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Genetic deletion of inducible nitric oxide synthase (NOS) in
mice has been shown to improve high-fat diet (HFD)-induced
insulin resistance. However, a pathophysiological role of en-
dogenous nitric oxide (NO) in obesity-related insulin resis-
tance remains controversial. To address this issue, we exam-
ined the metabolic phenotypes in HFD-induced obese mice
with chronic blockade of NO synthesis by a NOS inhibitor,
N(G)-nitro-L-arginine methyl ester (L-NAME). Six-week-old
male C57BL/6j mice were provided free access to either a stan-
dard diet (SD) or a HFD and tap water with or without L-
NAME (100 mg/kg-d) for 12 wk. L-NAME treatment signifi-
cantly attenuated body weight gain of mice fed either SD or
HFD without affecting calorie intake. L-NAME treatment in
HFD-fed mice improved glucose tolerance and insulin sensi-
tivity. HFD feeding induced inducible NOS mRNA expression,
but not the other two NOS isoforms, in white adipose tissue
(WAT) and skeletal muscle. L-NAME treatment up-regulated
uncoupling protein-1 in brown adipose tissue of HFD-fed mice
but down-regulated monocyte chemoattractant protein-1 and

CD68 mRNAs levels in WAT. HFD feeding up-regulated leptin
mRNA levels but conversely down-regulated adiponectin
mRNA levels in WAT, but these effects were unaffected by
L-NAME treatment. Moreover, L-NAME treatment also in-
creased peroxisome proliferator-uncoupling protein-3 mRNA
levels in skeletal muscles of HFD-fed mice. Increased urinary
excretion of norepinephrine after HFD feeding was aug-
mented in L-NAME-treated mice. Insulin-stimulated tyrosine
phosphorylation of insulin receptor substrate-1 and serine
phosphorylation of Akt/Akt2 in soleus muscle was markedly
impaired in HFD-fed mice but reversed by L-NAME treatment.
In conclusion, chronic NOS blockade by L-NAME in mice ame-
liorates HFD-induced adiposity and glucose intolerance, ac-
companied by reduced adipose inflammation and improved
insulin signaling in skeletal muscle, suggesting that endoge-
nous NO plays a modulatory role in the development of
obesity-related insulin resistance. (Endocrinology 148:
4548-4556, 2007)

NITRIC OXIDE (NO) is a unique gas molecule that plays
pivotal messenger roles in a wide variety of physio-
logical functions, including neuronal transmission, vascular
relaxation, immune modulation, and cytotoxicity (1). Recent
accumulating lines of evidence have also suggested the role
for NO in the control of lipid and glucose metabolism. It has
been reported that blockade of endogenous NO by a NO
synthase (NOS) inhibitor, N(G)-monomethyl-L-arginine, in-
creases lipolysis (2), whereas NO donors reduce glycerol
release in human adipocytes (3) and inhibit insulin-stimu-
lated glucose transport in rat myocytes in vitro (4). On the
contrary, stimulatory effect of NO on glucose uptake in rat
skeletal muscle has been reported (5).

There are at least three isoforms of NOS: endothelial
(eNOS), neuronal (nNOS), and inducible (iNOS) types. iNOS
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synthesized de novo in response to a number of inflammatory
stimuli, such as proinflammatory cytokines and bacterial
endotoxins, produce large amounts of NO over prolonged
periods of time (6). In mice, eNOS and nNOS, both consti-
tutively expressed in white adipose tissue (WAT) and skel-
etal muscle, did not change after high-fat feeding (7). On the
other hand, iNOS expression barely detectable in WAT and
skeletal muscle in mice markedly increased after high-fat
feeding (7). Itis therefore assumed that both eNOS and nNOS
in WAT and skeletal muscle locally produce small amounts
of NO under normal conditions, whereas increased expres-
sion of iNOS in obese state could produce large quantities of
NO, which may partly contribute to the development of
obesity-related glucose intolerance.

Metabolic phenotypes obtained from the animal models
lacking respective NOS genes have been inconsistent. Mice
disrupted of eNOS and/or nNOS gene exhibit the metabolic
syndrome, including insulin resistance, hypertension, and
dyslipidemia (8), whereas induction of iNOS by endotoxin is
associated with impaired insulin-stimulated muscle glucose
uptake (4). Conversely, iNOS null mice, although protected
from obesity-related insulin resistance, showed increased
adiposity (7). Furthermore, treatment with an iNOS-selective
inhibitor, L-N(6)-(1-iminoethyl)lysine, reversed fasting hy-
perglycemia with concomitant amelioration of hyperinsu-
linemia and improved insulin sensitivity in ob/ob mice (9).
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There have been several reports showing pharmacological
effect of chronic blockade, by N(G)-nitro-L-arginine methyl
ester (L-NAME), a NOS inhibitor, in obese rodents (10-13).
Although NO is shown to be involved in the regulation of
body weight and insulin resistance, its chronic effect on high-
fat diet (HFD)-induced obesity and insulin resistance re-
mains unknown.

