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Abstract
As the nitrogenous precursor of nitric oxide, L-arginine regulates multiple metabolic pathways
involved in the metabolism of fatty acids, glucose, amino acids, and proteins through cell
signaling and gene expression. Specifically, arginine stimulates lipolysis and the expression of key
genes responsible for activation of fatty acid oxidation to CO2 and water. The underlying
mechanisms involve increases in the expression of peroxisome proliferator-activated receptor-
gamma coactivator-1 alpha (PGC-1 alpha), mitochondrial biogenesis, and the growth of brown
adipose tissue growth. Furthermore, arginine regulates adipocyte-muscle crosstalk and energy
partitioning via the secretion of cytokines and hormones. In addition, arginine enhances AMP-
activated protein kinase (AMPK) expression and activity, thereby modulating lipid metabolism
and energy balance toward the loss of triacylglycerols. Growing evidence shows that dietary
supplementation with arginine effectively reduces white adipose tissue in Zucker diabetic fatty
rats, diet-induced obese rats, growing-finishing pigs, and obese patients with type II diabetes.
Thus, arginine can be used to prevent and treat adiposity and the associated metabolic syndrome.
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2. INTRODUCTION
Obesity or overweight in humans is a growing epidemic worldwide and excessive
accumulation of white adipose tissue also occurs in livestock species at market weight (1–3).
White adipocytes are the major site for the storage of excess energy in the form of
triacylglycerols. When dietary intake of energy is insufficient relative to its needs by the
body, white adipose tissue undergoes lipolysis to provide skeletal muscle and other organs
with non-esterified fatty acids. However, when dietary intake of energy exceeds whole-body
energy expenditure, fat is accumulated in white adipose tissue, leading to obesity and other
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health problems (4–5). Identifying new means to reduce excess fat accretion and maintain
lean body mass is important for both human health and animal production (6–8).
Accordingly, many researchers have focused on the regulation of lipid metabolism and
energy partitioning to prevent and treat obesity and its associated disorders.

Emerging evidence from animal studies indicates an important role of arginine in regulating
the metabolism of energy substrates (9). Arginine is synthesized from citrulline in virtually
all cell types (3). In most mammals, including humans, pigs, and rats, citrulline is derived
from glutamine, glutamate, and proline via pyrroline-5-carboxylate as the common
intermediate (7, 10–11). Although it was traditionally considered that arginine was not
required to maintain a positive nitrogen balance in adult humans (12), this nutrient has now
been recognized to be nutritionally and physiologically essential for the maintenance of
cardiovascular health and reproductive functions in both males and females (13–14).
Notably, dietary supplementation with arginine enhances protein deposition in skeletal
muscle and intramuscular lipid concentrations, while reducing body fat mass in growing-
finishing pigs (15). These studies suggest that arginine regulates lipid and protein
metabolism in a tissue-specific manner. The major objectives of the article are: 1) To
highlight recent advances in arginine metabolism as related to energy homeostasis; and 2)
To provide insights into novel strategies of treating and preventing obesity as well as the
associated metabolic syndrome.

3. EFFECTS OF ARGININE ON LIPID METABOLISM AND ENERGY
PARTITIONING
3.1. Regulatory role of arginine in fat deposition

Accumulation of white adipose tissue in the body is determined by the balance between
lipogenesis and lipolysis. Reduced accretion of the body fat may result from increased
lipolysis, diminished synthesis of fatty acids, or both processes. Extensive studies in vitro
have revealed that arginine stimulates lipolysis in adipocytes and promotes oxidation of
long-chain fatty acids in insulin-sensitive tissues (1, 8, 16–17). For example, Jobgen (18)
treated 3T3-L1 preadipocytes with different extracellular concentrations of L-arginine (50 –
400 μM) and found that the rates of glucose and oleic acid oxidation were 45% and 40%
greater, respectively, in the presence of arginine than in its absence. Similarly, in cultured
human adipocytes, increasing extracellular concentrations of arginine from 0.4 to 2 mM
increased the oxidation of 1 mM palmitate and 5 mM glucose by 32% and 51%, respectively
(9). Interestingly, the reported effects of arginine on lipogenesis in white adipocytes have
not been consistent. For example, in differentiated 3T3-L1 preadipocytes, the incorporation
of oleic acid into lipids was increased by 190% in the presence of 400 μM arginine than in
its absence (18), and high levels of arginine enhanced the expression of peroxisome
proliferator-activated receptor (PPAR) gamma (a key regulator of adipogenesis) in
preadipocytes and their differentiation (19). In contrast, arginine decreased the incorporation
of palmitate and glucose into triglycerides in human adipocytes by 35% and 39%,
respectively (9).

