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Abstract
Previous work has shown that dietary l-arginine (Arg) supplementation reduced white fat mass in obese rats. The present 
study was conducted with cell models to define direct effects of Arg on energy-substrate oxidation in hepatocytes, skeletal 
muscle cells, and adipocytes. BNL CL.2 mouse hepatocytes, C2C12 mouse myotubes, and 3T3-L1 mouse adipocytes were 
treated with different extracellular concentrations of Arg (0, 15, 50, 100 and 400 µM) or 400 µM Arg + 0.5 mM NG-nitro-
l-arginine methyl ester (L-NAME; an NOS inhibitor) for 48 h. Increasing Arg concentrations in culture medium dose-
dependently enhanced (P < 0.05) the oxidation of glucose and oleic acid to CO2 in all three cell types, lactate release from 
C2C12 cells, and the incorporation of oleic acid into esterified lipids in BNL CL.2 and 3T3-L1 cells. Arg at 400 µM also 
stimulated (P < 0.05) the phosphorylation of AMP-activated protein kinase (AMPK) in all three cell types and increased 
(P < 0.05) NO production in C2C12 and BNL CL.2 cells. The inhibition of NOS by L-NAME moderately reduced (P < 0.05) 
glucose and oleic acid oxidation, lactate release, and the phosphorylation of AMPK and acetyl-CoA carboxylase (ACC) in 
BNL CL.2 cells, but had no effect (P > 0.05) on these variables in C2C12 or 3T3-L1 cells. Collectively, these results indicate 
that Arg increased AMPK activity and energy-substrate oxidation in BNL CL.2, C2C12, and 3T3-L1 cells through both 
NO-dependent and NO-independent mechanisms.
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Abbreviations
ACC​	� Acetyl-CoA carboxylase
AMPK	� AMP-activated protein kinase
AU	� Arbitrary unit
CPT-I	� Carnitine palmitoyltransferase I
GAPDH	� Glyceraldehyde-3-phosphate dehydrogenase
KHB	� Krebs–Henseleit bicarbonate
MCD	� Malonyl-CoA decarboxylase
L-NAME	� NG-Nitro-l-arginine methyl ester
NO	� Nitric oxide
NOS	� Nitric oxide synthase
SCD-1	� Stearoyl-CoA desaturase 1
SDS	� Sodium dodecyl sulfate

S6K1	� Ribosomal protein S6 kinase beta-1
TTBS	� Tris–Tween-buffered saline

Introduction

Nitric oxide (NO) is a free radical produced from l-argi-
nine (Arg) by NO synthases (NOS) (Förstermann and Sessa 
2012). Three isoforms of the NOS are expressed in vari-
ous tissues, including insulin-sensitive tissues (liver, 
muscle and adipose tissue) that play an important role in 
whole-body homeostasis of energy substrates (Alderton 
et al. 2001; Förstermann et al. 1994; Jobgen et al. 2006). 
Besides endothelial cells (Raman et al. 1998), macrophages 
(Kröncke et al. 1991), and neurons (Schuman and Madi-
son 1991), NO production has been detected for many other 
cell types, including hepatocytes (Nicholls-Grzemski et al. 
1999), skeletal muscle cells (Williams et al. 1994), and white 
adipocytes (Yan et al. 2002) under both basal and stimulated 
conditions. The actions of NO are mediated primarily by the 
activation of guanylyl cyclase and the resultant production of 
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guanosine 3´,5´-cyclic monophosphate (cGMP) (Denninger 
and Marletta 1999).

Our previous studies using Zucker diabetic fatty rats 
(Fu et al. 2005) and diet-induced obese rats (Jobgen 2007; 
Jobgen et al. 2009) demonstrated that dietary supplementa-
tion with Arg increased glucose and fatty acid oxidation in 
skeletal muscle and white adipose tissue, therefore reducing 
body white-fat mass. Beneficial effects of Arg supplemen-
tation on reducing white fat, increasing lean tissue mass, 
and improving metabolic profiles have also been reported 
by many research groups for rodents and other members 
of the animal kingdom, including diet-induced obese rats 
(Alam et al. 2013; Miczke et al. 2015), mice (Sellmann 
et al. 2017), and sheep (Satterfield et al. 2012); growing-
finishing pigs (Tan et al. 2011), poultry (Fouad et al. 2013), 
and fish (Li et al. 2020); individuals with diabetes mellitus 
(Mariotti 2020; Szlas et al. 2022); and obese persons (Boon 
et al. 2019; Khosroshahi et al. 2020; McNeal et al. 2018). 
Further, we found that the beneficial effect of Arg on meta-
bolic health was mediated partially through the activation 
of hepatic AMP-activated protein kinase (AMPK) (Jobgen 
2007; Jobgen and Wu 2022). However, the underlying bio-
chemical mechanisms remain largely unknown (McKnight 
et al. 2010; Mariotti 2020; Szlas et al. 2022).

There is growing evidence that NO regulates energy 
metabolism in cells and animals (Dai et al. 2013; Durante 
2020; Jobgen et al. 2006; Sansbury and Hill 2014; San 
Martín et al. 2017). Therefore, we hypothesized that Arg 
increased energy metabolism through enhancing NO produc-
tion and activating AMPK. This hypothesis was tested using 
established cell models for hepatocytes, skeletal muscle cells 
and adipocytes (Chen et al. 2018; Lee et al. 1997; Wang and 
Watford 2007).

Materials and methods

Materials

BNL CL.2 mouse hepatocytes, C2C12 mouse skeletal mus-
cle cells and 3T3-L1 mouse preadipocytes were obtained 
from ATCC (Manassa, VA). Arg-free customized Dulbec-
co’s modified Eagle medium (DMEM) with 5 mM glucose 
and concentrations of other amino acids found in the plasma 
of adult rats (Jobgen et al. 2009), nutrient-rich DMEM, horse 
serum, trypsin–EDTA solution, penicillin (10,000 U/mL), 
streptomycin (10,000 µg/mL), and 4–12% NuPAGE Bis–Tris 
gels were purchased from Invitrogen (Grand Island, NY). 
Fetal bovine serum (FBS), NCS-II, and the bicinchoninic 
acid kit were procured from Hyclone (Logan, UT), Amer-
sham (Piscataway, NJ), and Pierce (Rockford, IL), respec-
tively. HPLC-grade methanol and water were purchased 

from Fisher Scientific (Houston, TX). d-[U-14C]glucose and 
[1-14C]oleic acid were products of American Radiolabeled 
Chemicals (St Louis, MO). Protease inhibitor and phos-
phatase inhibitor cocktails were obtained from Calbiochem 
(La Jolla, CA). Unless indicated, all other chemicals were 
procured from Sigma-Aldrich (St Louis, MO).

