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Abstract

This study hypothesized that upregulation of inducible nitric oxide synthase (iNOS) would preserve the met-
abolic status of the liver under conditions of steatosis and acute inflammation. Wild-type C57BL=6J and C57BL=6
iNOS-knockout (-=-) mice were fed a choline-deficient ethionine-supplemented diet (CDE). Mice were also
injected with 5 mg=kg lipopolysaccharide (LPS) to induce endotoxemia. Consumption of the CDE diet led to
steatosis of the liver and decreased expression of the gluconeogenic genes compared wth controls. LPS treatment
exacerbated these effects because of inhibition of PGC-1a expression, which resulted in hypoglycemia. In stea-
totic livers, LPS-induced iNOS expression was enhanced. Comparison between wild-type and iNOS-knockout
mice under these conditions demonstrated a protective role of iNOS against fatal hypoglycemia. Nitric oxide
(NO) signaling effects were confirmed by treatment of hepatocytes in culture with an NO donor, which resulted
in increased expression of PGC-1a and gluconeogenic genes. In conclusion, iNOS was found to act as a protective
protein and provides a possible mechanism by which the liver preserves glucose homeostasis under stress.
Antioxid. Redox Signal. 13, 13–26.

Introduction

Along with an increasing prevalence of nonalcoholic
fatty liver disease (NAFLD), a marked increase has oc-

curred in individuals with metabolic impairments. One
widespread imbalance is the insulin-resistance syndrome or
metabolic syndrome, which refers to a constellation of
symptoms, including glucose intolerance, obesity, dyslipide-
mia, and hypertension. This syndrome is known to promote
the development of type 2 diabetes, cardiovascular disease,
cancer, and other disorders. The liver plays a major role in the
regulation of glucose, lipid, and energy metabolism, which
are tightly regulated by insulin (18, 27). In addition, insulin
resistance is now recognized as a pathologic factor in the
development of NAFLD (18, 27). It has been suggested that
prolonged elevation of the levels of sterol regulatory element–
binding proteins (SREBPs) is responsible for the inhibition of
insulin signaling in fatty liver (32). Hepatic insulin resistance
can be defined as the failure of insulin to suppress hepatic
glucose production adequately (38).

Several studies indicate the involvement of inflammatory
activation in the development of hepatic and peripheral in-

sulin resistance (1). Conversely, acute inflammation induced
by lipopolysaccharides (LPSs) facilitates a hypoglycemic ef-
fect and impairment of hepatic glucose-6 phosphatase
(G6Pase) expression (20, 21, 25). In critically ill patients,
sepsis-induced hypoglycemia is a well-known event of un-
known origin (35). The severity of sepsis is shown to cor-
relate with the risk of sustaining hyperglycemia as well as
critical hypoglycemia (16). Hypoglycemia during hospi-
talization occurs in patients with and without diabetes. In
elderly hospitalized patients, a predicted increase in the in-
hospital 3- and 6-month cumulative mortality has been
documented (11). In addition, sepsis is 10 times more com-
mon in these patients than in nonhypoglycemic patients.
Recently, it was shown that features of hepatitis and stea-
tosis are the primary histologic findings in the liver of pa-
tients dying of sepsis (15). The hypoglycemic effect due to
the fatty liver is also a known phenomenon in alcoholic
patients and is related to the sudden death syndrome (4, 29,
41). Altogether, the accumulated data suggest that, although
fatty liver and inflammation can generate a phenotype of
insulin resistance, it can also lead to severe hypoglycemic
life-threatening situations in patients with steatosis and
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acute inflammation due to an increase in hepatic insulin
sensitivity (34, 35).

One of the main effects of the inflammatory response is the
increased levels of inducible nitric oxide synthase (iNOS) in
the liver. It was therefore postulated that nitric oxide (NO)
would contribute to hepatotoxicity through the inhibition of
ATP synthesis, increased reactive oxygen species (ROS), and
the inability to adapt to hypoxic stress (22). Other studies
imply that decreased production of NO from endothelial NOS
contributes to liver pathology through dysregulation of blood
flow and oxygen delivery (19). Furthermore, in iNOS-
knockout mice, hepatocytes undergo necrosis and apoptosis
after partial hepatectomy, indicating that the production of
NO is essential to protect hepatocytes from death after liver
resection (28).

The current study investigated the role of iNOS expression
in mice subjected to a choline-deficient ethionine supple-
mentation (CDE) diet that facilitates the development of
fatty liver. Animals also were treated with LPS, which in-
duces endotoxemia. The impact of these treatments on liver
glucose–production pathways was determined.

Materials and Methods

Animals

Four- to five-week-old male C57BL=6J mice (Harlan La-
boratories, Jerusalem, Israel) or C57BL=6J iNOS-knockout
mice ( Jackson Laboratories, Bar Harbor, ME) were treated
with the CDE diet. The diet was choline deficient (MP Bio-
medicals, Irvine, CA) and supplemented with 0.15% ethionine
in the drinking water (wt=vol; Sigma-Aldrich, St. Louis, MO)
(3). Ethionine was used as an antagonist to methionine. The
control group was fed the same dietþ 0.2% choline chloride
(wt=wt; Sigma-Aldrich) without the addition of ethionine to
the drinking water. The mice were housed in plastic cages in a
room maintained at 218C to 228C and illuminated in 12=12-h
light–dark cycles. All animals received humane care, and all
study protocols complied with the Hebrew University
of Jerusalem’s Animal Care Guidelines.