Thus, the lipogenic responses of adipocytes to arginine may critically depend on cell type
and the stage of cell differentiation.

Studies with obese rats have demonstrated that oral administration of arginine effectively
reduces carcass white fat and enhances whole-body insulin sensitivity (3, 20). After 10 week
of treatment, Zucker diabetic fatty rats receiving arginine supplementation (1.25% in
drinking water) had 25% less epididymal fat and 45% less abdominal fat, compared with the
control group (Table 1). Similar results have been reported for diet-induced obese rats
(Table 2). Excitingly, long-term oral administration of arginine can decrease fat mass in
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adult obese humans with type II diabetes (21). Consistent with the reduction of white-fat
mass, arginine treatment decreased circulating levels of glucose and nonesterified fatty acids
and increased the oxidation of glucose and octanoate in abdominal and epididymal adipose
tissues of obese rats (20). Moreover, arginine increased the expression of carnitine
palmitoyltransferase 1 (CPT1), PCG-1alpha, and malonyl-CoA decarboxylase (MCD) in
liver and depressed the expression of fatty acid synthase (FAS) and stearoyl coenzyme-A
desaturase-1 (SCD1) (18). These results indicate a potent effect of arginine on inhibiting
hepatic fatty acid synthesis from glucose.

In growing-finishing pigs, we found that dietary supplementation with 1% arginine reduced
fat accretion and promoted protein deposition in the whole body (15). Furthermore, the
arginine treatment beneficially increased intramuscular fat content and the percentage of
skeletal muscle in the carcass, while decreasing carcass fat content, compared with the
control group (Table 3). Results of nuclear magnetic resonance (NMR)-based metabolomic
analysis showed that concentrations of nitrogenous and lipid signaling molecules in serum
were altered in response to the arginine treatment, in keeping with enhanced protein
accretion and reduced fat deposition in the body (22). We also discovered that arginine
differentially regulates expression of fat-metabolic genes in skeletal muscle and adipose
tissue (Figure 1), favoring lipogenesis in skeletal muscle but lipolysis in white adipose
tissue. Specifically, arginine down-regulates expression of lipogenic genes, such as
lipoprotein lipase (LPL), acetyl-CoA carboxylas (ACC) alpha but up-regulates expression of
genes for lipolysis in white adipose tissue, including hormone-sensitive lipase (HSL). In
skeletal muscle of arginine-treated pigs, LPL activity and the ratio of FAS mRNA to HSL
mRNA were enhanced, leading to an increase in intramuscular fat content (23). In addition,
decreased expression of GLUT4 in adipose tissue of arginine-treated pigs is sufficient to
impair glucose transport and fatty acid synthesis, suggesting that energy substrates are
preferentially partitioned to skeletal muscle rather than white adipose tissue (23).

3.2. Role of the arginine-NO pathway in lipid metabolism
Arginine is converted to nitric oxide (NO) by NO synthase (NOS) in almost all mammalian
cells (27, 28). Increasing extracellular levels of arginine from 0.1 to 5 mM dose-dependently
increases NO synthesis in diverse cell types, including skeletal muscle and adipose tissue
(29–31). NO may function as an important autocrine regulator, thereby controlling both
lipogenesis and lipolysis (24–26). Feeding an NOS inhibitor (L-Nω-nitroarginine) to rats
increased total body fat, concomitant with a reduction in serum nitrate (27). Notably, this
effect of the NOS inhibitor could be reversed by the addition of 4% arginine to the diet,
providing the earliest evidence that NO may reduce adiposity in rats. Similarly, Nisoli et al.
(28) found that mice with the knockout of endothelial NOS had higher body-fat weight than
wild-type mice with normal expression of the NOS protein although food intake was similar
between the two groups of animals. Results from our studies indicate that an increase in NO
availability within physiological ranges through arginine supplementation markedly
increased lipolysis as well as the oxidation of fatty acids and glucose in rat adipose tissue,
contributing to a marked reduction in body fat mass (20). In addition to NO, arginine may
regulate the mammalian target of rapamycin (mTOR) cell signaling (32), thereby increasing
protein synthesis and inhibiting protein synthesis.

3.3. Arginine and mitochondrial biogenesis
Mitochondria play a key role in modulating adipocyte lipid metabolism and adipogenesis
(33–34).