Cell culture

BNL CL.2 cells, C2C12 cells, and 3T3-L1 cells were 
cultured in 100-mm dishes with 20  ml of nutrient-
rich DMEM containing 10% FBS and 100 U/mL peni-
cillin plus 100 µg/mL streptomycin until 75–80% conflu-
ent. Cells were trypsinized and split into 25-cm2 Falcon 
flasks with approximately 2 × 105 cells per flask (10 ml 
medium) and maintained at 37 °C in a 5% CO2 incubator. 
The basal nutrient-rich DMEM for cell culture contained 
25 mM glucose, 4 mM glutamine, and 0.4 mM Arg. For 
our experiments, BNL CL.2 cells at confluence were used 
directly, whereas differentiated C2C12 and 3T3-L1 cells 
were employed. After C2C12 cells reached confluence, 
differentiation was initiated by substituting 10% FBS with 
2% horse serum in the culture medium. The medium was 
changed every 2 days. Four days after the initiation of 
differentiation, myotubes were formed and then used for 
the experiment.

For differentiating 3T3-L1 cells, they were cultured in 
20 ml of nutrient-rich DMEM with 10% FBS until con-
fluence. Two days post-confluence, differentiation was 
initiated by switching the cells to nutrient-rich DMEM 
containing 10% FBS, 10 µg/mL insulin, 0.5 mM 3-isobu-
tyl-1-methylxanthine, and 10  µM dexamethasone. 
Two days later, the medium was changed to nutrient-
rich DMEM containing 10% FBS and 10 µg/mL insulin. 
After an additional 2 days, cells were switched to nutrient-
rich DMEM containing 10% FBS. The medium was then 
changed every other day. Eight days after the initiation of 
cell differentiation, mature white adipocytes were obtained 
and then used for the experiment.

The day before performing an experiment, 3T3-L1 
adipocytes and BNL CL.2 hepatocytes in 25-cm2 Falcon 
flasks were switched to 10 ml of nutrient-rich DMEM 
containing 0.5% FBS for overnight, whereas C2C12 
cells in 25-cm2 Falcon flasks were maintained in 10 ml 
of nutrient-rich DMEM containing 2% horse serum. The 
concentrations of serum were chosen on the basis of the 
consideration that a high level might mask the effect of 
Arg, while cell viability might be compromised in serum-
free medium. On the day of the experiment, all the three 
types of cells were switched to 10 ml of Arg-free cus-
tomized DMEM containing 5 mM D-glucose, 0.5 mM 
l-glutamine, and 0.5% FBS; and this basal culture medium 
contained 0.7 µM Arg. Arg was then added to the medium, 
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providing concentrations of 0, 15, 50, 100, or 400 µM. In 
some experiments, culture medium contained 400 µM Arg 
plus 500 µM NG-nitro-l-arginine methyl ester (L-NAME, 
an NOS inhibitor). To ensure optimal inhibition of NO 
production in cells, L-NAME was added to the medium 
1 h earlier than Arg. All the cells were cultured at 37 °C 
for 48 h, with the medium being changed every 24 h. At 
the end of the 48-h culture period, cells were used for bio-
chemical studies and the media were analyzed for nitrite 
(an indicator of NO synthesis) and amino acids (Jobgen 
et al. 2009). We determined that at the end of the last 24-h 
culture in the 10 ml fresh medium with initial concentra-
tions of 0, 15, 50, 100, and 400 µM Arg, the concentra-
tions of Arg in the conditioned medium (means ± SEM, 
n = 4) for C2C12 cells were 0.53 ± 0.05, 8.5 ± 0.8, 39 ± 2.5, 
83 ± 4.0, and 356 ± 9.7 µM, respectively; the concentra-
tions of Arg in the conditioned medium for BNL CL.2 
cells were 0.51 ± 0.04, 7.9 ± 0.6, 35 ± 3.1, 78 ± 4.6, and 
334 ± 9.2 µM, respectively; the concentrations of Arg 
in the conditioned medium for 3T3-L1 mouse adipo-
cytes were 0.54 ± 0.04, 8.2 ± 0.9, 37 ± 3.6, 80 ± 3.7, and 
342 ± 10 µM, respectively.

Glucose and oleic acid oxidation

Cells obtained through the above culture were rinsed with 
phosphate-buffered saline (PBS) three times, and were 
then incubated in the same 25-cm2 Falcon flasks (placed 
within an unshaken cell culture incubator) at 37 °C in 
2 mL of oxygenated (95%O2/5%CO2) Krebs–Henseleit 
bicarbonate buffer (KHB, pH 7.4) containing 5 mM d-glu-
cose and either 0.5 μCi d-[U-14C]glucose or 0.2 mM oleic 
acid plus 0.5 μCi [1-14C]oleic acid. Arg or L-NAME was 
added to incubation medium to obtain the same respective 
concentrations as in the previous 48-h culture medium. 
The flasks were sealed tightly with rubber stoppers fit-
ted with hanging center-wells, as we did in our previous 
studies of substrate oxidation by mammalian cells incu-
bated in 25-ml polypropylene conical flasks (Wu et al. 
1995). At the end of a 2-h incubation period, flasks were 
placed in the straight-up position, and 0.2 mL NCS-II (an 
alkaline solution to trap 14CO2) was added through the 
stopper into a 500-μl microcentrifuge tube placed in the 
center-well, followed by the addition of 0.2 mL of 1.5 M 
HClO4 to the incubation medium. Such a position of the 
flasks was adopted to prevent the drop of NCS-II to the 
incubation medium. After an additional 1-h incubation, 
the microcentrifuge tubes with NCS-II were carefully 
transferred to scintillation vials. Fifteen milliliters of 
counting cocktail (He and Wu 2022) were added to the 
vials and 14C radioactivity was determined by a Packard 
liquid scintillation counter (Wu et al. 1995). The specific 

activities of d-[U-14C]glucose and [1-14C]oleic acid in 
the incubation media were used to calculate the rate of 
CO2 production from glucose and oleic acid, respectively. 
The acid-lysed cell solution was centrifuged at 600 g for 
10 min. The supernatant fluid was analyzed for lactate 
using an enzymatic method (Wu et al. 1995). The pel-
let fraction (protein) was washed three times with 5 ml 
of 2% trichloroacetic acid through centrifugation (600 g, 
10 min), and then solubilized in 0.5 ml of 1 M NaOH (Wu 
and Thompson 1990) before the determination of protein 
concentration using the bicinchoninic acid kit.