LPS treatment

After 14 days of feeding with CDE or control diets, food
was removed for a 12-h overnight fast. Animals were then
treated with a single IP injection of 5 mg=kg LPS (Escherichia
coli, serotype 026:B6; Sigma-Aldrich, Rehovot, Israel). Control
animals were injected with vehicle phosphate-buffered saline
(PBS) (Invitrogen, Carlsbad, CA). Unless stated otherwise,
animals were killed 6 h after the injections for tissue analysis.

Quantitative extraction of lipids from the livers

Lipids were extracted from liver tissue samples (100 mg).
Extraction was performed by using 2 ml of Folch reagent
made up of chloroform ( J.T. Baker, Deventer, Netherlands)
and methanol (Frutarom, Haifa, Israel), as previously de-
scribed (8).

Blood liver enzymes and blood glucose evaluation

Glucose levels were determined in blood collected from
mouse tail tips by using a hand-held glucometer (Medisense,
Oxford, United Kingdom). For liver-enzyme evaluation,

animals were anesthetized with Isoflurane (Minard. Inc.,
Bethlehem, PA), and blood samples were collected from the
descending aorta into tubes containing heparin sodium
(1 mg=ml, 20ml). Hepatic cellular injury after the CDE diet
and LPS treatments was determined with serum alanine
aminotransferase (ALT, SGPT) and serum aspartate amino-
transferase (AST, SGOT) levels. Analyses were performed by
American Laboratories, Ltd. (Hertzlia, Israel).

Pyruvate tolerance test indicating liver
glucose production

Liver glucose production was evaluated with a modi-
fied pyruvate tolerance test (PTT), carried out after over-
night fasting. Initially, mice basal blood glucose levels were
measured by using a glucometer (Medisense). Mice were
then injected IP with 0.2 g per 1 kg body weight sodium
pyruvate (Sigma-Aldrich, St. Louis, MO). One hour after
the injection, blood glucose levels were measured as an in-
dication of hepatic glucose production that resulted from
the conversion of pyruvate to glucose through gluconeo-
genesis.

Evaluation of gene expression with real-time PCR

Total RNA extraction, reverse transcriptase (RT), and
real-time PCR for detection of expression levels of iNOS, b-
actin, peroxisome proliferator–activated receptor gamma
coactivator-1a (PGC-1a), phosphoenol-pyruvate carbox-
ykinase (PEPCK), and G6pase genes was performed. In brief,
total RNA was prepared and isolated with the Tri-Reagent
(Sigma-Aldrich, St. Louis, MO) method, according to the
manufacturer’s protocol. Total RNA (1 mg) was converted
into cDNA by using the high-capacity cDNA Reverse
Transcription kit (Applied Biosystems, Foster City, CA).
Real-time PCR was performed by using the 7300 real-time
PCR System (Applied Biosystems, Warrington, UK) and
carried out with SYBR GREEN PCR Master Mix (Applied
Biosystems). Sequences of oligonucleotides used as primers
were as follows:

1. PGC-1a, left, 50-AAACCCTGCCATTGTTAAG-30,
right, 50-TGACAAATGCTCTTCGCTTT-30

2. PEPCK, left, 50-ACAGACTCGCCCTATGTGGT-30,
right, 50-TGCAGGCACTTGATGAACTC-30

3. G6pase, left, 50-ACTCCAGCATGTACCGGAAG-30,
right, 50-AAGAGATGCAGGAGGACCAA-30

4. iNOS, left, 50-AGCTCCCTCCTTCTCCTTCT-30,
right, 50-TCTCTGCTCTCAGCTCCAAG-30

5. eNOS, left, 50-GAGCAGCACAAGAGCTACAAA-30,
right, 50-GTGTTGCTAGACTCCTTCCTCTT-30

6. b-Actin, left, 50-CTAAGGCCAACCGTGAAAAG-30,
right, 50-GGGGTGTTGAAGGTCTCAAA-30.

The mixture was heated initially at 958C for 10 min to ac-
tivate hot-start DNA polymerase, followed by 40 cycles with
denaturation at 958C for 15 s and annealing at 608C for 60 s.
Each assay was performed simultaneously with samples and
negative control (no RT samples), all in duplicate. Before the
amplification, melt-curve protocols were performed to ensure
that primer–dimers and other nonspecific products had been
eliminated. DNA dilutions for the samples were set such that
the DCt between the target and the endogenous control genes
was no more than five cycles.
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Western blot analysis: iNOS, SREBP-1c
and 4-hydroxynonenal-protein adducts level

