 0.4% for

nitrate (16), 1.7% for triglycerides, 2.2% for total cholesterol, 1.1% for

FFA, 2.9% for total triiodothyronine, 2.6% for total thyroxine, 2.5%
for insulin, 3.0% for leptin, 3.3% for adiponectin, 3.6% for growth

hormone, and 3.2% for corticosterone. The accuracy of the assays (the

nearness of an experimental value to the true value) was as follows:
1.2% for glucose, 1.6–2.2% for AA (14), 2.0% for urea, 1.5% for nitrite

(16), 1.7% for nitrate (16), 2.1% for triglycerides, 1.8% for total

cholesterol, 1.5% for FFA, 3.3% for total triiodothyronine, 3.6% for

total thyroxine, 2.8% for insulin, 4.4% for leptin, 5.6% for adiponectin,
4.9% for growth hormone, and 5.1% for corticosterone.

Determination of cellularity of RP adipose tissue. Adipocytes were

isolated from RP fat pad using collagenase digestion, as described by

Rodbell (17). Adipocyte size and density were measured according to the
microscopic method of DiGirolamo et al. (18).

Biochemical analyses of liver, skeletal muscle, and adipose tissue.

Lipids in liver, gastrocnemius muscle, and RP adipose tissue were deter-
mined using the Folch method, in which a chloroform and methanol

mixture (2:1, v:v) was used to extract lipid from tissues (19). Glycogen in

liver and gastrocnemius muscle was measured by an enzymatic method

involving amyloglucosidase, as described previously (20). Glutathione, an
indicator of oxidative stress (21), was determined by an HPLC method

after derivatization with dansyl chloride (22). Tetrahydrobiopterin, an

essential factor for NO synthesis (23), was analyzed using an HPLC
method (24).

Calculations and statistical analysis. Results were expressed as means 6

SEM. Data on body weight were analyzed using the growth curve model,

namely a mixed-effect model that fits fixed effects and random effects

(25,26). The fixed effects include diet, AA treatment, their interaction
(diet 3 AA), a 3rd order polynomial of age in weeks (slope by age effect,

curvature by age 3 age, and 3rd order effect by age 3 age 3 age), different

slopes by diet (age 3 diet), and different slopes by treatment (age 3 AA).
The random effects allowed different rats to have different slopes (random

age). We used the SAS PROC MIXED procedure to fit the mixed effects

model (SAS Institute). The OGTT was assessed by calculating the area

under the curve (AUC) (13). Data on tissue weights, biochemical

metabolites, and OGTT were analyzed statistically by 2-way ANOVA

using a General Linear Model by SPSS software (version 12.0). The Tukey

multiple comparison test was used to identify which specific means differed
when the F test for treatment effect was significant. Data on body weights

and tissue weights of rats killed at 19 wk of age were analyzed by unpaired

t test. Probability values # 0.05 were considered significant.

Results

Intakes of food, water, and energy. The HF-fed rats con-
sumed the same amount of dietary energy as the LF-fed rats per
kg body weight during the 12-wk period of arginine supplemen-
tation (Table 2). Neither HF diet nor arginine supplementation
affected water consumption by rats (Table 2). As a result, intakes
of energy or nutrients (including alanine and arginine) from
enteral diets did not differ among the 4 groups of rats during the
entire period of arginine supplementation (Table 2).

TABLE 2 Intakes of food, water, and energy by rats during a 12-wk period of receiving a LF or HF diet and water containing
either 1.51% L-arginine�HCl or 2.55% L-alanine1

Groups P-value

Intake LF-Ala LF-Arg HF-Ala HF-Arg Diet AA Diet 3 AA

Food, g/(kg body wt�d) 36.4 6 0.5a 36.2 6 0.6a 29.7 6 0.3b 29.5 6 0.3b ,0.01 0.78 0.95

Water, mL/(kg body wt�d) 70.8 6 1.1 77.7 6 1.8 74.8 6 1.8 73.8 6 1.9 0.97 0.46 0.30

Protein, g/(kg body wt�d) 6.19 6 0.1 6.15 6 0.1 6.20 6 0.1 6.16 6 0.06 0.71 0.64 0.78

Minerals,2 mg/(kg body wt�d) 208 6 3.1 207 6 3.4 209 6 2.2 207 6 2.3 0.88 0.82 0.92