Incorporation of glucose into lipids and of oleic acid 
into esterified lipids

The determination of d-[U-14C]glucose incorporated into 
lipids was performed as described by Ceddia et al. (2000). 
Briefly, the acidified incubation medium from the glucose 
oxidation experiment above was collected and mixed with 
5 mL of Doles’s reagent (isopropanol/n-heptane/H2SO4; 
4:1:0.25, v/v/v; Dole and Meinertz 1960). The heptane layer, 
which contained lipids, was carefully transferred to scintil-
lation counting vials and dried under a fumehood. Then, 
15 mL of counting cocktail (Hionic Fluor, Packard, Meri-
den, CT) was added to the vials for the measurement of 14C 
radioactivity.

The incorporation of [1-14C]oleic acid into esterified 
lipids was determined as described by Oliveira and Vaughan 
(1964) with modifications. Briefly, the acidified incubation 
medium from the oleic acid oxidation experiment above was 
mixed with 15 mL of a chloroform–methanol solution (2:1, 
v/v). After shaking for 20 min, 9 mL of 4% Na2CO3 (w/v in 
water) was added, followed by 20 min of mixing. The tubes 
were then centrifuged to allow the separation of aqueous 
and chloroform layers. The chloroform layer was transferred 
into clean tubes and subjected to two more washes with 4% 
Na2CO3. After the chloroform layer [containing esterified 
lipids (triglycerides and other glycerol-based esters) but no 
oleic acid] was transferred to a scintillation vial and dried 
under a fumehood, 15 mL of counting cocktail (Hionic 
Fluor) was added to the vials for the measurement of 14C 
radioactivity.

Nitrite analysis

Nitrite in cell culture medium was analyzed using an HPLC 
method as described by Li et al. (2000). This technique 
offers the advantages of high sensitivity and specificity for 
the determination of nitrite as an oxidation product of nitric 
oxide (Jobgen et al. 2007). The medium without cells was 
included as blanks.
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Western blot analysis

BNL CL.2 cells, C2C12 cells, and 3T3-L1 cells were cul-
tured for 48 h in the presence of 0, 50, 400 µM Arg, or 
400 µM Arg plus 500 µM L-NAME, as described above. 
After the 48-h culture period, cells were washed with 
PBS three times, followed by lysis in a buffer containing 
20 mM Tris–HCl (pH 7.4), 50 mM NaCl, 50 mM NaF, 
50 mM EDTA, 1% Triton X-100, 1 × protease inhibitor 
cocktail, and 1 × phosphatase inhibitor cocktail. Cells 
were then scraped off into tubes and centrifuged for 
10 min at 10,000g. Protein content in the supernatant 
fraction was analyzed using the bicinchoninic acid kit. 
For western blot analysis, 30 µg of protein in a sample 
was separated on 4–12% polyacrylamide gradient gels, 
transferred to nitrocellulose membranes, blocked with 
5% fat-free dry milk in TTBS, and incubated with the 
following primary antibodies overnight at 4  °C with 
gentle rocking: AMPKα (Cat. #2532,  Cell Signal-
ing, 1:1000); phosphorylated AMPKα (Thr172) (Cat. 
#2531, Cell Signaling, 1:1000); ACC (Cat. #3662, Cell 
Signaling, 1:1000, detecting all isoforms of ACC pro-
tein); and phosphorylated ACC (Ser79) (Cat. #3661, Cell 
Signaling, 1:1000, recognizing both ACC1 and ACC2 
proteins). After being washing three times with TTBS, 

the membranes were incubated at 25 °C for 3 h with sec-
ondary antibodies at 1:50,000 (peroxidase-labeled donkey 
anti-goat or anti-rabbit IgG, Jackson Immuno Research). 
Finally, the membranes were washed with TTBS, fol-
lowed by development using Supersignal West Dura 
Extended Duration Substrate according to the manufac-
turer’s instructions (Pierce, Rockford, IL). The signals 
were detected on Fujifilm LAS-3000 (Tokyo, Japan).

After the last immunodetection, membrane-bound pro-
teins were stained with Coomassie Blue R250 (Imperial™ 
Protein Stain; Pierce, Rockford, IL, USA) according to 
the manufacturer’s instructions to verify the equal load-
ing/transfer of tissue proteins. Briefly, the blotting mem-
brane was washed for 2 min twice with deionized water 
and then stained with 0.1% Coomassie R-250 (Pierce) for 
5 min. The stained membrane was washed 3 times with a 
solution of 50% methanol/10% acetic acid and then rinsed 
with 10% methanol. The dry membrane was scanned 
using Typhoon (Amersham Bioscience, Piscataway NJ, 
USA) and the staining density for all proteins in each 
complete lane was analyzed in the DeCyder software 6.5 
(Amersham Bioscience), with the area outside the protein 
lanes being the background, as we described previously 
(Wang et al. 2008).
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Fig. 1   Relative protein levels for total AMPKα, phosphorylated 
AMPKα (P-AMPKα) and the ratio of P-AMPKα to total AMPKα 
in BNL CL.2 hepatocytes. Cells were cultured for 48  h in custom-
ized  DMEM containing 0, 50 or 400  µM L-arginine. The same 
amount of cell proteins (30 µg) from different treatment groups was 
loaded into 4–12% SDS–polyacrylamide gels for the separation of 

AMPKα and phosphorylated AMPKα proteins. The protein images 
were developed with the use of the Supersignal West Dura Extended 
Duration Substrate, and two representative blots from each treatment 
group are shown. Data, expressed as relative values to the cells cul-
tured without added l-arginine, are means ± SEM, n = 4. Means with 
different letters are different (P < 0.05)
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Data expression and statistical analysis

In the western blotting, 4 samples (cell lysates) from each 
of the three treatment groups in Figs. 1, 2, 3, 4, 5 and 6 
and from each of the two treatment groups in Figs. 7, 8 
and 9 were loaded onto the same gel and the proteins were 
transferred to the same blotting membrane. Thus, the mean 
value in the bar graph represents the 4 samples per treat-
ment group. Data, expressed as means ± SEM, were ana-
lyzed using one-way ANOVA (Assaad et al. 2014). The 
Tukey multiple comparison method was used to determine 
differences among the means of the treatment groups for 
0–400 µM Arg. The paired t test was employed to analyze 
the data for cells treated with either 400 µM Arg or 400 µM 
Arg plus 0.5 mM L-NAME. Probability values ≤ 0.05 were 
taken to indicate statistical significance.