Hepatic tissues (50 mg) were homogenized in lysis buffer
containing 20 mM Tris, 145 mM NaCl, 10% glycerol, 5 mM
EDTA, 1% Triton, 0.5% NP-40, and 0.2% protease inhibitor
cocktail (Sigma-Aldrich, St. Louis, MO). Total protein was
determined by using the Bradford reagent (Sigma-Aldrich,
St. Louis, MO) with 2 mg=ml bovine serum albumin (Sigma-
Aldrich, St. Louis, MO) as a standard. Samples (25mg) were
separated with 9% SDS-PAGE for iNOS or with 10% SDS-
PAGE for SREBP-1c or for 4-hydroxynonenal (4HNE)-protein
adducts by using a Bio-Rad (Hercules, CA) electrophoresis
system, according to the manufacturer’s instructions, and
transferred electrophoretically to a nitrocellulose membrane
(Whatman, Dassel, Germany). The transfer efficiency was
evaluated with Ponceau S staining (Sigma-Aldrich, St. Louis,
MO). Membranes were blocked in TBS (0.15 M NaCl, 10 mM
Tris=HCl, pH 7.4) containing 5% (vol=vol) skimmed milk (BD
Diagnostic Systems, Baltimore, MD)-Blotto, and then incu-
bated overnight at room temperature with the primary anti-
bodies for iNOS (rabbit anti iNOS; BD Biosciences, San Diego,
CA) diluted 1:1,000 in TBST (TBS containing 0.05% vol=vol
Tween 20), for SREBP-1c (rabbit anti SREBP-1c; Santa Cruz
Biotechnology, Santa Cruz, CA) diluted 1:2,000 in TBST, for b-
actin (mouse anti b-actin; BD Biosciences) diluted 1:2,500 in
TBST and for 4HNE-protein adducts (mouse anti 4HNE; R&D
Systems, Minneapolis, MN) diluted 1:1,000 in TBST. Next, the
membranes were washed 4 times in TBST and incubated
for 1 h with a secondary antibody (goat anti-rabbit; Jackson
Immunoresearch, West Grove, PA) diluted 1:3,000 in 0.25%
Blotto for the iNOS protein or diluted 1:4,000 in 2.5% Blotto for
SREBP-1c, and with a secondary antibody (goat anti-mouse;
Jackson Immunoresearch) diluted 1:2,500 in 2.5% Blotto for
4HNE-protein adducts or for b-actin. Membranes were ex-
posed to Super ECL Western blotting detection reagents
(Santa Cruz Biotechnology) and developed on film (Fuji Photo
Film GmbH, Dusseldorf, Germany). Protein levels were
evaluated with densitometry analysis by using Gel-pro Ana-
lyzer version 4.0 software (Media Cybernetics, Silver Spring,
MD).

Liver histology

Hepatic steatosis and liver structural changes were as-
sessed with histologic evaluation. Livers were fixed in 4%
formaldehyde (Bio-Lab, Jerusalem, Israel), and microtome
(Leica Microsystems, Wetzlar, Germany) sections (5mm) were
collected. Hematoxylin-eosin (H&E) (Sigma-Aldrich, St.
Louis, MO) staining was used for tissue-section visualization.

AML-12 hepatocytes cell line treated with NO donor

Mouse hepatocyte AML-12 cells were grown in Dulbecco’s
Modified Eagle’s Medium supplemented with 10% fetal calf
serum, 1�glutamine, penicillin (100 U=ml), and streptomycin
(100 mg=ml) at 378C in a humidified atmosphere containing
95% air and 5% CO2. Cells were exposed to 1 mM DETA-
NONOate (Cayman Chemical, Ann Arbor, MI) diluted in 0.01
M NaOH for several time durations (12 to 36 h). Control cells
were treated with 0.01 M NaOH (20). After the treatment, cells
were washed with PBS (Invitrogen, Carlsbad, CA) and de-
tached with 0.5 ml trypsin�2 for total RNA isolation by the

Tri-Reagent (Sigma-Aldrich, St. Louis, MO) method, accord-
ing to the manufacturer’s protocol and to real- time PCR
as mentioned earlier with 18S as the reference gene. Primers
18S, left 50- ACCGCAGCTAGGAATAATGG-30, right 50-
CCTCAGTTCCGAAAACCAAC-30.

Insulin determination

After relevant treatments, insulin measurements were
performed in mouse serum collected after overnight fasting.
For this, a two-site enzyme immunoassay with ultrasensitive
mouse insulin ELISA (Mercodia AB, Uppsala, Sweden) was
used, according to the manufacturer’s instructions.

Statistical analysis

All values are expressed as means� SEM. Comparisons be-
tween two groups were performed with Student’s t test. For
multiple groups, differences were considered significant at
probability levels of p< 0.05 with the Tukey-Kramer HSD
method. Statistical analysis was performed by using the statis-
tical computer program, JUMP version 7 (SAS Institute, Cary,
NC). Only significant differences are marked in the figures.