Obesity is associated with increased macrophage infiltra-
tion in adipose tissue (14). The activated macrophage, a ma-
jor source of proinflammatory factors, could play an impor-
tant role in the development of insulin resistance (15).
Monocyte chemoattractant protein (MCP)-1, a potent che-
motactic factor for monocytes (16), has been shown to con-
tribute to macrophage infiltration into adipose tissue (15).
Several key metabolic factors, such as adipocyte-derived hor-
mones (leptin, adiponectin), energy uncoupling regulators,
uncoupling proteins (UCPs) (17), and fatty acid catabolism
enhancer, peroxisome proliferator-activated receptor
(PPAR)-6 (18), have been shown to affect the development of
diet-induced obesity and glucose intolerance. On the other
hand, NO blockade with NOS inhibitors induce vascular
inflammation with enhanced expression of several proin-
flammatory genes, including MCP-1 (19), in cardiovascular
tissue. However, it remains unknown whether NO affects
genes expression of the above-mentioned inflammation-re-
lated and metabolic factors in obesity.

These observations led us to examine whether NO con-
tributes to diet-induced obesity, adiposity, glucose metabo-
lism, and inflammation- and metabolic-related genes expres-
sion in mice by blockade of NO synthesis with a NOS
inhibitor, L-NAME.

Materials and Methods
Animal experiments

Six-week-old male C57BL/6j mice (Oriental Yeast, Tokyo, Japan)
were maintained in temperature- and humidity-controlled rooms illu-
minated from 0800 to 2000 h. They were fed ad libitum with either a
standard diet (SD; 3.6 kcal/g, 5.4% energy as fat) or a HFD (6.4 kcal/g,
82% energy as fat) and were allowed free access to tap water with or
without L-NAME (100 mg/kg-d; Sigma-Aldrich, Co., St. Louis, MO) for
12 wk. Body weights were measured every 2 wk, and food intake as
calories was calculated from consumed food weight. At the end of 10 and
11 wk, they received glucose and insulin tolerance tests, respectively. At
the end of 12 wk, they were placed in metabolic cages for 24-h urine
collection. Blood samples were obtained from femoral vein, and after
measurement of systolic blood pressure by the indirect tail-cuff method
(BP-98A; Softron, Tokyo, Japan), they were killed under pentobarbital
anesthesia for the analyses of organs and tissues. No mice died during
the entire 12-wk period after L-NAME treatment. All experiments were
conducted in accordance with the Tokyo Medical and Dental University
Guideline for the Care and Use of Experimental Animals.

Glucose and insulin tolerance tests

Mice fed on either a SD or HFD for 10 wk were fasted for 6 h and
injected ip with glucose (1 g/kg body weight). A week later, regular
insulin (0.75 IU/kg body weight; Humulin R-Insulin; Eli Lilly & Co.,
Indianapolis, IN) was injected ip after a 2-h fast. Blood was withdrawn
from the tail vein before and at indicated times after injections for
measurement of plasma glucose concentrations.

Measurement of blood and urinary parameters

Blood glucose was measured by the blood glucose test meter (Glu test
Ace; Sanwa-Kagaku Co., Nagoya, Japan), serum triglyceride by a Tri-
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glyceride-E reagent kits (Wako Pure Chemical Industries Ltd., Osaka,
Japan), serum insulin by an ELISA kit (Morinaga, Co., Tokyo, Japan),
urinary nitrite/nitrate (NOXx), and catecholamine by the Griess method
(20) and reverse-phase HPLC (21), respectively.

Histological analysis

Tissue weights of the epididymal, sc, and mesenteric WAT, and liver
excised from mice fed on a SD or HFD for 12 wk were measured. Portions
of epididymal adipose tissue and liver were fixed with 10% formalin and
embedded in paraffin. Sections were stained with hematoxylin-eosin.
The adipocyte areas were measured using Image] software (National
Institute of Mental Health, Bethesda, MD).