Results

BNL CL.2 hepatocytes

Table 1 summarizes data on glucose and oleic acid oxida-
tion, lactate production, and the incorporation of glucose 
into lipids and of oleic acid into esterified lipids in BNL 
CL.2 cells. There were no differences in glucose oxida-
tion, oleic acid oxidation, or the incorporation of oleic acid 
into esterified lipids between 0 and 50 µM Arg. However, 
increasing medium concentrations of Arg from 50 to 400 µM 
increased (P < 0.05) glucose and oleic acid oxidation, as well 
as the incorporation of oleic acid into esterified lipids. Expo-
sure of the cells up to 400 µM Arg had no effect on lactate 

production or the incorporation of glucose into lipids. In the 
presence of various concentrations of Arg, a large amount 
of lactate was produced from glucose relative to the oxida-
tion of glucose to CO2, whereas 85–90% of metabolized 
oleic acid was incorporated into esterified lipids in BNL 
CL.2 cells.

Staining intensities of total proteins bound to the blot-
ting membrane for BNL CL.2 cells cultured with 0, 50, 
and 400 µM Arg were 1.000 ± 0.026, 1.030 ± 0.038, and 
1.018 ± 0.025 AU, respectively (P > 0.05). Total and phos-
phorylated levels of AMPK and ACC in BNL CL.2 cells are 
presented in Figs. 1 and 2, respectively. There were no dif-
ferences in total or phosphorylated AMPK or ACC between 
0 and 50 µM Arg. Increasing Arg concentrations from 50 to 
400 µM had no effect on total AMPK levels but increased 
(P < 0.05) phosphorylated AMPK levels by approximately 
110%, and therefore, the ratio of phosphorylated AMPK to 
total AMPK by 80%. Compared with 0 or 50 µM Arg, expo-
sure of the cells to 400 µM Arg did not affect (P > 0.05) total 
or phosphorylated levels of ACC, or the ratio of phosphoryl-
ated ACC to total ACC.

C2C12 skeletal muscle cells

In C2C12 myotubes, increasing extracellular concentra-
tions of Arg from 0 to 50 µM increased (P < 0.05) oleic 
acid oxidation but had no effect (P > 0.05) on glucose 
oxidation or lactate production (Table 2). Increasing Arg 
concentration from 50 to 400 µM increased (P < 0.05) glu-
cose oxidation and lactate production, but had no effect 
(P > 0.05) on oleic acid oxidation. The rate of oleic acid 
oxidation was 23% greater (P < 0.05) in the presence of 

Fig. 2   Relative protein levels for 
total ACC, phosphorylated ACC 
(P-ACC) and the ratio of P-ACC 
to total ACC in BNL CL.2 
hepatocytes. Cells were cultured 
for 48 h in customized DMEM 
containing 0, 50 or 400 µM 
l-arginine. The same amount of 
cell proteins (30 µg) from differ-
ent treatment groups was loaded 
into 4–12% SDS–polyacryla-
mide gels for the separation of 
ACC and phosphorylated ACC 
proteins. The protein images 
were developed with the use 
of the Supersignal West Dura 
Extended Duration Substrate, 
and two representative blots 
from each treatment group are 
shown. Data, expressed as rela-
tive values to the cells cultured 
without added l-arginine, are 
means ± SEM, n = 4
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400 µM Arg than in the absence of its addition. In C2C12 
cells cultured in the presence or absence of Arg, the rate 
of lactate production from glucose was much greater than 
the rate of glucose oxidation to CO2.

Staining intensities of total proteins bound to the blotting 
membrane for C2C12 cells cultured with 0, 50, and 400 µM 
Arg were 1.000 ± 0.033, 0.983 ± 0.036, and 1.025 ± 0.041 
AU, respectively (P > 0.05). Increasing extracellular 
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Fig. 3   Relative protein levels for total AMPKα, phosphorylated 
AMPKα (P-AMPKα) and the ratio of P-AMPKα to total AMPKα in 
C2C12 myotubes. Cells were cultured for 48 h in customized DMEM 
containing 0, 50 or 400 µM l-arginine. The same amount of cell pro-
teins (30 µg) from different treatment groups was loaded into 4–12% 
SDS–polyacrylamide gels for the separation of AMPKα and phos-

phorylated AMPKα proteins. The protein images were developed 
with the use of the Supersignal West Dura Extended Duration Sub-
strate, and two representative blots from each treatment group are 
shown. Data, expressed as relative values to the cells cultured without 
added L-arginine, are means ± SEM, n = 4. Means with different let-
ters are different (P < 0.05)

Fig. 4   Relative protein levels 
for total ACC, phosphorylated 
ACC (P-ACC) and the ratio of 
P-ACC to total ACC in C2C12 
myotubes. Cells were cultured 
for 48 h in customized DMEM 
containing 0, 50 or 400 µM 
l-arginine. The same amount of 
cell proteins (30 µg) from differ-
ent treatment groups was loaded 
into 4–12% SDS–polyacryla-
mide gels for the separation of 
ACC and phosphorylated ACC 
proteins. The protein images 
were developed with the use 
of the Supersignal West Dura 
Extended Duration Substrate, 
and two representative blots 
from each treatment group are 
shown. Data, expressed as rela-
tive values to the cells cultured 
without added L-arginine, are 
means ± SEM, n = 4. Means 
with different letters are differ-
ent (P < 0.05)
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Fig. 5   Relative protein levels for total AMPKα, phosphorylated 
AMPKα (P-AMPKα) and the ratio of P-AMPKα to total AMPKα 
in 3T3-L1 adipocytes. Cells were cultured for 48  h in custom-
ized  DMEM containing 0, 50 or 400  µM l-arginine. The same 
amount of cell proteins (30 µg) from different treatment groups was 
loaded into 4–12% SDS–polyacrylamide gels for the separation of 

AMPKα and phosphorylated AMPKα proteins. The protein images 
were developed with the use of the Supersignal West Dura Extended 
Duration Substrate, and two representative blots from each treatment 
group are shown. Data, expressed as relative values to the cells cul-
tured without added L-arginine, are means ± SEM, n = 4. Means with 
different letters are different (P < 0.05)
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Fig. 6   Relative protein levels for total ACC, phosphorylated ACC 
(P-ACC) and the ratio of P-ACC to total ACC in 3T3-L1 adipocytes. 
Cells were cultured for 48  h in customized  DMEM containing 0, 
50 or 400 µM L-arginine. The same amount of cell proteins (30 µg) 
from different treatment groups was loaded into 4–12% SDS–poly-
acrylamide gels for the separation of ACC and phosphorylated ACC 

proteins. The protein images were developed with the use of the 
Supersignal West Dura Extended Duration Substrate, and two repre-
sentative blots from each treatment group are shown. Data, expressed 
as relative values to the cells cultured without added L-arginine, are 
means ± SEM, n = 4. Means for each measured variable are not differ-
ent (P > 0.05) among the three concentrations of Arg
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concentrations of Arg from 0 to 50 and 400 µM had no effect 
(P > 0.05) on total AMPK levels in C2C12 myotubes but 
progressively increased (P < 0.05) phosphorylated AMPK 
levels by 117% and 256%, respectively, and thus the ratio of 
phosphorylated AMPK to total AMPK by 92% and 231%, 
respectively (Fig. 3). Arg at 50 µM increased (P < 0.05) both 
total ACC and phosphorylated ACC levels approximately by 
100%, as compared with 0 µM Arg. Arg at 400 µM further 
increased (P < 0.05) total ACC and phosphorylated ACC 
levels by 174% and 236%, respectively, in comparison with 
the values obtained at 0 µM Arg. As a result, the ratio of 
phosphorylated ACC to ACC was not changed (P > 0.05) 
by 50 µM Arg, but was increased (P < 0.05) by 400 µM Arg 
in C2C12 cells (Fig. 4).