Results

Effect of CDE diet and LPS
on liver gluconeogenesis

Effects of the CDE diet on the expression of key gluco-
neogenic enzymes was evaluated. Subjecting mice to 21 days
of the diet led to a suppressed expression of hepatic PEPCK
and G6Pase genes (Fig. 1A and B). Pathological evaluation of
the CDE diet showed that steatosis that could be observed
after 3 days reached 70 to 90% after 14 days. At 21 days,
steatosis was decreased, and some fibrosis was observed.
Therefore, all parameters were measured after 14 days on the
CDE diet. Lipid content in the liver tissue was significantly
elevated after only 7 days on the diet, and after 14 diet days, it
reached a peak, as seen in Fig. 1D. Mice fed with the CDE diet
for 14 days demonstrated lower body weight than did mice
fed the control diet (Table 1). The CDE diet caused increased
levels of liver aminotransferases ALT and AST in the blood
(Fig. 1E and F). However, enzyme levels were lower than
observed in mice treated with the CDE diet and LPS injection
(Table 2, Exp. 2). Fasting blood glucose levels remained un-
changed (Fig. 1C). To evaluate further the status of insulin
sensitivity by following the CDE diet insulin serum levels,
HOMA IR and expression of SREBP-1c were evaluated. Mice
fed the CDE diet for 14 days had significantly lower plasma
insulin levels and lower HOMA IR indices compared with
controls, indicating greater insulin sensitivity (Fig. 2A and C).
The CDE diet resulted in a significant decrease in the SREBP-
1c protein level (mature form), as was evaluated with WB
analysis (Fig. 2B). Levels of pre-SREBP-1c (125 kDa) were not
detected in any of the mice.

Analysis of expression of the proinflammatory protein
iNOS showed that giving a single injection of LPS to mice fed
with the CDE diet for 14 days enhanced the expression of this
protein compared with LPS treatment in control mice (Fig. 3A
and B). In the absence of LPS, a CDE diet for 14 days did not
induce expression of the iNOS protein (Fig. 3B). Consumption
of the CDE diet for 14 days, LPS treatment, or a combination
of both led to a decrease in eNOS mRNA levels compared
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with those in control mice (Fig. 3D). Liver damage was not
induced after 14 days on the CDE diet, although steatosis was
observed in these animals (Fig. 3C).

The effect of different treatments on levels of steatosis was
evaluated by quantitative extraction of lipids from the livers

of the treated mice. The CDE diet was shown to facilitate lipid
accumulation in the liver, whereas LPS injection had a nega-
tive effect on lipid levels in the liver (Table 1, Exp. 1).

To study the proinflammatory effect on glucose metabo-
lism, the CDE diet was administered to mice for 14 days,
followed by a single injection of LPS. Animals were killed 6 h
after the LPS injection, and the effect on gluconeogenic gene
expression was evaluated with real-time PCR. LPS dramati-
cally decreased the expression of PEPCK and G6Pase in con-
trol animals and in CDE-treated animals (Fig. 4A and B),
indicating that LPS injection suppressed glucose production
by the liver (Fig. 4A and B), However, LPS led to a signifi-
cant and more severe lowering of blood glucose levels after
the CDE diet when compared with those in control animals
(Fig. 4D).

To study potential mechanisms for this hypoglycemic
effect, levels of PGC-1a, a co-activator that regulates the
expression of key metabolic genes, including gluconeogenic
genes, were evaluated. Interestingly, PGC-1a expression
was upregulated in the CDE-treated animals (Fig. 4C).

FIG. 1. Effect of the CDE diet on gluconeogenesis, liver lipid content, and blood levels of liver enzymes ALT and AST.
Mice were treated with the CDE diet at several time points (7–21 days). Control group (-): mice fed a control diet for 21 days.
(A, B) Expression of the gluconeogenesis key enzymes G6pase and PEPCK as evaluated with real-time PCR. Gene levels were
normalized by using b-Actin as the reference gene. (C) Fasting blood glucose levels in mice serum. Values are expressed as
mean� SEM (n¼ 8 for each group). (D) Liver lipid extraction with the Folch reagent. (E, F) Blood levels of liver amino-
transferases. Values are expressed as the mean� SEM (n¼ 5 for each group). Means without a common letter are statistically
different.

Table 1. Effect of the CDE Diet on Average

Weight in Mice

Treatment
Average initial
weight� SEM

Average final
weight� SEM

WT Control diet 18.2� 0.44 22.8� 0.44
WT CDE 18.4� 0.40 21.0� 0.44a

iNOS(-=-) CDE 19.8� 0.82 20.0� 0.72a

The 4- to 5-week-old mice were weighed at the beginning and at
the end of the experiment (CDE diet for 14 days). WT and iNOS(-=-)
mice treated with the CDE diet were compared with WT mice
treated with control diet for 14 days.

ap< 0.05, significantly different from WT treated with control diet
(n¼ 5).
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However, this increase in PGC-1a expression did not lead
to upregulation of expression of gluconeogenic enzymes
(Fig. 4A and B) and was probably a response to counter-
act liver insulin sensitivity. After LPS injection, PGC-1a ex-
pression was significantly inhibited in CDE-treated mice
(Fig. 4C).

iNOS expression protects the liver
and preserves glucose homeostasis

It can be assumed that iNOS plays a key role in the
development of liver damage. Alternatively, iNOS protein
expression may serve as an adaptive response of the liver to

FIG. 2. Effect of the CDE diet on serum insulin levels, insulin sensitivity, and liver SREBP-1c. Mice fed the CDE diet for
14 days were compared with control mice. (A) Plasma insulin levels. Values are expressed as mean� SEM (n¼ 5 different
animal in each group). *p< 0.05. (B) SREBP-1c protein levels evaluated with the Western blot technique. Analysis by
densitometry was performed (n¼ 4 for the CDE group, n¼ 5 for the control group) *p< 0.05. (C) HOMA IR evaluation:
[Fasting blood glucose (mg=dl)�Insulin level (mU=ml)]=405). Values are expressed as mean� SEM (n¼ 5 different animals in
each group). *p< 0.05.