Measurement of hepatic triglyceride content

Hepatic tissue (200 mg) was homogenized at 4 C in 4 ml of a mixture
of CHCl;-MeOH (2:1; vol/vol) using a Polytron homogenizer. After adding
1 ml of distilled water, the resulting suspension was vigorously mixed and
centrifuged at 2000 X g for 10 min. The chloroform-methanol layer was
removed and evaporated. The lipid residue was resuspended in 1% Triton
X-100 in absolute EtOH, and triglyceride concentrations were determined.

Quantitative real-time RT-PCR

Total RNAs from mouse epididymal WAT, interscapular brown adipose
tissue (BAT), liver, and soleus muscle were extracted using Trizol reagent
(Invitrogen, Co., Carlsbad, CA), and equal amounts of total RNA were
reverse transcribed with the Omniscript reverse transcription kit (QIAGEN,
Inc., Valencia, CA), using random hexamers, according to the manufac-
turers’ instruction. The mRNA levels of mouse $-actin, iNOS, eNOS, nNOS,
CD68, adiponectin, leptin, PPAR-5, UCP-1, and UCP-3 were quantified
using a LightCycler fluorescent SYBR green technology (Roche Molecular
Biochemicals, Mannheim, Germany) as described previously (22). Mouse
MCP-1 mRNA levels were quantified with real-time RT-PCR based on
Tagman chemistry using a LightCycler as described previously (22). PCR
primers and TagMan hybridization probes and sizes of each PCR product
are listed in Table 1. The mRNA levels of the target sequences were nor-
malized by those of B-actin used as an endogenous internal control; the
relative levels of each mRNA to that of B-actin were calculated.

Immunoprecipitation and immunoblotting

Six-hour fasted mice were injected with saline or insulin (1.3 IU/kg)
via the portal vein, and after 3 min soleus muscle was excised and
homogenized with lysis buffer containing 20 mm Tris (pH 7.4), 10 mm
sodium pyrophosphate, 100 mm NaF, 5 mm EDTA, 5 mMm sodium or-
thovanadate, 0.1 mg/ml aprotinin, 2 mm phenylmethylsulfonyl fluo-
ride, and 1% Nonidet P-40. After centrifugation at 14,000 X g for 10 min,
the supernatant was subjected for subsequent analysis.

Tyrosine phosphorylation of insulin receptor (IR)-8 and insulin receptor
substrate (IRS)-1, and serine phosphorylation of Akt2 were analyzed by
immunoprecipitation followed by immunoblotting. For immunoprecipi-
tation, anti-IR-B, anti-IRS-1 antibody (Upstate Biotechnology, Lake Placid,
NY), or anti-Akt2 antibody (Cell Signaling Technology Inc., Danvers, MA)
was added to the lysate (0.7-1.5 mg). Volume was adjusted to 700 ul with
lysis buffer and then mixed for 12 h at4 C. Protein G agarose beads (Zymed
Laboratories, San Francisco, CA) were added (15 ul bed volume) to the
lysate, and the mixture was inverted at 4 C for an additional 2 h. The beads
were washed three times with wash buffer containing 150 mm NaCl, 50 mm
HEPES (pH7.4), 5 mm EDTA, and 1% Nonidet P-40 solubilized in Laemmli
sample buffer, and then supernatant was used for Western blot analysis.
Serine phosphorylation of Akt was directly analyzed by immunoblotting.

Immunoprecipitates or equal amounts of skeletal muscle and ad-
ipose tissue lysate were subjected to SDS-PAGE, and immunoblotted
with antiphosphotyrosine (4G10; Upstate Biotechnology), antiphos-
phoserine-307-IRS-1 (Cell Signaling Technology), antiphosphoserine-
473-Akt, and antiphosphoserine-Akt2 (Cell Signaling Technology),
respectively. Immunoblottings of adipose tissue were performed us-
ing anti-MCP-1 antibody (R&D Systems, Minneapolis, MN), anti-
CD68 antibody (AbD Serotec, Raleigh, NC), and anti-UCP-1 antibody
(Sigma, St. Louis, MO); the band intensities were quantified using
Image] software (National Institute of Mental Health).
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TABLE 1. Sequences of the PCR primers used for real-time RT-PCR in this study