Vitamins,3 mg/(kg body wt�d) 7.61 6 0.11 7.57 6 0.13 7.64 6 0.08 7.59 6 0.09 0.74 0.71 0.80

Energy,4 kJ/(kg body wt�d) 611 6 8.8 602 6 9.6 615 6 6.2 601 6 6.5 0.96 0.82 0.32

Alanine from food, mg/(kg body wt�d) 160 6 2.4 159 6 2.6 160 6 1.7 159 6 1.8 0.79 0.69 0.79

Alanine from drinking water, mg/(kg body wt�d) 1805 6 28 – 1907 6 46 – 0.11 – –

Arginine from food, mg/(kg body wt�d) 222 6 3.3 221 6 3.7 223 6 2.3 221 6 2.5 0.81 0.71 0.81

Arginine from drinking water, mg/(kg body wt�d) – 969 6 23 – 922 6 24 0.64 – –

1 Values are means 6 SEM, n ¼ 8. Means in a row with superscripts without a common letter differ, P , 0.05.
2 Provided from mineral mix S10026.
3 Provided from vitamin mix V10001.
4 Total energy intake from diet plus drinking water.

FIGURE 1 Body weights of rats receiving a LF or HF diet before and

after the initiation of supplementation with 1.51% L-arginine�HCl or

2.55% L-alanine via drinking water. Values are means 6 SEM, n ¼ 8.

P (diet) , 0.01; P (AA) ¼ 0.07; P (diet 3 AA) , 0.01; P (age) , 0.01;

P (AA 3 age)¼ 0.01; P (diet 3 age) , 0.01; P (age 3 age) , 0.01; P (age 3

age 3 age) , 0.01; P (age 3 diet 3 AA) , 0.01.
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Body weights at the beginning and end of arginine

supplementation. At 19 wk of age (the beginning of arginine
supplementation), the body weights of rats fed the LF and HF
diets for 15 wk were 443.5 6 3.2 and 502.5 6 4.0 g (n ¼ 16),
respectively (P , 0.01). Rats fed the HF diet gained more body
weight (P , 0.01) than rats fed the LF diet between 4 and 19 wk
of age (Fig. 1). The 15-wk HF feeding resulted in an 18% higher
weight gain (P , 0.01) in the HF-fed than in LF-fed rats (Table 3).
At 31 wk of age (the end of the study), body weights were 467.5 6

8.8, 454.0 6 3.1, 540.2 6 12, and 523.2 6 5.7 g (n ¼ 8),
respectively, for LF-Ala, LF-Arg, HF-Ala, and HF-Arg groups,
and the body weight of the HF-fed rats was 15.3% greater (P ,

0.01) than that of the LF-fed rats (Fig. 1). Arginine supplemen-
tation for 12 wk decreased (P , 0.01) the body weight gains of

LF- and HF-fed rats by 60 and 40%, respectively, compared with
control groups (Table 4). The long-term arginine treatment did
not result in any adverse effect on LF or HF rats.

Tissue weight at the beginning and end of arginine

supplementation. At the beginning of arginine supplementation
(19wk ofage), rats fed theHFdiet for 15 wkhadheavier (P , 0.05)
absolute weights of major white fat pads (RP 1 EP 1 SC 1 MT
adipose tissue; 74%), soleus muscle (14%), and EDL muscle
(10%), as well as a higher (P , 0.01) adiposity index (54%) than
the LF groups (Table 3). This 15-wk HF feeding enhanced (P ,

0.05) the absolute weights of heart (16%), lungs (17%), liver
(13%), kidneys (10%), and small intestine (15%) but did not affect
those of other tissues (spleen, brown adipose tissue, pancreas,
testes, or brain) compared with the LF diet (data not shown).

At the end of the study (31 wk of age), the HF group had
heavier weights of major white fat pads (65%), soleus muscle
(14%), and EDL muscle (11%), as well as liver (14%), heart
(18%), lungs (21%), kidneys (8%), and small intestine (15%)
than the LF group (Supplemental Table 1). During the 12-wk
period of AA supplementation, absolute major white fat pad
weights increased (P , 0.01) by 107, 38, 92, and 33% in LF-Ala,
LF-Arg, HF-Ala, and HF-Arg groups, respectively. However,
except for white adipose tissue (Table 4), testes, and brain
(Supplemental Table 2), the relative weights of other tissues
(expressed as a percentage of the body weight) did not differ
between the LF- and HF-fed rats (Supplemental Table 2).