Table 2. Total Lipid Content of the Liver after the Different Treatments and Levels

of Liver Enzymes in the Blood

Treatment
Liver lipid content
(mg=100 mg tissue) ALT (IU=L) AST (IU=L)

Exp.1 in WT mice
Control 18.1� 0.7
CDE 29.5� 4.9a

LPS 14.9� 0.8
CDEþLPS 23.7� 3.6a

Exp. 2 in WT vs. iNOS(-=-) mice
CDEþLPS: WT 24.8� 2.6 348.9� 44.4 405.3� 37.6
CDEþLPS: iNOS(-=-) mice 26.6� 4.5 749.9� 160.9a 625.4� 117.2a

Wild-type (WT) and iNOS-knockout mice were treated with CDE diet for 14 days followed by IP injection of LPS (5 mg=kg, 6 h).
ALT, alanine aminotransferase; AST, aspartate aminotransferase.
ap< 0.05.
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ameliorate such damage. To test this, iNOS-knockout animals
were used. Figure 5A shows that after LPS injection in the
iNOS (-=-) mice, hepatic iNOS protein was not expressed. In
contrast, control wild-type (WT) littermates had easily iden-
tifiable levels of iNOS protein. Subjecting the iNOS (-=-) ani-
mals to the CDE diet, followed by LPS injection, revealed that
animals lacking iNOS had significantly lower levels of glu-
coneogenic gene expression compared with WT animals (Fig.
5B–D). Of even greater importance was the finding that ani-
mals fed the CDE diet and treated with LPS were unable to
maintain their normal blood glucose levels, which decreased
to life-threatening levels 6 h after injection (Fig. 5E). The
hypoglycemic effect of LPSþCDE in iNOS(-=-) could have
resulted from increased insulin levels. However, this hy-
pothesis was excluded after measurements of plasma insulin
levels. In animals treated with CDEþLPS, insulin levels were
higher in WT mice compared with iNOS (-=-) mice (Fig. 5F).
These data demonstrate a critical role for iNOS protein in

preserving the liver capacity to produce glucose by gluco-
neogenesis under conditions of stress.

Additionally, iNOS protein was demonstrated to prevent
liver damage induced by the CDE diet and LPS injections, as
shown by analysis of blood levels of the aminotransferases
ALT and AST (Table 1, Exp. 2). Levels of liver enzymes in the
blood were much higher in the iNOS(-=-) animals, whereas
no difference in steatosis levels was found between the two
animal types (Table 1, Exp. 2). Histologic H&E staining of
liver sections supports these findings, and a higher level of
damage was observed in livers of iNOS(-=-) mice (Fig. 6).
Lipid peroxidation levels were evaluated with Western blot
and densitometry analysis of 4-hydroxynonenal-protein ad-
duct levels. Higher levels of lipid peroxidation were found in
the livers of iNOS(-=-) mice treated with the CDE diet and LPS
(Fig. 5G), compared with WT mice. Therefore, iNOS expres-
sion may act as a protective protein in fatty livers that are
subjected to acute inflammation.

FIG. 3. Effect of LPS with and without the CDE diet on iNOS and eNOS expression and liver histology. (A) iNOS
mRNA levels evaluated with real-time PCR (gene levels were normalized by using b-Actin as the reference gene). Values are
expressed as the mean� SEM (n¼ 5 for each group). (B) iNOS protein levels evaluated with Western blot technique after the
CDE diet and LPS. Analysis by densitometry was performed (n¼ 4). Means without a common letter are statistically different
( p< 0.05). (C) Representative liver histologic sections (5mm) stained with H&E (magnification: �400). Arrows, micro- and
macrovesicular steatosis. (D) eNOS mRNA levels evaluated with real-time PCR (gene levels were normalized by using
b-Actin as the reference gene). Values are expressed as mean� SEM (n¼ 5 for each group). Means without a common letter
are statistically different ( p< 0.05). (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article at www.liebertonline.com=ars).
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Blood glucose levels related to the kinetics
of iNOS protein expression

Analysis of blood glucose levels of the iNOS(-=-) animals
compared with control animals after CDE and LPS treatment
showed that iNOS(-=-) animals had a lower capacity to
maintain blood glucose levels (Fig. 7A). LPS initially induced
an increase in blood glucose levels for the first 90 min after
injection, and then blood glucose levels started to decline.
iNOS(-=-) mice initially had lower blood glucose levels when
compared with WT animals, but their capacity to elevate blood
glucose levels after LPS injection was similar (Fig. 7A). In the
iNOS(-=-) animals, severe hypoglycemia was observed 6 h
after the LPS injection, from which they were unable to re-
cover. Seven hours after LPS treatment, four of the knockout
mice died of hypoglycemia, and the remainder were killed.
No deaths occurred in the control WT group. In the control
animals, blood glucose levels did not decrease below
50 mg=dl, and animals recovered from the inflammatory stress
(Fig. 7A).

In control animals subjected to the CDE diet, iNOS ex-
pression was dominant in the hypoglycemic phase after the
LPS injection. iNOS was not expressed during the initial hy-
perglycemic phase of up to 90 min after LPS injection (Fig. 7A
and B).