PCR product Primer sequence (5'-3") PCR product size

B-Actin F CCCTAAGGCCAACCGTGAAA 101
R AGGCATACAGGGACAGCACA

iNOS F CAGCTGGGCTGTACAAACCTT 94
R CATTGGAAGTGAAGCGTTTCG

eNOS F GCACTACGGTGTCTGCTCCA 115
R TGCAGGGCAAGTTAGGATCA

nNOS F GGCCATCGTGTCCTACCATA 96
R GACGACATCGTCAGCCTGTA

CD68 F CTTCCCACAGGCAGCACAG 235
R AATGATGAGAGGCAGCAAGAGG

Adiponectin F ATGGCAGAGATGGCACTCCT 105
R ATGGCAGAGATGGCACTCC

Leptin F TCACACACGCAGTCGGTATC 129
R GCTGGTGAGGACCTGTTGAT

UCP-1 F TACCCAAGCGTACCAAGCTG 100
R AGGACCCGAGTCGCAGAAAA

PPAR-6 F AGTGACCTGGCGCTCTTCAT 111
R TTCTAGAGCCCGCAGAATGG

UCP-3 F GACCCACGGCCTTCTACAAA 125
R TTCCCGCAGTACCTGGACTT

MCP-1 F AGGTCCCTGTCATGCTTCTG 92
R GAGTGGGGCGTTAACTGCAT
T CTGTTCACAGTTGCCGGCTGGAGCATCCAC

F, Forward primer; R, reverse primer; T, TagMan probe.

Statistical analysis Body weight gains of SD- and HFD-fed mice were signif-

icantly (P < 0.05) reduced in L-NAME-treated groups

Data were expressed as mean * sk. Differences between groups were

examined for statistical significance using unpaired t test or ANOVA
with Dunn’s post hoc test, if appropriate. P < 0.05 were considered
statistically significant.

Results
Changes of blood pressure and body and tissue weights

We examined the effect of L-NAME treatment on the
changes of blood pressure and weights of whole body,
various adipose tissues, and liver in SD- and HFD-fed
mice. L-NAME treatment significantly (P < 0.01) increased
systolic blood pressure and decreased heart rate (Table 2).

more than those in the corresponding vehicle-treated
groups on the same diet (Fig. 1A). Both SD- and HFD-fed
mice showed significantly (P < 0.05) reduced cumulative
caloric intake during the initial 8- and 4-wk L-NAME
treatment period, respectively, after which there was no
such difference to the end of experiments (Fig. 1B). Food
intake corrected for body weight increased in L-NAME-
treated mice (Table 2). Daily spillage of food determined
repeatedly in a separate set of experiments, was statisti-
cally not different among four groups: SD fed, vehicle
treated (212 * 57 mg/animal - d); SD fed, L-NAME treated

TABLE 2. Several parameters of mice fed a SD and HFD after treatment with or without NOS inhibitor

SD HFD
L-NAME treatment (=) (+) (=) (+)
Systolic blood pressure (mm Hg) 115 = 3 144 + 3¢ 112 =1 144 + 2°
Heart rate (beat/min) 686 = 10 599 + 16 714 =5 670 + 9°
Caloric intake (kcal per 30 g/d)® 10.3 + 0.2 10.9 = 0.2¢ 11.1 + 0.2¢ 12.5 + 0.7°
Tissue weight (g)
Adipose tissue
Epididymal 0.42 = 0.03 0.33 + 0.03¢ 2.84 = 0.25¢ 1.99 + 0.31°
Mesenteric 0.17 = 0.01 0.16 = 0.01 0.65 = 0.05% 0.43 + 0.05°
Subcutaneous 0.25 += 0.02 0.17 = 0.02¢ 1.20 = 0.07* 0.58 + 0.10°
Liver 0.94 = 0.06 0.92 = 0.01 1.43 = 0.06< 1.12 + 0.03°
Blood glucose (mg/dl) 136 + 3 128 = 6 190 + 8¢ 138 = 19°
Serum insulin (ng/ml) 0.8 0.2 1.1+0.2 1.6 = 0.3¢ 1.1+0.2°
Serum triglyceride (mg/dl) 91 + 14 97 + 7 149 + 209 118 + 26¢
Urinary excretion (ng/d)
Epinephrine 34 +3 39+5 56 = 47 59 + 84
Norepinephrine 343 + 22 449 + 444 466 + 407 614 =+ 34°

—, Treatment without NOS inhibitor; +, treatment with NOS inhibitor.

¢ P < 0.01 as compared with vehicle-treated mice on SD.
® P < 0.05 as compared with vehicle-treated mice on HFD.

¢ Adjusted for body weight: daily caloric intake divided by the average body weight and multiplied by 30. All data were obtained at 12 wk

after treatment with or without L-NAME.
4 P < 0.05 as compared with vehicle-treated mice on SD.
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Fia. 1. Changes of body weight and cumulative caloric intake of mice
fed SD and HFD with or without NOS inhibitor. A, Body weights of
C57BL/6j mice fed a SD (circle) or HFD (square) treated with (closed
circle) or without (open circle) L-NAME were measured biweekly
during 6-18 wk of age. B, Cumulative caloric intake of mice fed a SD
(upper panel) or HFD (lower panel) treated with (black column) or
without (white column) L-NAME was measured. Each symbol and
column represents means *+ SE from six independent animals. *, P <
0.05, #*, P < 0.01, and ***, P < 0.001 between the indicated groups.