3T3‑L1 adipocytes

Table 3 summarizes the effect of Arg on glucose and oleic 
acid metabolism in 3T3-L1 cells. Lactate was the major 
product of glucose metabolism in adipocytes. Increasing 
extracellular concentrations of Arg from 0 up to 400 µM 
did not affect (P > 0.05) lactate production or the incor-
poration of glucose into lipids in these cells. The rates of 
glucose oxidation in 3T3-L1 cells did not differ (P > 0.05) 
between 0 and 100 µM Arg, but were 45% greater (P < 0.05) 
in the presence of 400 µM Arg than in the absence of its 
addition. Incorporation into esterified lipids was the major 
fate (80–90%) of oleic acid utilization by 3T3-L1 cells. 
Increasing extracellular concentrations of Arg from 0 to 
50 µM had no effect (P > 0.05) on the oxidation of oleic 
acid or its incorporation into esterified lipids in these cells. 
However, the rates of oleic acid oxidation in 3T3-L1 cells 

AMPK

P-AMPK

ACC

P-ACC

|    400 µM Arg | 400 µM Arg/L-NAME |

0

20

40

60

80

100

120

140

Glucose
oxidation 

Oleic acid
oxidation 

Lactate release Glucose
incorporation

into lipids 

Oleic acid
incorporation

into lipids 

%
 o

f V
al

ue
s 

fo
r C

el
ls

 W
ith

ou
t 

L-
N

A
M

E 
Tr

ea
tm

en
t 

* * *

0

20

40

60

80

100

120

140

AMPK P-AMPK P-AMPK
/AMPK

ACC P-ACC P-ACC/ACC

%
 o

f V
al

ue
s 

fo
r C

el
ls

 W
ith

ou
t 

L-
N

A
M

E 
Tr

ea
tm

en
t 

* * *

A

B

Fig. 7   The effect of L-NAME on glucose and oleic acid oxidation, 
lactate release, the incorporations of glucose into lipids, and the 
incorporation of oleic acid into esterified lipids (A), as well as total 
and phosphorylated levels of AMPKα and ACC (B) in BNL CL.2 
hepatocytes. Cells were cultured for 48 h in customized DMEM con-
taining either 400  µM l-arginine (open bars) or 400  µM l-arginine 
plus 0.5  mM L-NAME (black bars). The same amount of cell pro-
teins (30 µg) from different treatment groups was loaded into 4–12% 

SDS–polyacrylamide gels for the separation of AMPKα and phos-
phorylated AMPKα proteins, as well as ACC and phosphorylated 
ACC proteins. The protein images were developed with the use of the 
Supersignal West Dura Extended Duration Substrate, and two repre-
sentative blots from each treatment group are shown. Data, expressed 
as relative values to the cells cultured without added L-arginine, are 
means ± SEM, n = 5 for biochemical assays and n = 4 for western 
blots. *P < 0.05: Different from the group without L-NAME
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were approximately 40% greater (P < 0.05) in the presence 
of 100–400 µM Arg than in its absence. Also, increasing 
Arg concentration from 50 to 100 and 400 µM increased 
(P < 0.05) the incorporation of oleic acid into esterified 
lipids in these cells by 136% and 190%, respectively.

Staining intensities of total proteins bound to the blot-
ting membrane for 3T3-L1 cells cultured with 0, 50, 
and 400 µM Arg were 1.000 ± 0.037, 1.045 ± 0.049, and 
1.040 ± 0.053 AU, respectively (P > 0.05). Increasing 
extracellular concentrations of Arg from 0 to 400 µM did 
not affect (P > 0.05) total AMPK but increased (P < 0.05) 
phosphorylated AMPK levels. Arg at 400 µM increased 
(P < 0.05) the ratio of phosphorylated AMPK to total 
AMPK by approximately 90% compared to 0 µM Arg 
(Fig. 5). In contrast, increasing Arg concentrations from 
0 to 400 µM had no effect (P > 0.05) on total or phospho-
rylated ACC levels, or the ratio of phosphorylated ACC to 
total ACC in 3T3-L1 adipocytes (Fig. 6).

NO synthesis by BNL CL.2, C2C12, and 3T3‑L1 cells

Increasing extracellular concentrations of Arg from 0 to 
400 µM did not affect (P > 0.05) nitrite production in 3T3-
L1 cells (Table 4). In both BNL CL.2 and C2C12 cells, 
nitrite production did not differ (P > 0.05) between 0 and 
100 µM Arg (Table 4). However, rates of NO synthesis 
were 42% and 47% greater (P < 0.05) in the presence of 
400 µM Arg than in its absence in BNL CL.2 and C2C12 
cells, respectively. The addition of 0.5 mM L-NAME to 
culture medium inhibited the production of NO in the 
three cell lines by approximately 80% (Table 4).