Pyruvate tolerance test in WT mice compared
with iNOS(-=-) mice

CDE and control supplemented mice were injected first
with LPS. For evaluation of liver glucose production capacity,

mice were treated 5 h after the LPS injection with 0.2 g=kg
sodium pyruvate administered IP. Blood glucose levels were
measured before the pyruvate challenge and 1 h later. The
difference between blood glucose levels before and after the
pyruvate tolerance test (PTT) showed a lower conversion of
pyruvate to glucose in CDE-treated mice compared with
control treated mice. iNOS(-=-) mice fed the CDE diet and
treated with LPS (Fig. 8) had a much lower capacity to convert
pyruvate to glucose. This farther supports the hypothesis that
NO is an essential signaling molecule necessary for activation
of gluconeogenesis in these conditions.

NO donor induced the expression of gluconeogenesis
genes in the AML-12 cell line

NO donor (DETA-NONOate) treatment in AML-12 hepa-
tocytes at several time points (12 to 36 h) showed a trend for
increased PEPCK expression over time (Fig. 9A). Significant
increases in G6pase expression levels were observed after 36 h
(Fig. 9B). For PGC-1a, increased expression was observed after
only 12 h of NO treatment (Fig. 9C). The temporal order of
events indicated that NO can directly activate gluconeogen-
esis through upregulation of PGC-1a expression.

LPS-induced hypoglycemia in iNOS(-=-) mice fed
control diet

Control and iNOS(-=-) animals not fed the CDE diet dem-
onstrated equal sensitivity to LPS treatments. LPS treatment,
as expected, decreased the expression of gluconeogenic genes
and PGC-1a (Fig. 10A and B). Blood glucose levels decreased

FIG. 4. Effect of LPS and the CDE diet on liver gluconeogenesis. mRNA levels showed changes in expression of the
gluconeogenesis key enzymes, as evaluated with real-time PCR (gene levels were normalized by using b-Actin as the
reference gene) (A, B), G6pase, and PEPCK. (C) Gluconeogenesis co-activator PGC-1a. (D) Fasting blood glucose levels in mice
fed the CDE diet for 14 days and then treated with LPS (5 mg=kg) for 6 h. Values are expressed as the mean� SEM (n¼ 5 for
each group); Means without a common letter are statistically different ( p< 0.05).
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as expected after LPS treatment for 6 h to levels of 50 to
60 mg=dl (Fig. 10C).

Discussion

In this study, induction of steatosis and liver damage was
performed by using a CDE diet. This model mimics the situ-
ation of fatty liver (3) and was characterized by a decrease in
the expression of key gluconeogenic enzymes and a trend for
reduced blood glucose levels. Such a model is most relevant to
liver pathology on a background of hypomethylation [e.g.,
folic acid or vitamin B12 deficiency (36)]. The CDE model uses
ethionine as a metabolic antagonist of methionine, and like the
nonalcoholic steatohepatitis (NASH) model of methionine-
and choline-deficiency diet (MCD model), did not generate an
effect of insulin resistance (5, 17, 36). In this regard, MCD and
CDE diets may provide an inaccurate model of common
human NASH. The CDE-treated mice had a phenotype of

insulin sensitivity with decreased blood insulin levels. The
CDE diet upregulated the expression of PGC-1a, a coactivator
of gluconeogenesis genes (26), a likely compensatory mecha-
nism for the increased insulin sensitivity (Fig. 11). Down-
regulation in SREBP-1c levels may act as a possible molecular
mechanism for the increased insulin sensitivity after con-
sumption of the CDE diet. Because MCD and CDE diets may
facilitate a fatty liver by inhibition of secretion of VLDL (10)
from the liver, it is most logical that such diets would inhibit
liver SREBP-1c–dependent lipogenesis, thereby abrogating
the inhibitory effect of SREBP-1c on insulin signaling (32).

After LPS injection, the effect on gluconeogenic enzymes
and PGC-1a expression was more apparent. LPS completely
inhibited the upregulation of PGC-1a expression. The com-
bination of CDEþLPS treatment led to impairment of hepatic
gluconeogenic enzyme expression and glucose production,
causing hypoglycemia (Fig. 11). The inhibitory effect of LPS
on PGC-1a in steatotic livers was demonstrated in the current

FIG. 5. Effect of the CDE diet and LPS injection on gluconeogenesis, insulin levels, liver damage, and lipid peroxidation
in wild-type (WT) vs. iNOS-knockout mice. (A) To confirm knockout of the iNOS gene, protein levels were evaluated with
the Western blot technique in WT mice (C57BL=6J) and iNOS-knockout mice, 6 h after IP injection of LPS (5 mg=kg). (B–D)
WT mice and iNOS-knockout mice were treated with the CDE diet followed by LPS injection. PEPCK, G6pase, and PGC-1a
expression were evaluated with real-time PCR (gene levels were normalized by using b-Actin as the reference gene). (E)
Fasting blood glucose levels in iNOS-knockout mice vs. the WT mice after treatment with the CDE diet for 14 days and LPS
(5 mg=kg) for 6 h. Values are expressed as mean� SEM (n¼ 9 for each group). *p< 0.05. (F) Insulin-level evaluation in WT vs.
iNOS(-=-) mice after the treatments. Values are expressed as mean� SEM (n¼ 5 for each group). (G) Lipid peroxidation levels
evaluated with Western blot of 4-hydroxynonenal-protein adduct levels and quantitative densitometric analysis of 4-
hydroxynonenal-protein adduct levels. Values are expressed as mean� SEM (n¼ 5 for each group). *p< 0.05.
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study. Similarly, it has been shown in mice that LPS de-
creases fatty acid oxidation and nuclear hormone receptors in
the kidney, diaphragm, heart, and liver during the acute-
phase response induced by infection and inflammation. It
also decreases the expression of PGC-1a and b coactivators
(6, 7, 14).