PGC-1alpha is a key nuclear receptor co-activator that can induce mitochondrial biogenesis
(35). Thus, PGC-1alpha is crucial for the modulation of mitochondrial number and mass,
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fatty acid oxidation, and thermogenesis (35–36). An increase in PGC-1alpha expression can
promote oxidation of long-chain fatty acids in adipocytes (37–38). Additionally, over-
expression of this gene in mouse skeletal muscle increases mitochondrial abundance,
resulting in increased energy expenditure and reduced body weight (38). Recent studies have
provided convincing evidence that arginine can enhance mitochondrial biogenesis (39),
brown adipose tissue development (40), and whole-body energy metabolism (9, 20) (Figure
2). These metabolic actions of arginine are associated with increased expression of
PGC-1alpha (20). Consistent with the finding that NO is a modulator of mitochondrial
biogenesis in a PGC-1alpha-dependent mechanism (41), dietary supplementation with
arginine can increase the number and mass of mitochondria in adult rats (42).

3.4. Endocrine effects of arginine
Elevated plasma levels of arginine have been found to correlate with alterations in the
secretion of various cytokines (e.g., interleukin-6, interleukin-1beta, interferon-gamma, and
tumor necrosis factor-alpha) and hormones (e.g., leptin, adiponectin, insulin, and growth
hormone) (1). These cytokines and hormones, in turn, may influence insulin sensitivity,
glucose homeostasis, and lipid metabolism. Interestingly, some mechanisms responsible for
the effects of arginine include a direct cholinergic effect, membrane depolarization, calcium
influx (43–44), and NO signaling (45–46).

It has been reported that pharmacological levels of arginine stimulate insulin and glucagon
release in pigs (47–48) and healthy humans (49–51), as well as diabetic (52–53) and obese
subjects (54). In our studies, we found that acute infusion of arginine increased plasma
concentrations of insulin and glucagon at infusion time of 30, 60 and 90 min (unpublished
data). In response to starvation signals, secretion of insulin by pancreatic beta-cells is
reduced but secretion of glucagon by pancreatic alpha-cells is increased in an attempt to
promote gluconeogenesis in the liver and kidneys. Interestingly, secretions of both insulin
and glucagon are enhanced by arginine or a protein meal (55). These two hormones act on
different tissues via cAMP-dependent signaling pathways, resulting in an overall decrease in
circulating levels of glucose in diabetic animals (1).

Hormones derived from white adipose tissue may play a key role in the adipocyte-muscle
cross-talk and, therefore, energy partitioning (56). For example, leptin and adiponectin may
alter lipid partitioning in skeletal muscle by increasing fat oxidation and decreasing fatty
acid incorporation into triacylglycerols (57–59). In growing-finishing pigs, a decrease in
serum leptin concentration was associated with a reduction in body fat mass (15, 23).
Similarly, Stingl et al. (53) reported that arginine infusion transiently decreased plasma
concentrations of leptin both in insulin-deficient and hyperinsulinemic diabetic patients.
Circulating levels of leptin are highly correlated with adipose tissue mass (60) and may not
be altered after a meal (61), short-term exposure to insulin and glucagon (62–63), or acute
administration of arginine (our unpublished data).

3.5. Role of the AMPK signaling pathway in lipid metabolism
AMPK is a key modulator of lipid metabolism and energy balance (64–65). AMPK is
activated by a rise in the intracellular AMP/ATP ratio within the cell. AMPK activation
stimulates ATP-generating metabolic pathways while inhibiting anabolic reactions (65).
Thus, AMPK signaling is crucial for the regulation of fatty acid oxidation in liver and
skeletal muscle, as well as mitochondrial biogenesis, glucose uptake and the control of
insulin sensitivity in skeletal muscle (1). Exceedingly high levels of amino acids have been
considered to inhibit AMPK activity in pancreatic beta-cells (66–67) and Caco 2 cells (68).
In contrast, there are reports that physiological concentrations of arginine increased AMPK
expression and activity in the rat liver at transcriptional, translational, and post-translational
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levels (18). These different results may be due to the tissue-specific regulation of AMPK
activity (69) and energy metabolism by arginine in a concentration-dependent manner. For
example, in mammals, arginine is mainly metabolized in the liver and dietary arginine
supplementation enhanced hepatic expression of AMPK (indicated by increases in both
mRNA and protein levels of AMPK) as well as hepatic AMPK phosphorylation in obese
rats (18, 40). Multiple mechanisms may be responsible for the effect of arginine on
activating AMPK and, therefore, regulating lipid metabolism and energy partitioning.
AMPK phosphorylation inhibits ACC activity, thereby reducing the flux of energy
substrates to anabolic pathways (64, 71). Specifically, activated AMPK not only inhibits
fatty acid synthesis but also enhances fatty acid oxidation by reducing the levels of malonyl-
CoA, the product of ACC, which is a potent allosteric inhibitor of CPT1, the enzyme that
transport long-chain fatty acyl-CoA into mitochondria for β-oxidation (64, 71–72). AMPK
phosphorylation also activates malonyl-CoA decarboxylase, the enzyme responsible for the
degradation of malonyl-CoA (73). Furthermore, AMPK stimulates GLUT-4 translocation
and glucose transport in skeletal muscle, thereby increasing whole-body utilization of
glucose (74–75). In addition, AMPK inhibits lipolysis via promoting dephosphorylation of
HSL and blocking protein kinase A (PKA)-induced HSL activation (76–77).