Effect of L‑NAME on BNL CL.2, C2C12 and 3T3‑L1 
cells

Addition of 0.5 mM L-NAME to culture media reduced 
(P < 0.05) glucose oxidation, oleic acid oxidation and 

AMPK

P-AMPK

ACC

P-ACC

|   400 µM Arg | 400 µM Arg/L-NAME |  

0

20

40

60

80

100

120

Glucose oxidation Oleic acid oxidation Lactate release 

%
 o

f V
al

ue
s 

fo
r C

el
ls

 W
ith

ou
t 

L-
N

A
M

E 
Tr

ea
tm

en
t 

0

20

40

60

80

100

120

140

AMPK P-AMPK P-AMPK
/AMPK

ACC P-ACC P-ACC/ACC

%
 o

f V
al

ue
s 

fo
r C

el
ls

 W
ith

ou
t 

L-
N

A
M

E 
Tr

ea
tm

en
t 

A

B

Fig. 8   The effect of L-NAME on glucose and oleic acid oxida-
tion, lactate release, the incorporations of glucose into lipids, and 
the incorporation of oleic acid into esterified lipids (A), as well as 
total and phosphorylated levels of AMPKα and ACC (B) in C2C12 
myotubes. Cells were cultured for 48  h in customized  DMEM con-
taining either 400  µM l-arginine (open bars) or 400  µM L-arginine 
plus 0.5  mM L-NAME (black bars). The same amount of cell pro-
teins (30 µg) from different treatment groups was loaded into 4–12% 
SDS–polyacrylamide gels for the separation of AMPKα and phos-

phorylated AMPKα proteins, as well as ACC and phosphorylated 
ACC proteins. The protein images were developed with the use of the 
Supersignal West Dura Extended Duration Substrate, and two repre-
sentative blots from each treatment group are shown. Data, expressed 
as relative values to the cells cultured without added L-arginine, are 
means ± SEM, n = 6 for biochemical assays and n = 4 for western 
blots.  Inhibition of NO synthesis by L-NAME did not affect (P > 
0.05) the measured variables in C2C12 cells
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lactate production by approximately 20% in BNL CL.2 
cells but had no effect (P > 0.05) on the incorporation of 
glucose into lipids and of oleic acid into esterified lipids, 
compared with the absence of the NOS inhibitor (Fig. 7A). 
Staining intensities of total proteins bound to the blotting 
membrane for BNL CL.2 cells cultured with 400 µM Arg 
and 400 µM Arg + 0.5 mM L-NAME were 1.000 ± 0.047 
and 1.028 ± 0.042 AU, respectively; those for C2C12 cells 
were 1.000 ± 0.042 and 1.035 ± 0.051 AU, respectively 
(P > 0.05); and those for 3T3-L1 cells were 1.000 ± 0.044 
and 0.993 ± 0.037 AU, respectively (P > 0.05). L-NAME 
treatment did not affect (P > 0.05) total or phosphorylated 
AMPK levels, but reduced (P < 0.05) the ratio of phospho-
rylated AMPK to total AMPK. Total ACC levels were not 
altered (P > 0.05) by 0.5 mM L-NAME, but both phospho-
rylated ACC levels and the ratio of phosphorylated ACC 

to total ACC in hepatocytes were reduced (P < 0.05) by 
L-NAME treatment (Fig. 7B). In C2C12 myotubes (Fig. 8) 
or 3T3-L1 adipocytes (Fig. 9), 500 μM L-NAME did not 
affect (P > 0.05) glucose oxidation, oleic acid oxidation, lac-
tate release, or protein levels for AMPK and ACC.

Discussion

Plasma concentrations of Arg in healthy overnight-fasted 
and fed adults are approximately 100 and 200 μM, respec-
tively (Wu and Morris 1998; Wu et al. 2004a). Dietary sup-
plementation with 1% Arg to animals can increase plasma 
Arg concentrations to about 500 μM (Wu et al. 2007, 1999). 
Interestingly, as low as 15 and 30 μM Arg are present in the 
plasma of liver-transplant recipients (Reid et al. 2007) and 
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Fig. 9   The effect of L-NAME on glucose and oleic acid oxidation, 
lactate release, the incorporations of glucose into lipids, and the 
incorporation of oleic acid into esterified lipids (A), as well as total 
and phosphorylated levels of AMPKα and ACC (B) in 3T3-L1 adi-
pocytes. Cells were cultured for 48 h in customized DMEM contain-
ing either 400 µM l-arginine (open bars) or 400 µM l-arginine plus 
0.5  mM L-NAME (black bars). The same amount of cell proteins 
(30 µg) from different treatment groups was loaded into 4–12% SDS-
polyacrylamide gels for the separation of AMPKα and phosphoryl-

ated AMPKα proteins, as well as ACC and phosphorylated ACC 
proteins. The protein images were developed with the use of the 
Supersignal West Dura Extended Duration Substrate, and two repre-
sentative blots from each treatment group are shown. Data, expressed 
as relative values to the cells cultured without added l-arginine, are 
means ± SEM, n = 5 for biochemical assays and n = 4 for western 
blots.  Inhibition of NO synthesis by L-NAME did not affect (P > 
0.05) the measured variables in 3T3-L1 adipocytes
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preterm infants (Wu et al. 2004b), due to the release of argi-
nase from the liver and the underdevelopment of endogenous 
Arg synthesis pathways, respectively. In contrast, porcine 
allantoic fluid contains 4–6 mM Arg during early gestation 
(Wu et al. 1996, 1998). Thus, the concentrations of Arg used 
in the present study (15–400 μM) are within the physiologi-
cal and pathological ranges found in mammals, and the find-
ings are of nutritional and clinical relevance.

Arg enters mammalian cells via cationic amino acid 
transporters (Closs et al. 2006). Much evidence shows that 
increasing extracellular concentrations of Arg augments 

its intracellular concentrations (Wu and Meininger 2002). 
In BNL CL.2 hepatocytes, C2C12 myotubes and 3T3-L1 
adipocytes, glucose and oleic acid oxidation increased in 
response to elevated extracellular concentrations of Arg 
from 0 to 400 µM (Tables 1, 2 and 3), indicating a role for 
Arg in stimulating energy substrate oxidation in these cells. 
In addition, the Arg treatment enhanced glycolysis in skel-
etal muscle cells, as indicated by the increased production 
of lactate (Table 2). These results were consistent with the 
findings of the previous in vivo studies that dietary Arg sup-
plementation increased the metabolism of energy substrates 

Table 1   Glucose and oleic acid metabolism in BNL CL.2 hepatocytes

Cells were incubated for 48 h in customized DMEM containing 0, 15, 50, 100 or 400 µM l-arginine. Data are expressed as means ± SEM, n = 5
a–c Means with different superscript letters in a row are different (P < 0.05)

Variables Medium l-arginine concentrations (µM) P value

0 15 50 100 400

Glucose oxidation (nmol glucose/mg protein per h) 24.5 ± 2.2c 31.6 ± 0.84c 33.6 ± 3.2b,c 42.9 ± 2.3a,b 53.2 ± 2.5a 0.0005
Oleic acid oxidation (nmol oleic acid/mg protein per h) 0.99 ± 0.05b 1.01 ± 0.07b 1.10 ± 0.05b 1.74 ± 0.11a 2.08 ± 0.12a 0.0005
Lactate release (nmol lactate/mg protein per h) 218 ± 16 218 ± 34 207 ± 10 262 ± 29 250 ± 19 0.49
Glucose incorporation into lipids (nmol glucose/mg protein 

per h)
0.85 ± 0.04 1.01 ± 0.13 0.96 ± 0.06 1.08 ± 0.09 0.82 ± 0.09 0.23

Oleic acid incorporation into esterified lipids (nmol oleic acid/
mg protein per h)