(228 = 70 mg/animal - d); HFD fed, vehicle treated (321 *
133 g/animal - d); and HFD fed, L-NAME treated (283 =
117 g/animal - d). Rectum temperature at 8 wk after treat-
ment with or without L-NAME was statistically not dif-
ferent among four groups; SD fed, vehicle treated (37.6 *
0.3 C); SD fed, L-NAME treated (37.9 + 0.5 C); HFD fed,
vehicle treated (37.7 = 0.5 C); and HFD fed, L-NAME
treated (37.8 = 0.4 C). Locomotor activity using walking
track analysis of footprints did not show any statistical
differences between vehicle- and L-NAME-treated fed on
SD or HFD (data not shown).

The weights of the epididymal, sc, and mesenteric WAT
and the liver were significantly (P < 0.05) greater in vehicle-
treated HFD-fed mice than in SD-fed mice. L-NAME treat-
ment significantly (P < 0.05) reduced their weights in HFD-
fed mice (Table 2). These data show that inhibition of body
weight gain by L-NAME treatment is accompanied by re-
duced adiposity.

Histological examination of epididymal WAT and hepatic
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tissue (Fig. 2A) and hepatic lipid content revealed that HFD-
fed mice had markedly increased adipocyte size (Fig. 2B) and
hepatic lipid accumulation more than did SD-fed mice (Fig.
2C). L-NAME markedly suppressed epididymal adiposity
and hepatic lipid accumulation in HFD-fed mice, whereas
L-NAME treatment did not appreciably affect adipocyte size
or hepatic lipid accumulation in SD-fed mice (Fig. 2).

Changes of glucose tolerance and insulin sensitivity

Fasting blood glucose and serum insulin concentrations
were significantly (P < 0.05) higher in vehicle-treated HFD-
fed mice than those in SD-fed mice (Table 2), both of which
significantly (P < 0.05) decreased in L-NAME-treated
groups. Glucose tolerance tests showed that HFD-fed mice
showed impaired glucose tolerance as compared with SD-
fed mice (Fig. 3A). However, glucose intolerance in HFD-fed
mice was significantly (P < 0.05) improved by L-NAME
treatment; blood glucose levels at 30 and 60 min after the
glucose bolus were significantly (P < 0.05) lower in HFD-fed
mice treated with L-NAME than those without L-NAME.
Serum insulin levels at baseline and 30 and 60 min after
glucose injection were significantly not different between
vehicle- and L-NAME-treated mice fed on SD or HFD (sup-
plemental Fig. 1, published as supplemental data on The
Endocrine Society’s Journals Online web site at http://endo.
endojournals.org). Whole-body insulin sensitivity for glu-
cose disposal as assessed by insulin tolerance test showed
that hypoglycemic effect was attenuated in HFD-fed mice as
compared with that in SD-fed control mice, whose effect was
reversed by L-NAME treatment (Fig. 3B). These observations
suggest that L-NAME treatment improves HFD-induced
glucose intolerance and insulin resistance.

Changes of urinary excretions of catecholamine and NOx

To determine sympathetic nerve activity in L-NAME treat-
ment, we measured 24-h urinary catecholamine excretion.
Urinary excretions of epinephrine and norepinephrine were
significantly (P < 0.05) increased in HFD-fed mice more than
those in SD-fed mice, whereas L-NAME treatment signifi-
cantly (P < 0.05) increased urinary excretion of norepineph-
rine, but not epinephrine, in mice on either SD or HFD (Table
2). These observations suggest that increased sympathetic
nerve activity by L-NAME treatment is partly involved in
attenuating weight gain induced by L-NAME treatment. In-
hibition of NO synthesis by L-NAME treatment was con-
firmed by reduction of 24 h urinary NOx excretion of SD- and
HFD-fed groups by 53-63%, compared with control group
(data not shown).