4. USE OF ARGININE IN TREATMENT OF OBESITY AND DIABETES
Obesity in humans is a major public health crisis worldwide (78) and probably the most
important factor in the development of Type 2 diabetes (also known as an “insulin-resistant”
disease). Additionally, the incidence of obesity in companion animals is increasing
worldwide. Abdominal obesity is directly related to insulin resistance, leading to metabolic
syndrome including hypertension as well as alterations in lipid profiles and blood glucose
levels (79). Patients with the metabolic syndrome have a defect of NO bioavailability (80).
Additionally, serum levels of NO metabolites were associated with other components or risk
factors of the metabolic syndrome (81). Gruber et al. (82) suggested that reduced availability
of NO, arginine and citrulline in juvenile obesity may contribute to the development of
atherogenesis. As noted in the preceding sections, physiological levels of NO can ameliorate
all of the adverse features of the metabolic syndrome in animal models of obesity (20).
Therefore, arginine supplementation to enhance NO synthesis may provide an effective
strategy to treat and prevent adiposity and associated metabolic syndrome.

As noted above, physiological levels of arginine modulate expression of key genes
responsible for fatty acid and glucose oxidation, thereby decreasing white fat in the whole
body (9, 83). These changes are associated with: a) reductions in circulating levels of
glucose, homocysteine, and asymmetric dimethylarginine (risk factors for the metabolic
syndrome); and b) improvement of endothelium-dependent relaxation (an indicator of
cardiovascular function) in both type I and type II models of diabetes mellitus (20–21).
These findings are timely and highly relevant to the development of sound therapeutic
strategies to prevent and treat obesity in humans and companion animals.

Results from both animal and human studies indicate that short- and long-term oral
administration of L-arginine can improve insulin sensitivity, endothelial function, and anti-
oxidative capacities in type-2 diabetes mellitus (21, 84–85). In addition, intravenous
infusion of L-arginine (0.52 mg·kg−1·min−1) enhances insulin sensitivity in obese patients,
non-insulin-dependent diabetes mellitus (NIDDM) patients, and healthy subjects, and also
restores defective insulin-mediated vasodilatation in obesity and NIDDM (85). Furthermore,
a chronic administration of L-arginine reduces glucose levels in plasma, hepatic glucose
production, and insulin resistance in type-2 diabetic patients (84). Finally, prolonged oral
administration of L-arginine can increase insulin sensitivity, ameliorate abnormalities of
glucose metabolism, improve endothelial function, reduces oxidative stress and white-fat
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mass, attenuate production of inflammatory cytokines, and spare skeletal muscle during a
period of hypocaloric diet in obese type-2 diabetic patients (21).

5. SUMMARY AND PERSPECTIVE
Emerging evidence shows that L-arginine plays an important role in regulating lipid
metabolism and energy partitioning in animals and humans. Results of biochemical and
molecular studies with young animals indicate that arginine enhances the partitioning of
dietary and metabolic energy from adipose tissue storage to skeletal muscle growth. In
adults, arginine acts to maintain the mass and function of skeletal muscle in the face of
decreased intake of dietary energy. Thus, dietary supplementation with arginine is beneficial
in: a) reducing obesity in humans and companion animals; and b) enhancing economic
returns in livestock production by increasing lean muscle growth and reducing fat accretion
in the carcass. Although a number of biochemical and molecular mechanisms have been
proposed to explain roles for arginine in metabolism of energy substrates, direct
experimental evidence is needed to support these propositions. Additionally, it is important
to look at the whole picture of arginine metabolism in the body, ranging from arginine
degradation (86, 87) and synthesis (88, 89) in the small intestine to tissue-specific
expression of arginase isoforms (90, 91), and to whole-body protein turnover (92, 93).
Moreover, studies should be conducted to determine whether or not arginine
supplementation can increase energy expenditure in animals and humans. New knowledge
about arginine biochemistry and physiology is expected to aid in designing a novel, safe and
effective way to prevent and treat obesity as well as metabolic syndrome in humans. The
future holds great promise for the use of L-arginine to improve health in humans and
animals and to enhance the efficiency of animal production worldwide.
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Abbreviations