Alanine-supplemented rats fed the LF or HF diet did not gain
muscle weight between 19 and 31 wk of age (Supplemental
Table 1). At the end of the AA supplementation, the absolute
weights of major white fat pads were lower (232%; P , 0.01;
Table 4), but those of soleus muscle (8.7%), EDL muscle (6.4%),
and brown fat (29%) were higher (P , 0.05) in arginine- than in
alanine-supplemented rats (Supplemental Table 1). The 12-wk
arginine treatment decreased (P , 0.01) the gains of major white

TABLE 3 Body weights, absolute tissue weights, and adiposity
index of 19-wk-old rats at the end of a 15-wk period
of LF or HF feeding1

Body or tissue weight LF diet HF diet

Body weight, g 442.6 6 8.5 506.3 6 10y

Tissue weight, g

RP adipose tissue 3.29 6 0.27 5.50 6 0.42y

EP adipose tissue 4.01 6 0.31 6.63 6 0.44y

SC adipose tissue 2.96 6 0.20 5.88 6 0.39y

MT adipose tissue 1.74 6 0.13 2.80 6 0.22y

Major white fat pads2 12.0 6 0.78 20.9 6 1.10y

Brown adipose tissue 0.63 6 0.05 0.66 6 0.04

Soleus muscle 0.160 6 0.004 0.183 6 0.005*

EDL muscle 0.168 6 0.005 0.185 6 0.007*

Adiposity index,3 % 2.70 6 0.19 4.15 6 0.24y

1 Values are means 6 SEM, n ¼ 8. *Different from the LF group, P , 0.05; yP , 0.01.
2 The sum of RP, EP, SC, and MT adipose tissues.
3 (RP 1 EP 1 SC 1 MT adipose tissues)/body weight 3 100.

TABLE 4 Gains of body weight and major white fat pads, as well as the relative weights of adipose tissues and skeletal
muscles in 31-wk-old rats at the end of a 12-wk period of consuming LF or HF diet and water containing either
1.51% L-arginine�HCl or 2.55% L-alanine1

P-value

Body weight gains or tissue weights LF-Ala LF-Arg HF-Ala HF-Arg Diet AA Diet 3 AA

Gains of body weights and major white fat pads,2 g

Body weights 26.3 6 2.2b 8.4 6 0.86c 36.7 6 3.4a 22.0 6 1.9b ,0.01 ,0.01 0.47

Major white fat pads3 12.8 6 1.0b 4.5 6 0.05d 19.4 6 1.3a 7.1 6 0.52c ,0.01 ,0.01 0.63

Relative weight of tissue (tissue weight/body weight x 100), %

RP adipose tissue 1.58 6 0.12b 0.98 6 0.06c 2.08 6 0.21a 1.43 6 0.08b ,0.01 ,0.01 0.60

EP adipose tissue 1.59 6 0.11c 1.29 6 0.07d 2.05 6 0.13a 1.67 6 0.10b ,0.01 ,0.01 0.20

SC adipose tissue 1.46 6 0.11c 1.00 6 0.06d 2.46 6 0.21a 1.70 6 0.14b ,0.01 ,0.01 0.31

MT adipose tissue 0.68 6 0.07b 0.38 6 0.03c 0.85 6 0.05a 0.55 6 0.04b ,0.01 ,0.01 0.69

Adiposity index4 5.29 6 0.34b 3.63 6 0.20c 7.46 6 0.49a 5.34 6 0.31b ,0.01 ,0.01 0.65

Brown adipose tissue 0.122 6 0.005b 0.161 6 0.006a 0.115 6 0.007b 0.156 6 0.008a 0.42 ,0.01 0.93

Soleus muscle 0.034 6 0.001b 0.390 6 0.001a 0.034 6 0.001b 0.038 6 0.001a 0.77 ,0.01 0.77

EDL muscle 0.036 6 0.001b 0.040 6 0.001a 0.035 6 0.001b 0.039 6 0.001a 0.08 ,0.01 0.87

Cellularity of RP adipose tissue

Adipocyte size,5 mm 90.4 6 1.9b 77.1 6 3.1c 99.9 6 2.8a 92.7 6 2.5b ,0.01 ,0.01 0.26

Total adipocytes, n 3 1026 15.6 6 1.6 14.4 6 0.7 17.2 6 0.9 15.1 6 1.1 0.33 0.14 0.70