NOS isoform gene expression in adipose tissue and
skeletal muscle

The effect of HFD-induced obesity on gene expression of
three NOS isoforms in epididymal WAT, interscapular BAT,
and skeletal muscle were determined (Fig. 4). In epididymal
WAT, HFD feeding significantly (P < 0.05) up-regulated
iNOS mRNA levels but did not affect eNOS mRNA expres-
sion, whereas basal nNOS mRNA level was undetectable
(Fig. 4A). In BAT, however, iNOS or eNOS mRNA expres-
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sion did not change after HFD feeding, and basal nNOS
mRNA level was undetectable (Fig. 4B). In skeletal muscle,
HFD feeding also significantly (P < 0.01) induced mRNA
expression for iNOS but not for eNOS or nNOS (Fig. 4C).
These data suggest that NO production induced by HFD
feeding in WAT and skeletal muscle is mainly mediated via
iNOS induction.

Inflammation- and metabolism-related gene and protein
expression in adipose tissue and skeletal muscle

To gain further insight into the underlying molecular
mechanisms of attenuated adiposity and improved glucose
intolerance in L-NAME-treated mice, we examined the
changes of expression of a number of important genes and
proteins involved in inflammation (MCP-1, CD68), glucose
and lipid metabolism (adiponectin, PPAR-5, UCP-3), and
thermogenesis (leptin, UCP-1 and -3) in adipose tissue and
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Fic. 3. Changes of glucose tolerance and insulin sensitivity. Blood
glucose levels were measured before and after glucose (A) and insulin
tolerance (B) tests in SD (circle)- and HFD (square)-fed mice treated
with (closed) or without (open) L-NAME. Each symbol represents
means =+ SE from six to nine independent animals. *, P < 0.05 and **,
P < 0.01 vs. HFD-fed mice treated with L-NAME.

HFD

skeletal muscle (Fig. 5). In epididymal WAT (Fig. 5A), both
MCP-1 and CD68 mRNA and protein levels were signifi-
cantly increased by HFD, whose effect was blocked by L-
NAME treatment. HFD significantly (P < 0.01) down-regu-
lated adiponectin mRNA levels but conversely up-regulated
leptin mRINA levels; these effects were either unaffected or
decreased by L-NAME treatment. In skeletal muscle (Fig.
5B), L-NAME increased both PPAR-8 and UCP-3 mRNA
levels in HFD-fed mice but not SD-fed mice. In contrast,
L-NAME significantly (P < 0.05) decreased iNOS mRNA
levels in both SD- and HFD-fed mice (supplemental Fig. 2).
In interscapular BAT (Fig. 5C), L-NAME significantly (P <
0.05) increased UCP-1 mRNA levels in both SD- and HFD-fed
mice and its protein levels in HFD-fed mice. These data
suggest that attenuated adiposity and improved glucose in-
tolerance in L-NAME-treated mice are functionally related to
decreased adipose inflammation, enhanced lipid disposal,
and increased thermogenesis in peripheral tissues.

Insulin signaling in skeletal muscle

Finally, to investigate the effect of chronic NO inhibition
on insulin signaling in skeletal muscle, we examined insulin-
stimulated tyrosine phosphorylation of IR-8 and IRS-1 and
serine phosphorylation of Akt/Akt2 in soleus muscle from
L-NAME-treated mice (Fig. 6). Insulin-stimulated tyrosine
phosphorylation of IR-8 was unaffected in HFD- and SD-fed
mice treated with or without L-NAME. By contrast, insulin-
stimulated phosphorylation of IRS-1 significantly (P < 0.05)
decreased in HFD-fed mice, compared with SD-fed mice,
whose effect was abrogated by L-NAME treatment (Fig. 6A).
HFD significantly (P < 0.05) increased serine-307 phosphor-
ylation of IRS-1, but there were no significant differences
between vehicle- and L-NAME-treated mice fed on SD or
HEFD (supplemental Fig. 3). Furthermore, insulin-stimulated
serine phosphorylation of both Akt and Akt2 was markedly
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impaired by HFD feeding, whose effect was ameliorated by
L-NAME treatment (Fig. 6B). These data suggest that HFD-
induced glucose intolerance and impaired insulin signaling,
including phosphorylation of IRS-1 and Akt/Akt2, are partly
mediated via NO-dependent mechanism.

Discussion

The present study clearly demonstrates that HFD-induced
obese mice treated with a chronic NOS inhibitor exhibited
marked attenuation of weight gain and adiposity, accompa-
nied by decreased adipose inflammation and enhanced in-
sulin signaling in skeletal muscle. Such improved insulin
resistance of the L-NAME-treated mice fed on HFD as dem-
onstrated in this study appears to be similar to those of
iNOS-null mice, except that iNOS-null mice consumed more
food than their wild-type counterparts and showed in-
creased adiposity after HFD feeding (7). This is in contrast to
the decreased adiposity without any change in total calorie
intake in the L-NAME-treated mice fed on HFD in our study.
Although the precise mechanism(s) by which iNOS-null
mice is prone to be hyperphagic remains unknown, it is
rational to speculate that iNOS gene deletion could affect
eating behavior.