Exposure of mice after the CDE diet to LPS resulted in
increased liver damage compared with that in control ani-
mals. Indeed, genetically obese animals with fatty liver are
known to be more sensitive to LPS-induced damage (39, 40).

Evaluation of hepatic iNOS expression in these mice showed
that after the LPS challenge, a higher expression of the protein
was observed in fatty livers compared with normal livers.
To evaluate whether iNOS expression and excessive NO
production after the LPS challenge plays a protective role
against inflammatory stress or promotes additional liver
damage, similar treatments were performed in iNOS(-=-)
mice. iNOS(-=-) mice were found to be more sensitive to
damage induced by CDEþLPS. This effect was confirmed
by the increased levels of blood liver enzymes. Therefore,

FIG. 6. Liver histologic sections demonstrating the effect of the CDE diet and LPS injection in iNOS(-=-) compared with
WT mice. (A) Mild centrilobular hepatocellular vacuolation is evident. Most of the vacuoles are small (microvacuolation).
Vacuolated hepatocytes are concentrated around the centrilobular venule (CV), within the circle. Hepatocytes near the portal
triads (PT) have more-solid and darker-staining cytoplasm. Arrows, mild bile duct and oval cell hyperplasia arising from the
portal triads. (B) High magnification. The vast majority of hepatocytes show microvacuolation, but a few contain larger
cytoplasmic vacuoles, typical of lipid accumulation (arrowhead). An apoptotic hepatocyte is marked with an arrow. A small
cluster of neutrophils is circled. (C) High magnification. Several apoptotic hepatocytes are identified with arrows. Arrowheads,
hepatocytes with mild microvacuolation in iNOS(-=-) mice. (D) Moderate centrilobular hepatocellular vacuolation. Both
microvacuoles and macrovacuoles (arrowheads) are present. The centrilobular venule (CV) and portal triad (PT) are identified.
(E) Arrows, Apoptotic cellular debris. Arrowheads, Hepatocytes with mild cytoplasmic vacuolation. Clusters of neutrophils
are circled. (F) High magnification showing a focus with accumulation of necrotic cellular debris (asterisks) mixed with
neutrophils (circled) and a few mononuclear cells, consistent with Kupffer cells or macrophages (arrowheads). (G) This sample
shows a focus of moderate bile duct and oval cell hyperplasia (circled). A ventrilocular venule (CV) and an unaffected portal
triad (PT) are identified. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article at www.liebertonline.com=ars).
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upregulation of hepatic iNOS by inflammatory stimuli is a
fast adaptive response to stress. iNOS also has a role in fa-
cilitating inflammatory reactions. However, in this study
model, the protective effect of iNOS was evident. Interest-
ingly, iNOS-derived nitric oxide generation actually protected
the liver. One possible explanation could be that the levels of
NO generated by the damaged liver were not in the toxic
range because of substrate limitation. Therefore, iNOS-de-
rived NO may function as an antioxidant (12, 13, 37) pro-
tecting against CDE or LPS capacity or both to induce liver
damage. It has been demonstrated that injury to arginase-1–
expressing cells, such as hepatocytes, leads to arginase-1 re-
lease into the circulation and increased arginase-1 plasma

levels compromising arginine availability (2, 30) which may
limit the NO production.

The effect of CDE and LPS to impair liver glucose–
production systems was partially inhibited in the WT mice
expressing iNOS compared with that in iNOS(-=-). Thus, it
appears that CDE and LPS treatment in iNOS(-=-) mice fa-
cilitated severe liver damage, which resulted in a fatal hypo-
glycemic effect.

However, it also is possible that NO has a direct stimula-
tory effect promoting liver glucose production, making iNOS
expression necessary for survival. This hypothesis that NO
can directly activate gluconeogenesis (Fig. 9) was tested by
using NO donors. Experiments performed with the NO donor
DETA-NONOate in cultured hepatocytes showed a positive
effect of NO on PGC-1a expression, and on the expression of
gluconeogenic enzymes (Fig. 9). The temporal order of events
after the NO treatment indicated that NO initially facilitated
PGC-1a expression. Our data therefore indicate that NO
generated by the iNOS protein can support the expression of
PGC-1a. Nitric oxide produced by endothelial nitric oxide
synthase was found to act as a signaling molecule that can
activate the transcription factor co-activator PGC-1a, facili-
tating mitochondrial biogenesis (23, 24).