Adipocyte density, n 3 1026/g tissue 2.13 6 0.16b 3.27 6 0.27a 1.62 6 0.11c 2.05 6 0.14b ,0.01 ,0.01 0.22

1 Values are means 6 SEM, n ¼ 8. Means in a row with superscripts without a common letter differ, P , 0.05.
2 During the period of AA supplementation between 19 and 31 wk of age.
3 Gains of major white fat pads (RP 1 EP 1 SC 1 MT adipose tissues) were calculated on the basis of the mean values for LF- and HF-fed rats at 19 wk of age (the beginning of

AA supplementation).
4 (RP 1 EP 1 SC 1 MT adipose tissues)/body weight 3 100.
5 Diameter of the cell.
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fat pads by 64% compared with the control groups (Table 4).
The relative weights of major white fat pads (adiposity index)
were 30% lower (P , 0.01), whereas those of soleus muscle,
EDL muscle, and brown fat were 13, 11, and 34% higher (P ,

0.05), respectively, in arginine-supplemented than in control
rats. Consequently, the adiposity index did not differ between
HF-Arg and LF-Ala groups at the end of the study (Table 4).

The size and number of adipocytes in RP adipose tissue.

At the end of the study, the HF diet enhanced (P , 0.01) the size of
adipocytes by 15% compared with the LF diet, whereas dietary
arginine supplementation reduced (P , 0.01) the size of adipocytes
by 11% compared with alanine-supplemented rats (Table 4). The
total numbers of adipocytes in the entire RP adipose tissue did not
differ among the 4 groups of rats (Table 4). However, the HF
feeding reduced (P , 0.01) the density of adipocytes per g of RP
adipose tissue compared with the LF diet and arginine supple-
mentation enhanced (P , 0.01) the density of adipocytes
compared with alanine-supplemented rats (Table 4).

Serum concentrations of AA. Serum concentrations of most
AA, including glutamine, citrulline, arginine, proline, cysteine,
and branched-chain AA (BCAA), were greater (P , 0.05) in HF-
than in LF-fed rats (Table 5). Serum concentrations of arginine
(1105%), ornithine (164%), and proline (142%) were higher
(P , 0.01), but those of glutamate (228%), glutamine (215%),
and BCAA (222%) were lower (P , 0.05) in arginine- than in
alanine-supplemented rats (Table 5). Dietary arginine supple-
mentation did not affect serum concentrations of other mea-

sured AA (Table 5). Serum concentrations of alanine were 65%
higher (P , 0.01) in alanine- than in arginine-supplemented rats
(Table 5).

Serum concentrations of glucose, lipids, urea, NO metab-

olites, and hormones. Serum concentrations of cholesterol
and leptin were 45 and 49% higher (P , 0.01) in HF- than in LF-
fed rats, but those of glucose, FFA, triglycerides, or urea did not
differ between the 2 groups of rats (Table 6). Dietary arginine
supplementation reduced (P , 0.05) serum concentrations of
glucose, triglycerides, urea, and leptin by 5, 32, 20, and 37%,
respectively, enhanced (P , 0.01) serum concentrations of nitrite
plus nitrate by 50%, and did not affect serum concentrations of
FFA and cholesterol, compared with alanine-supplemented rats
(Table 6). Serum concentrations of insulin (Table 6), as well as
adiponectin, growth hormone, triiodothyronine, thyroxine, and
corticosterone (Supplemental Table 3), were not affected by
either HF feeding or dietary arginine supplementation.

Improvement of OGTT in arginine-supplemented rats. The
basal serum concentrations of glucose in rats were ;5 mmol/L
and did not differ among the 4 treatment groups (Fig. 2). In
response to oral gavage with glucose, serum concentrations of
glucose increased (P , 0.01) to peak values (8–9 mmol/L) at
30 min in all the rats. Between 60 and 180 min postadministra-
tion of glucose, serum concentrations of glucose were higher
(P , 0.01) in the HF-Ala group than in any other group of rats.
At 60 min, serum concentrations of glucose in the LF-Arg group
were lower (P , 0.01) than those in the LF-Ala and HF-Arg

TABLE 5 Serum concentrations of AA in 31-wk-old rats at the end of a 12-wk period of consuming a LF or HF diet and water
containing either 1.51% L-arginine�HCl or 2.55% L-alanine1