There have been several studies showing conflicting re-
sults regarding the effects of L-NAME treatment on food
intake in rodents (10-13, 23, 24). It has been shown that
short-term NO inhibition by L-NAME reduced food intake,
possibly due to a central effect, thereby leading to weight loss
and decreased glucose levels (11, 12). On the other hands,
obese and Wistar rats treated with L-NAME for longer pe-
riods (6 and 12 wk, respectively) showed unaltered cumu-
lative caloric intake (23, 24). Our study showed reduced
caloric intake during the initial 8- and 4-wk L-NAME treat-
ment in SD- and HFD-fed mice, but the differences disap-
peared by the end of 12 wk treatment. Therefore, decreased
caloric intake during the initial period of L-NAME treatment
could contribute to the attenuated weight gain, but decreased
adiposity during the long-term L-NAME treatment did not
result from altered caloric intake.

Body weight gain was lower, but caloric intake corrected
by body weight in L-NAME-treated HFD-fed mice was
higher than that in the corresponding vehicle-treated mice,
suggesting increased energy expenditure. The difference in
weight gain between the two groups calculated from the final
body weights was 57 mg/d, representing only a small por-
tion of the daily caloric intake (0.40 kcal/d), assuming that

iNOS eNOS nNOS iNOS eNOS nNOS

this is all fat, but this amount should lead to a significant
difference after long-term L-NAME treatment. Daily spillage
of food was almost the same between SD- and HFD-fed mice.
Furthermore, sample size (six animals in SD- and HFD-fed
groups) has 80% power to detect such small differences of
mean values as low as 1.10 and 1.97 kcal/d per animal,
respectively (both at a significance level of 0.05). Assuming
that these caloric differences accumulated for 12 wk, they
correspond to 13 and 24 mg/animal in SD- and HFD-fed
mice, respectively, when converted to fat. Our experimental
design is considered to be sufficient enough to detect the
differences in food intake to account for the differences in
adiposity. Thus, it is reasonable to conclude that reduced
adiposity in L-NAME-treated HFD-fed mice observed in the
present study is most likely due to increased energy expen-
diture rather than reduced caloric intake.

The present results with increased urinary norepinephrine
excretion after L-NAME treatment is consistent with the
enhanced sympathetic nerve activity resulting from chronic
blockade of endogenous NO production, based on the pre-
vious observations that chronic NO blockade increased cir-
culating catecholamines concentrations, their turnover and
reuptake in rats (25, 26), and enhanced sympathetic nerve
activity at both pre- and postjunctional sites in dogs (27).
Because catecholamines activate lipolysis via B-adrenorecep-
tors (28), the enhanced sympathetic nerve activity could con-
tribute to decreased adiposity in L-NAME-treated mice fed
on a HFD.

The present study shows that UCP-1, a member of mito-
chondrial transporter superfamily that increases energy ex-
penditure by proton flux across the inner mitochondrial
membrane (29), is up-regulated in interscapular BAT after
L-NAME treatment. Because B-adrenergic stimulation of
BAT has been shown to induce UCP-1 expression (30), the
decreased adiposity after L-NAME treatment is likely due in
part to increasing energy expenditure via induction of UCP-1
resulting from the enhanced sympathetic nerve activity.

The present study further shows a marked down-regula-
tion of MCP-1 and CD68 mRNA and protein expression in
epididymal WAT after L-NAME treatment, especially in
HFD-fed mice. MCP-1, a potent chemotactic factor that in-
duces monocyte recruitment (16) and inflammatory response
(31), has recently been recognized as a key adipokine to
induce adipose inflammation and insulin resistance in the
obese state (14); MCP-1 abundantly expressed in WAT in-
creases in plasma in obese mice, whereas MCP-1-null mice
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Fia. 5. Changes in a set of gene and protein expression in adipose tissue and skeletal muscle. The steady-state mRNA and/or protein levels
for MCP-1 and CD68 and mRNA levels for adiponectin and leptin in epididymal WAT (A), PPAR-5 and UCP-3 in soleus muscle (B), and UCP-1
in interscapular BAT (C) from SD- and HFD-fed mice treated with (black column) or without (white column) L-NAME are shown. Each column
is the mean of four to six independent animals expressed as fold increase over control SD-fed mice treated without L-NAME. *, P < 0.05, **,

P < 0.01, and *** P < 0.001 between the indicated groups.

show a marked improvement in obesity-induced insulin re-
sistance and reduced adipose macrophage accumulation.
Therefore, a marked reduction of adipose mass in the L-
NAME-treated mice and subsequent decrease in MCP-1 and
CD68 expression are responsible for reduced adipose in-
flammation and improved insulin resistance.