PGC-1 peroxisome proliferator-activated receptor-gamma coactivator-1

AMPK AMP-activated protein kinase

NO nitric oxide

NMR nuclear magnetic resonance

NOS NO synthase

mTOR mammalian target of rapamycin

LPL lipoprotein lipase

ACC acetyl CoA carboxylase

FAS fatty acid synthase

HSL hormone-sensitive lipase

CPT1 carnitine palmitoyltransferase 1

MCD malonyl-CoA decarboxylase
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UCP uncoupling protein

PPAR peroxisome proliferator-activated receptor

GLUT glucose transporter

BCAT branched-chain amino acid aminotransferase

PKA protein kinase A
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Figure 1.
Dietary supplementation with 1% arginine differentially regulates expression of lipid-
metabolic genes in porcine adipose tissue and skeletal muscle. HSL, hormone sensitive
lipase; GLUT4, glucose transporter 4; LPL, lipoprotein lipase; ACC, acetyl CoA carboxylas;
FAS, fatty acid synthase. The symbol “↑” denotes an up-regulation of arginine on gene
expression. The symbol “↓” denotes a down-regulation of arginine on gene expression.
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Figure 2.
Possible mechanisms for arginine to enhance mitochondrial biogenesis and growth of brown
adipose tissue in animals. NO, nitric oxide; eNOS, endothelial NO synthase; cGMP, cyclic
guanosine monophosphate; SIRT1, Silent mating type information regulator 2 homolog 1;
NRF-1/2, nuclear respiratory factor 1/2; Tfam, mitochondrial transcription factor A; PGC,
peroxisome proliferator-activated receptor-gamma coactivator; mTOR, mammalian target of
rapamycin; 4E-BP1, eukaryotic initiation factor 4E-binding protein-1; S6, ribosomal protein
S6 kinase.
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Table 1

Dietary supplementation with arginine reduces white fat mass in Zucker diabetic fatty rats

Treatment Alanine Arginine Alanine Arginine

Tissue Absolute weight (g) Absolute weight (g) Proportional weight (g tissue/kg
body wt)

Proportional weight (g tissue/kg
body wt)

Epididymal fat 9.06 ± 0.66 6.82 ± 0.53* 22.0 ± 1.40 20.1 ± 1.10

Abdominal fat 15.9 ± 0.96 8.83 ± 0.55* 39.0 ± 1.45 25.7 ± 1.05*

Values are means ± SEM, n = 6.

*
Different from alanine-treated rats, P < 0.01. At 9 weeks of age, male Zucker diabetic fatty rats were assigned randomly to receive drinking water

containing either 1.51% L-arginine-HCl or 2.55% L-alanine (isonitrogenous control) (n = 6 per treatment). Epididymal fat and abdominal fat were
collected and weighed at the end of a 10-week period of arginine supplementation. Adapted from Fu et al. (20).
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Table 3

Dietary arginine supplementation reduces fat accretion but increases intramuscular fat content in growing-
finishing pigs

Alanine Arginine

Percentage of total skeletal muscle in the carcass (%) 57.9 ± 0.61 61.1 ± 0.93 *

Percentage of total fat in the carcass (%) 23.1 ± 0.35 20.5 ± 0.60 **

Content of protein in longissimus dorsi muscle (g/100 g) 18.9 ± 0.18 19.8 ± 0.21 **

Content of lipids in longissimus dorsi muscle (g/100 g) 1.81 ± 0.17 3.08 ± 0.48 *

Values are means ± SEM, n = 8. Different from alanine-treated growing-finishing pigs,

*
P < 0.05 and

**
P < 0.01. Twenty-four 110-day-old barrows were assigned randomly to receive corn- and soybean meal-based diet supplementing with 1.0% L-

arginine or 2.05% L-alanine (isonitrogenous control). After a 60-day period of arginine supplementation, total skeletal muscle and fat depots in the
carcass were weighed. Longissimus dorsi muscle was analyzed for protein and lipids. Adapted from Tan et al. (15).
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