Groups P-value

Serum AA LF-Ala LF-Arg HF-Ala HF-Arg Diet AA Diet 3 AA

mmol/L

Aspartate 27 6 4.6 20 6 1.7 24 6 2.7 21 6 2.5 0.73 0.17 0.66

Glutamate 92 6 15a 61 6 4.9b 85 6 8.9a 67 6 6.1b 0.96 0.03 0.57

Asparagine 48 6 3.1b 46 6 2.3b 59 6 9.0a 64 6 8.3a 0.03 0.81 0.60

Serine 240 6 20b 249 6 14b 286 6 15a 310 6 29a 0.02 0.46 0.75

Glutamine 657 6 39b 531 6 28c 769 6 31a 685 6 36b ,0.01 ,0.01 0.57

Histidine 53 6 4.0b 49 6 3.3b 84 6 8.4a 77 6 9.0a ,0.01 0.42 0.84

Glycine 209 6 25b 240 6 16b 323 6 17a 354 6 29a ,0.01 0.23 0.99

Threonine 188 6 12b 203 6 11b 247 6 13a 214 6 18ab 0.02 0.53 0.11

Citrulline 60 6 4.9b 56 6 4.0b 77 6 7.7a 74 6 11a 0.03 0.69 0.99

Arginine 163 6 20d 371 6 28b 223 6 27c 488 6 63a 0.01 ,0.01 0.20

b-Alanine 11 6 1.0b 8.5 6 0.6b 13 6 1.0a 13 6 1.5a ,0.01 0.50 0.18

Taurine 385 6 41 369 6 25 427 6 20 417 6 38 0.23 0.72 0.93

Alanine 603 6 61a 370 6 60b 755 6 92a 454 6 62b 0.13 ,0.01 0.65

Tyrosine 58 6 4.2b 62 6 4.7b 87 6 8.5a 69 6 8.2ab 0.01 0.33 0.14

Tryptophan 67 6 3.9b 66 6 3.8b 94 6 12a 74 6 10b 0.05 0.22 0.27

Methionine 34 6 2.4b 31 6 2.5b 64 6 7.7a 54 6 6.3a ,0.01 0.25 0.47

Valine 158 6 9.0b 119 6 9.4c 236 6 31a 168 6 24b ,0.01 0.02 0.51

Phenylalanine 53 6 3.5b 51 6 2.4b 77 6 8.6a 70 6 8.7a ,0.01 0.17 0.29

Isoleucine 82 6 5.0b 62 6 4.7c 97 6 9.4a 80 6 8.1b 0.04 0.02 0.84

Leucine 131 6 6.8b 104 6 7.0c 161 6 9.3a 138 6 8.4b ,0.01 ,0.01 0.85

Ornithine 31 6 2.2b 58 6 6.2a 36 6 2.2b 52 6 6.5a 0.92 ,0.01 0.24

Lysine 284 6 20b 307 6 36b 439 6 36a 394 6 37a ,0.01 0.71 0.28

Proline 306 6 18d 451 6 25b 392 6 20c 538 6 33a ,0.01 ,0.01 0.43

Cysteine2 147 6 10b 160 6 13b 219 6 17a 202 6 15a ,0.01 0.76 0.91

1 Values are means 6 SEM, n ¼ 8. Means in a row with superscripts without a common letter differ, P , 0.05.
2 Including cysteine plus 1/2 cystine.
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groups. At 180 min, serum concentrations of glucose in the LF-
Ala group decreased (P , 0.05) to 6.5 mmol/L, whereas those in
the HF-Ala group remained elevated (8.5 mmol/L). Based on
AUC values (Fig. 2), glucose tolerance was lower (P , 0.01) in
HF- than LF-fed rats. Dietary arginine supplementation improved
(P , 0.05) glucose tolerance in both LF and HF rats.

Lipid, glycogen, glutathione, and tetrahydrobiopterin in

tissues. Concentrations of lipids in liver and gastrocnemius
muscle were higher (P , 0.05), but concentrations of
tetrahydrobiopterin and reduced glutathione in liver were lower
(P , 0.05), in HF- than in LF-fed rats (Table 7). Concentrations
of oxidized glutathione in liver were not detectable (,0.05
mmol/g tissue) in all groups of rats. Dietary arginine supple-
mentation increased (P , 0.05) concentrations of tetrahydro-
biopterin in liver compared with control rats (Table 7). Neither
the HF diet nor arginine supplementation affected concentra-
tions of lipids in adipose tissue or concentrations of glycogen in
liver and gastrocnemius muscle (Table 7).