The present study also shows that L-NAME treatment
up-regulates PPAR-8 mRNA levels in skeletal muscles in
HFD-fed mice. PPAR-8 is a member of the nuclear receptor
superfamily that enhances fatty acid catabolism and energy
uncoupling (18). Treatment with a PPAR-8 agonist causes
weight loss and improves insulin resistance by increasing
lipid catabolism and oxidative phosphorylation in adipose
tissue and skeletal muscle (32). It is noteworthy that the
promoter region of mouse PPAR-8 gene contains an activator
protein (AP)-1 binding site (33), and NO donor inhibits AP-1
binding activity in murine endothelial cell (34). Thus, it is
assumed that NO blockade by L-NAME may increase AP-
1-mediated transactivation of PPAR-6 gene, thereby contrib-
uting partly to decreased adiposity and improved glucose
intolerance in HFD-induced obese mice.

Our data also show that UCP-3, a member of the mito-
chondrial transporter superfamily involved in regulation of
fatty acid oxidation (17), is up-regulated in skeletal muscle
after L-NAME treatment. Mice with muscle-specific UCP-3
overexpression display reduced adiposity, improved glu-

cose tolerance, and high energy expenditure (35), whereas
mice overexpressing PPAR-6 show improved metabolic phe-
notypes with concomitant increase in UCP-3 expression in
skeletal muscle (32). Furthermore, UCP-3 expression is
mainly enhanced by PPAR-8 activation in L6 myocytes (36).
Taken together, the enhanced UCP-3 expression via PPAR-8
activation in skeletal muscle could also reduce adiposity and
improve glucose intolerance.

In the present study, both eNOS constitutively expressed
in WAT, BAT, and skeletal muscle remain unchanged after
HFD feeding, but iNOS in WAT and skeletal muscle mark-
edly increases after HFD feeding, suggesting that increased
NO production caused by HFD feeding in WAT and skeletal
muscle is mainly derived from iNOS. Furthermore, the
present study showed that HFD-induced up-regulation of
iNOS mRNA in skeletal muscle is markedly decreased after
L-NAME treatment. Our data are consistent with those of
previous studies demonstrating an inhibitory effect of L-
NAME on iNOS mRNA overexpression (37, 38). In addition,
mice disrupted with eNOS and/or nNOS gene exhibit in-
sulin resistance (8, 39), whereas iNOS-null mice averts obe-
sity-linked insulin resistance (7). Thus, NO possesses bidi-
rectional, beneficial, and detrimental actions on glucose
homeostasis; physiological amounts of NO produced by ei-
ther eNOS or nNOS play a protective role in the regulation
of glucose homeostasis, whereas iINOS-mediated overpro-
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duction of NO leads to insulin resistance. The present ex-
perimental model of total NOS blockade showed metabolic
phenotypes very similar to iNOS-null mice, suggesting that
excess NO production derived from iNOS induction after a
HFD could play a pivotal role in the development of obesity-
induced insulin resistance.

It should be noted that insulin-stimulated tyrosine phos-
phorylation of IRS-1 and serine phosphorylation of Akt, in-
cluding Akt2 isotype, are preserved in skeletal muscle of
L-NAME-treated obese mice. There are three Akt isoforms
(1-3) with distinct but overlapping signaling roles (40). Akt-
2-null mice displayed impaired glucose tolerance and re-
duced insulin-stimulated glucose uptake (41), whereas Akt1-
null mice have normal glucose homeostasis (42), suggesting
that Akt2 is a more relevant isoform for mediating the effect
of insulin on glucose transport. Therefore, our results with
preserved serine phosphorylation of Akt2 as well as total Akt
in skeletal muscle from L-NAME-treated obese mice suggest
that enhanced insulin signaling could partly contribute to the
improvement of glucose intolerance.

In summary, chronic NO blockade by L-NAME amelio-
rated HFD-induced adiposity, accompanied by reduced ad-
ipose inflammation and improved insulin signaling in skel-
etal muscle. The reduced adiposity was not due to altered
eating behavior but possibly due to increased energy expen-
diture. Chronic NO inhibition was concomitantly associated
with modulation of genes related to inflammation, glucose
and lipid metabolism, and thermogenesis. Thus, it is sug-
gested that endogenous NO plays a modulatory role in the
development of obesity-induced insulin resistance.
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