The hypoglycemic effect of LPS has been reported previ-
ously. Endotoxemia for 6 h resulted in a substantial increase in
iNOS and COX-2 protein activity in lung and liver in corre-
lation with liver and pancreatic dysfunction=injury, lactic
acidosis, and hypoglycaemia. Prevention of LPS-induced
hypotension and hypoglycemia by different pharmacologic
agents was suggested to be partially mediated through inhi-
bition of activities of the iNOS protein and cytokine forma-
tion. (20, 31). Here we show, for the first time, clear evidence

FIG. 7. Blood glucose levels and kinetics of iNOS protein
expression. (A) Fasting blood glucose levels were measured
in WT and iNOS-knockout mice treated with the CDE diet
for 14 days at several time points (0–6 h) after LPS (5 mg=kg)
treatment. Values are expressed as mean� SEM (n¼ 9 for
each group). *p< 0.05. (B) iNOS protein-level evaluation
with the Western blot technique in WT mice with steatotic
livers (CDE diet for 14 days). Several time points were
evaluated (0 to 360 min) after treatment with LPS (5 mg=kg)
or with PBS (n¼ 2). Densitometric analysis of iNOS expres-
sion and comparison between two time groups, 0–120 min
and 180–360 min, is presented. The time points up to 120 min
were compared with those from 180 min onward by a con-
trast t test within an ANOVA model comparing time points
for repeated measures on the two samples; *p< 0.05.

FIG. 8. Pyruvate tolerance test indicating glucose-
production levels by the liver in iNOS(-=-) vs. WT mice fed
the CDE or control diet and exposed to LPS treatment. WT
mice treated with the CDE diet or with a control diet and
iNOS(-=-) mice treated with the CDE diet for 14 days were
injected with LPS (5 mg=kg). Five hours after the LPS treat-
ment, all mice were injected with sodium pyruvate, 0.2 g=kg.
Blood glucose levels were measured before the pyruvate
injection and 1 h later. Glucose D values are presented as
mean� SEM (n¼ 5 for each group). Group means without a
common letter are statistically different ( p< 0.05).
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that iNOS plays a role in counteracting the hypoglycemic ef-
fect of LPS rather than exacerbating it.

iNOS(-=-) mice were much more sensitive to CDEþLPS-
induced severe hypoglycemia. The current study data, com-
paring the kinetic of expression of iNOS with blood glucose

levels after an LPS injection, show that iNOS is not expressed
during the initial hyperglycemic phase of LPS. iNOS is sig-
nificantly expressed only during the later hypoglycemic
phase. Moreover, iNOS(-=-) mice were unable to correct the
detrimental hypoglycemia induced by LPS. Because of the
biphasic effect of LPS to induce hyperglycemia followed by
hypoglycemia, it was suggested that iNOS, as a major protein

FIG. 9. Effect of a NO donor on PEPCK, G6pase, and
PGC-1a expression in AML-12 hepatocytes. (A–C) NO
donor (DETA-nonoate, 1 mM) increases PEPCK, G6pase, and
PGC-1a expression at several time points (12–36 h) as eval-
uated with real-time PCR (gene levels were normalized by
using 18S as the reference gene). Values are expressed as
mean� SD (n¼ 3). Group means with different letters are
statistically different ( p< 0.05).

FIG. 10. Effect of LPS in iNOS(-=-) and WT mice fed
control diets. (A, B) PEPCK, PGC-1a expression as evaluated
with real-time PCR (gene levels were normalized by using
b-Actin as the reference gene). (C) Fasting blood glucose
levels in iNOS-knockout mice vs. WT mice after treatment
with control diets for 14 days and with LPS (5 mg=kg) or
with PBS for 6 h. Values are expressed as mean� SEM (n¼ 5
for each group); means without a common letter are statis-
tically different ( p< 0.05).
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expressed in LPS-induced inflammation, is the link between
inflammation and insulin resistance. Several studies indicate
that iNOS is the cause of insulin resistance in fatty liver and
obesity. Treatment with iNOS inhibitors reversed LPS-
induced fasting hyperglycemia with concomitant ameliora-
tion of hyperinsulinemia and improved insulin sensitivity (9,
33). Yet, one of these studies showed only a small change in
iNOS expression (9), and in another, no correlation between
the kinetics of iNOS expression and the hyperglycemic
effect of LPS was demonstrated (33). It should be noted that
these studies were based on supplementation with iNOS in-
hibitors.

In conclusion, in a model of CDE diet followed by LPS in-
jection, partial impairment of the capacity of the liver to pro-
duce glucose was observed. This was evident by the decreased
expression of the rate-limiting gluconeogenic enzymes PEPCK
and G6Pase. This effect was probably due to increased insulin
sensitivity (Fig. 11). LPS further suppressed the liver gluco-
neogenic function. Based on levels of liver enzymes found in
the blood, liver histology, and lipid peroxidation levels, NO
produced by iNOS was found to be a protective signaling
molecule to prevent liver damage after CDEþLPS treatment.
In addition, iNOS helps to sustain liver glucose production
under conditions of steatosis and acute inflammation.

This study demonstrated the first link between fatty liver,
inflammation, and a hypoglycemic effect. The data shown
could be highly relevant for patients with acute inflammation,
treated in intensive care units, who also have high or marginal
steatosis. Understanding the protective role of the iNOS
protein against severe hypoglycemia due to hepatic insulin
sensitivity may open the way for future treatments.
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