7.73 ± 0.81b 6.18 ± 0.81b 8.39 ± 1.53b 15.92 ± 1.31a 18.89 ± 2.51a 0.0005

Table 2   Glucose and oleic acid metabolism in C2C12 myotubes

Cells were incubated for 48 h in customized DMEM containing 0, 15, 50, 100 or 400 µM l-arginine. Data are expressed as means ± SEM, n = 6
a–c Means with different superscript letters in a row are different (P < 0.05)

Variables Medium l-arginine concentrations (µM) P value

0 15 50 100 400

Glucose oxidation (nmol glucose/mg protein per h) 11.5 ± 0.4c 11.3 ± 0.4c 13.4 ± 1.1c 18.6 ± 1.0b 22.3 ± 0.9a 0.0005
Oleic acid oxidation (nmol oleic acid/mg protein per h) 1.46 ± 0.08b 1.66 ± 0.03ab 1.75 ± 0.08a 1.72 ± 0.08a 1.80 ± 0.03a 0.030
Lactate release (nmol lactate/mg protein per h) 176 ± 10b 196 ± 7.8b 251 ± 11b 436 ± 29a 453 ± 26a 0.0005

Table 3   Glucose and oleic acid metabolism in 3T3-L1 adipocytes

Cells were incubated for 48 h in customized DMEM containing 0, 15, 50, 100 or 400 µM of l-arginine. Data are expressed as means ± SEM, 
n = 5
a–c Means with different superscript letters in a row are different (P < 0.05)

Variables Medium l-arginine concentrations (µM) P value

0 15 50 100 400

Glucose oxidation (nmol glucose/mg protein per h) 12.1 ± 0.4b 14.4 ± 1.2a,b 15.5 ± 1.3a,b 16.1 ± 0.9a,b 17.6 ± 1.6a 0.037
Oleic acid oxidation (nmol oleic acid/mg protein per h) 1.77 ± 0.07c 2.04 ± 0.08b,c 2.12 ± 0.10a,b,c 2.40 ± 0.09a,b 2.48 ± 0.16a 0.001
Lactate release (nmol lactate/mg protein per h) 197 ± 17 184 ± 5 204 ± 17 200 ± 5 203 ± 10 0.78
Glucose incorporation into lipids (nmol glucose/mg protein 

per h)
9.54 ± 0.53 11.1 ± 0.74 9.35 ± 0.43 11.0 ± 0.44 9.73 ± 1.05 0.25

Oleic acid incorporation into esterified lipids (nmol oleic 
acid/mg protein per h)

6.40 ± 1.12b 6.88 ± 1.98b 10.9 ± 1.38b 25.7 ± 3.64a 31.6 ± 3.05a 0.0005
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in the skeletal muscle and adipose tissue of obese rats (Fu 
et al. 2005; Jobgen 2007), as well whole-body glucose oxi-
dation and insulin sensitivity in obese men (Boon et al. 
2019). Because the BNL CL.2, C2C12, and 3T3-L1 cells 

were derived from the fetal mouse liver, the dystrophic adult 
mouse skeletal muscle, and the mouse embryonic fibroblast 
(Kuppusamy et al. 2021; Muller and Danner 2004), these 
cell lines may differ from the hepatocytes, skeletal muscle, 

Table 4   The effect of l-arginine 
on nitrite production in BNL 
CL.2, C2C12 and 3T3-L1 cells

Cells were incubated for 48 h in customized DMEM containing 0, 15, 50, 100 or 400 µM of L-arginine. 
Culture medium containing 400  µM L-arginine also included 0.5  mM L-NAME. Culture medium was 
changed every 24 h. At the end of the 48-h culture period, the conditioned media were analyzed for nitrite
Data are expressed as means ± SEM, n = 5
a–c Means with different superscript letters in a row are different (P < 0.05)

Nitrite Medium L-arginine concentrations (nM) 400 µM l-Arginine P value

(pmol/mg pro-
tein per 24 h)

0 50 100 400  + 0.5 mM L-NAME

BNL CL.2 112 ± 12b 119 ± 10b 125 ± 13b 159 ± 4a 31 ± 1.5c  < 0.01
C2C12 351 ± 19b 372 ± 61b 363 ± 15b 516 ± 41a 105 ± 3.8c  < 0.01
3T3-L1 200 ± 18a 207 ± 1a 232 ± 28a 264 ± 27a 50 ± 1.7b  < 0.01
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Fig. 10   The proposed mechanisms responsible for the beneficial 
effect of l-arginine on the oxidation of energy substrates and the 
synthesis of triacylglycerol in animals. Physiological concentrations 
of l-arginine stimulate the phosphorylation of AMPK, which then 
phosphorylates ACC and malonyl-CoA decarboxylase. This results 
in the inactivation of ACC [and thus a reduction in the generation of 
malonyl-CoA (an inhibitor of CPT-I) from acetyl-CoA], as well as 
the activation of malonyl-CoA decarboxylase [and thus an increase 
in the conversion of malonyl-CoA into CO2 and acetyl-CoA], leading 
to a decrease in intracellular concentrations of malonyl-CoA. In addi-
tion, activated AMPK stimulates the transport of glucose primarily 

by skeletal muscle, hepatocytes, and white adipocytes. Consequently, 
l-arginine enhances the activity of CPT-I and the oxidation of long-
chain fatty acids to CO2, as well as the oxidation of glucose to CO2, 
in insulin-sensitive tissues. The symbol ( +) denotes an increase in 
gene expression and/or enzyme activation. The symbol (−) denotes 
an inhibition of gene expression and/or enzyme activity. ACC​ acetyl-
CoA carboxylase, AMPK AMP-activated protein kinase, CPT-I car-
nitine palmitoyltransferase I, LCFA long-chain fatty acids, MCD 
malonyl-CoA decarboxylase, SCD-1 stearoyl-CoA desaturase 1, TCA​ 
tricarboxylic acid
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and white adipocytes of rats in both metabolism and cells 
signaling.