Discussion

The DIO rat provides a useful model to define an effect of dietary
arginine supplementation on reducing fat mass in environmen-

tally induced obesity. The measurement of fat pad weights is the
most direct means to assess total and regional adiposity and
there is a close correlation between the sum of fat pad weights
to body fat measured by carcass analysis (27,28). Results of the
present study demonstrate that dietary arginine supplementation
was highly effective in reducing the gain of major white fat pad
in DIO rats (Table 4), as reported for genetically obese ZDF rats
(8). The decrease in the fat pad weight was accounted for by
reduced adipocyte size, with no change in cell number (Table 4).
Accordingly, serum concentrations of leptin were lower in arginine-
than in alanine-supplemented rats (Table 6). We cannot exclude
the unlikely possibility that fat accumulated innonmajor fat depots
or ectopically. However, visually, we did not note increased fat
mass in other tissues of arginine-supplemented rats.

The percentage loss of MT adipose tissue was the greatest
in arginine-supplemented rats, followed by RP, SC, and EP fat
pads in decreasing order (Table 4; Supplemental Table 1). Fatty
acids released from white adipose tissue likely undergo increased
oxidation in liver, skeletal muscle, and brown adipose tissue.
This would result in lower circulating levels of serum concentra-
tions of triglycerides in arginine- than in alanine-supplemented
rats (Table 6), as reported for pigs (29), as well as chemically
induced diabetic rats (11) and ZDF rats (8). Importantly, the
arginine treatment markedly increased the mass of brown adipose
tissue in rats by 34% (Table 4), which is likely due to NO-induced
mitochondrial biogenesis (6). In support of this view, serum
concentrations of nitrite plus nitrate [an indicator of systemic NO
synthesis (30)] were higher in arginine- than in alanine-
supplemented rats regardless of HF or LF feeding (Table 6).
Brown adipose tissue is rich in mitochondria, where fatty acid and
glucose oxidation results in the production of heat rather than
ATP because of the presence of uncoupling protein-1 (31).

HF feeding induced oxidative stress in rats (indicated by a
lower concentration of reduced glutathione in liver; Table 7),
compromised NO synthesis (indicated by reductions in serum
NO metabolites and hepatic availability of tetrahydrobiopterin;
Tables 6 and 7), and impaired insulin action (indicated by a
reduced disposal of oral glucose; Fig. 2). Importantly, arginine
supplementation enhanced glucose disposal (Fig. 2), reduced
serum glucose concentrations, and augmented antioxidative
capacity in DIO rats (Table 6), as reported for chemically
induced diabetic rats (11) and ZDF rats (8). These beneficial
effects of dietary arginine supplementation can result from both
improved insulin sensitivity in skeletal muscle and an increase in
its mass (Table 4; Supplemental Table 1).

Little is known about the effect of HF feeding on plasma
concentrations of AA. Notably, serum concentrations of most

TABLE 6 Serum concentrations of glucose, lipids, insulin, and leptin in 31-wk-old rats at the end of a 12-wk period of receiving a
LF or HF diet and water containing either 1.51% L-arginine�HCl or 2.55% L-alanine 1

Groups P-value

Variables LF-Ala LF-Arg HF-Ala HF-Arg Diet AA Diet 3 AA

Glucose, mmol/L 5.99 6 0.09a 5.76 6 0.15b 6.08 6 0.15a 5.74 6 0.13b 0.81 0.04 0.69

Triglycerides, mmol/L 0.93 6 0.11a 0.68 6 0.07b 1.05 6 0.08a 0.66 6 0.07b 0.57 ,0.01 0.45

Cholesterol, mmol/L 4.80 6 0.27b 4.45 6 0.19b 6.27 6 0.54a 7.11 6 0.41a ,0.01 0.54 0.10

FFA, mmol/L 0.81 6 0.12 0.62 6 0.07 0.80 6 0.13 0.72 6 0.09 0.68 0.23 0.61

Insulin, pmol/L 95.9 6 7.1 116 6 9.6 113 6 9.0 105 6 13 0.62 0.56 0.20

Leptin, mg/L 7.73 6 1.22b 3.35 6 0.36c 9.22 6 1.41a 7.28 6 0.94b 0.02 ,0.01 0.27

Urea, mmol/L 2.64 6 0.11a 2.05 6 0.25b 2.35 6 0.14a 1.94 6 0.10b 0.23 ,0.01 0.69

NOx,2 mmol/L 20.7 6 0.81b 29.2 6 1.1a 17.1 6 0.90c 27.6 6 1.2a 0.01 ,0.01 0.41

1 Values are means 6 SEM, n ¼ 8. Means in a row with superscripts without a common letter differ, P , 0.05.
2 NO metabolites (nitrite plus nitrate).