We found that phosphorylated AMPK levels in all the 
three cell types used in the present study were increased 
in response to an increase in extracellular concentrations 
of Arg from 0 to 400 μM (Figs. 1, 3 and 5), as reported 
for AMPK activation in the liver of diet-induced obese rats 
receiving dietary supplementation with Arg (Jobgen and Wu 
2022). This result may provide a mechanism for explaining 
the increased oxidation of glucose and fatty acids in Arg 
-treated hepatocytes, skeletal muscle cells and adipocytes, 
on the basis of the previous reports that AMPK phosphoryla-
tion promotes substrate oxidation in insulin-sensitive cells 
(Kahn et al. 2005a, b). Also, in C2C12 cells, elevated levels 
of phosphorylated ACC, a downstream target of AMPK, 
increased in response to Arg supplementation, leading to 
reductions in ACC enzymatic activity and, therefore, the 
generation of malonyl-CoA [a potent inhibitor of carni-
tine palmitoyltransferase I (CPT-I)] from acetyl-CoA. In 
addition, phosphorylated AMPK stimulates malonyl-CoA 
decarboxylase, resulting in the increased conversion of mal-
onyl-CoA into CO2 and acetyl-CoA (Ruderman and Prentki 
2004). Thus, the inactivation of ACC and the activation of 
malonyl-CoA decarboxylase via their phosphorylation will 
lead to a decrease in intracellular concentrations of malonyl-
CoA and, consequently, an increase in the activity of CPT-I 
(Viollet et al. 2006), thereby facilitating the transport of 
long-chain fatty acids from the cytosol to mitochondria for 
oxidation into CO2 in Arg-treated C2C12 cells.

Arg is catabolized by multiple pathways to form NO, 
ornithine, and proline in cultured cells (Wu and Morris 
1998). The addition of 0.1 mM ornithine plus proline (the 
major products of Arg catabolism via the arginase pathway) 
to culture medium had no effect on glucose or oleic acid oxi-
dation in endothelial cells or enterocytes (our unpublished 
data). These results suggest that ornithine or proline do not 
mediate the effect of Arg on metabolism in these cell types. 
Whether ornithine and proline affect substrate metabolism 
in BNL CL.2 hepatocytes, C2C12 myotubes and 3T3-L1 
adipocytes remains to be determined.

As a stimulator of mitochondrial biogenesis, a vasodi-
lator, and cell signaling molecule, NO has been suggested 
to modulate energy metabolism, fat deposition in white 
adipocytes, and insulin resistance in mammals including 
humans (Sansbury and Hill 2014) and rats (McKnight et al. 
2010; Peyton et al. 2018; Wu 2022). Interestingly, increas-
ing extracellular concentrations of Arg from 0 to 400 μM 
increased NO synthesis in BNL CL.2 cells, as reported for 
Arg-treated rat hepatocytes (Morita et al. 1996). However, 
an inhibition of NO synthesis by ~ 80% (Table 4) only mod-
erately attenuated the effect of Arg on the phosphorylation 
of AMPK and ACC as well as glucose oxidation, glycolysis, 
and oleic acid oxidation in BNL CL.2 cells (Fig. 4). This 

result is consistent with the report that NO or cGMP can 
stimulate fatty acid oxidation through reducing ACC activity 
and enhancing CPT-I activity in rat hepatocytes (Garcia-
Villafranca et al. 2003). However, an inhibition of NO syn-
thesis had no effect on AMPK and ACC phosphorylation 
or glucose and oleic acid metabolism in C2C12 skeletal 
muscle cells and 3T3-L1 adipocytes (Figs. 5 and 6). These 
findings suggest that, under the experimental conditions 
used in the present study where culture medium contained 
500 μM l-glutamine to reduce NO synthesis (Meininger and 
Wu 1997; Houdijk et al. 1998; Wu et al. 2001), NO was not 
a major regulator of AMPK and ACC activity or the oxida-
tion of energy substrates in the three cell lines used in the 
present study. Consistent with this view are the following 
observations. First, NO synthesis in 3T3-L1 cells did not 
differ between 0 and 400 μM Arg (Table 4). Second, increas-
ing extracellular concentrations of Arg from 0 to 100 μM 
increased glucose and oleic acid oxidation in BNL CL.2 
cells (Table 1) and C2C12 cells (Table 2) but did not affect 
NO production in these two cell types (Table 4). It is pos-
sible that Arg catabolism is not necessary for exerting its 
stimulatory effect on substrate oxidation in hepatocytes, adi-
pocytes and muscle cells and that Arg may directly activate 
AMPK in a cell-specific manner. In support of this notion, 
previous studies have shown that Arg can directly increase 
the expression of GTP cyclohydrolase-I in endothelial cells 
(Shi et al. 2004) and stimulate mTOR phosphorylation in 
intestinal cells (Rhoads et al. 2007).

In both BNL CL.2 hepatocytes and 3T3-L1 adipocytes, 
Arg increased the incorporation of oleic acid into esterified 
lipids. Liver and white adipose tissue are the two major 
sites for de novo fatty acid synthesis in rodents (Bergen 
and Mersmann 2005; Kalupahana et al. 2010). Because 
high concentrations of free long-chain fatty acids are toxic 
to cells (Jobgen et al. 2006), an increase in their packaging 
into esterified lipids may have important implications for 
cell integrity and the regulation of plasma concentrations 
of free fatty acids. This may help explain the finding that 
dietary Arg supplementation reduced the circulating levels 
of free fatty acids in ZDF rats (Fu et al. 2005) and serum 
concentrations of triglycerides in diet-induced obese rats 
(Jobgen et al. 2009). The proposed mechanisms for the 
beneficial effects of Arg on reducing white adipose tissue 
are summarized in Fig. 10. Because the liver is the prin-
cipal organ for both de novo fatty acid synthesis and fatty 
acid oxidation in rats and humans (Bergen and Mersmann 
2005), augmentation in the esterification of long-chain 
fatty acids into triacylglycerols, an inhibition of fatty acid 
synthesis, and an increase in fatty acid oxidation in hepato-
cytes provide a key molecular basis for the anti-obesity 
effect of Arg. These findings indicate that dietary sup-
plementation with Arg coordinately regulates the expres-
sion of key genes and activity of proteins that are involved 
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in the metabolism of energy substrates, thereby reducing 
excessive fat and improving insulin sensitivity in diet-
induced obese rats.

In summary, results of the present study demonstrate that 
Arg enhances glucose and oleic acid oxidation in BNL CL2 
hepatocytes, C2C12 myotubes, and 3T3-L1 adipocytes in 
association with increased AMPK phosphorylation. These 
effects of Arg were mediated only to a small extent by an 
NO-dependent mechanism in BNL CL2 cells and was inde-
pendent of NO production in C2C12 and 3T3-L1 cells. We 
suggest that Arg itself may directly activate AMPK, thereby 
stimulating the oxidation of energy substrates in insulin-sen-
sitive cells. Future experiments with AMPK inhibitors are 
warranted to test this hypothesis.
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