FIGURE 2 OGTT in rats that received a LF or HF diet and water

containing either 1.51% L-arginine�HCl or 2.55% L-alanine for 10 wk.

Values are means 6 SEM, n ¼ 8. AUC values were 1137 6 58,b 990 6

69,c 1463 6 27,a and 1244 6 59b (h�mmol)�L21, respectively, for LF-

Ala, LF-Arg, HF-Ala, and HF-Arg groups. P (diet) , 0.01, P (AA) ¼ 0.02,

and P (diet 3 AA) ¼ 0.20. Auc means without a common superscript

letter (a–c) differ (P , 0.05).
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AA (including glutamine and BCAA) were increased in HF-fed
rats compared with LF-fed rats (Table 5) despite similar intakes
of dietary protein (Table 2). This result may be explained by
inhibition of tissue-specific AA oxidation due to mitochon-
drial dysfunction and insulin resistance in obese rats. High
concentrations of glutamine in the serum of DIO rats may result
partly from its elevated production by adipose tissue (32). This
may have important implications for obesity-related metabolic
defects, because glutamine is a substrate for the synthesis of
glucosamine, which contributes to insulin resistance in skeletal
muscle (33) and possibly endothelial cells (34). Of particular
note, elevated levels of BCAA have recently been reported to
be associated with changes in energy expenditure in mice (35).
Thus, it would be important to investigate the roles for AA in
regulating fat metabolism as well as insulin and mammalian
target of rapamycin signaling pathways in DIO rats.

Another novel and important finding from this study is that
dietary arginine supplementation reduced serum concentrations of
BCAA (Table 5). There are 2 possibilities for this observation.
First, the use of BCAA for lean tissue growth may be enhanced due
to an anabolic effect of arginine on protein synthesis and
deposition in skeletal muscle (36). Second, arginine may increase
mitochondrial function and oxidative capacity in skeletal muscle
for promoting BCAA degradation. Of further interest, arginine
supplementation reduced serum concentrations of glutamine and
urea in both LF- and HF-fed rats (Table 6) as reported for ZDF rats
(8) and pigs (37). These results may be explained by reduced
synthesis of glutamine in adipose and muscle tissues, as well as
reduced availability of AA for oxidation and ammonia production.

The mass of skeletal muscle, which represents 40–45% of the
body weight (5), was greater (both absolute and relative
increases) in both LF- and HF-fed rats in response to arginine
supplementation (Table 4; Supplemental Table 1). Importantly,
such an anabolic effect of arginine was achieved independently of
changes in serum concentrations of insulin (Table 6). Similarly,
dietary arginine supplementation reduced white fat accretion
but increased muscle gain in growing-finishing pigs without
affecting body weight (38). These findings suggest that, through
yet unknown signaling pathways, arginine may regulate intracel-
lular protein turnover, favoring net protein deposition in skeletal
muscle (39). Alternatively, through NO generation (40), dietary
arginine supplementation may increase insulin sensitivity and
amplify its signaling mechanisms on net protein synthesis (5).
Thus, arginine supplementation regulates the repartitioning of
dietary energy to favor muscle over fat gain in the body. Additional
studies are warranted to determine the whole-body composition of
control and arginine-supplemented rats.

In summary, results of the present study demonstrated for the
first time, to our knowledge, that dietary arginine supplemen-
tation reduced white fat gain, increased skeletal-muscle mass,
decreased serum concentrations of glucose and triglycerides, and
improved insulin sensitivity in DIO rats. Arginine supplemen-
tation may represent a safe and efficient nutritional treatment for
obesity. Future studies are warranted to determine whole-body
energy expenditure and define the cellular and molecular
mechanisms responsible for the beneficial effects of arginine in
ameliorating the metabolic syndrome in obese subjects.
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