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Nonalcoholic fatty liver disease (NAFLD) represents a burgeoning problem in hepatology,
and is associated with insulin resistance. Exendin-4 is a peptide agonist of the glucagon-like
peptide (GLP) receptor that promotes insulin secretion. The aim of this study was to deter-
mine whether administration of Exendin-4 would reverse hepatic steatosis in ob/ob mice.
Ob/ob mice, or their lean littermates, were treated with Exendin-4 [10 �g/kg or 20 �g/kg]
for 60 days. Serum was collected for measurement of insulin, adiponectin, fasting glucose,
lipids, and aminotransferase concentrations. Liver tissue was procured for histological ex-
amination, real-time RT-PCR analysis and assay for oxidative stress. Rat hepatocytes were
isolated and treated with GLP-1. Ob/ob mice sustained a reduction in the net weight gained
during Exendin-4 treatment. Serum glucose and hepatic steatosis was significantly reduced
in Exendin-4 treated ob/ob mice. Exendin-4 improved insulin sensitivity in ob/ob mice, as
calculated by the homeostasis model assessment. The measurement of thiobarbituric reactive
substances as a marker of oxidative stress was significantly reduced in ob/ob-treated mice
with Exendin-4. Finally, GLP-1–treated hepatocytes resulted in a significant increase in
cAMP production as well as reduction in mRNA expression of stearoyl-CoA desaturase 1 and
genes associated with fatty acid synthesis; the converse was true for genes associated with
fatty acid oxidation. In conclusion, Exendin-4 appears to effectively reverse hepatic steatosis
in ob/ob mice by improving insulin sensitivity. Our data suggest that GLP-1 proteins in liver
have a novel direct effect on hepatocyte fat metabolism. (HEPATOLOGY 2006;43:173-181.)

Nonalcoholic fatty liver disease (NAFLD) is re-
ported in some Western countries to be the
most common liver disease, surpassing the prev-

alence of chronic hepatitis C virus or alcoholic liver dis-
ease.1 NAFLD represents a disease spectrum ranging from

simple steatosis to steatohepatitis and fibrosis. Approxi-
mately 3% of patients afflicted with NAFLD will develop
cirrhosis.2,3 At present, the central pathophysiological
problem in patients afflicted with NAFLD is insulin re-
sistance. Thus, there is a clear association between
NAFLD and the metabolic syndrome that includes type 2
diabetes mellitus, obesity, hypertension, and hyperlipid-
emia. Improvement of insulin resistance, or insulin sensi-
tivity, has therapeutic potential in preventing the
progression of NAFLD because the accumulation of trig-
lycerides in hepatocytes is believed to be the first step in
the current two-hit hypothesis of the pathophysiological
development of NAFLD.4 Hence, it is hypothesized that
improving insulin sensitivity would reduce hepatocyte tri-
glyceride accumulation, thereby preventing the second
step of hepatocyte vulnerability to oxidative stress.4

Exendin-4 is a 39 amino acid agonist of the glucagon-
like peptide 1 (GLP-1) receptor. Exendin-4 is present in
the saliva of the Gila monster, Heloderma suspectum.5

GLP-1, a gastrointestinal hormone secreted by the L cells
of the intestine, regulates blood glucose primarily via
stimulation of glucose-dependent insulin release. How-
ever, the major drawback of its clinical use is its short
biological half-life, necessitating continuous administra-
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tion intravenously or by frequent subcutaneous injec-
tion.6 Importantly, Exendin-4 has a significantly longer
half-life than GLP-1 and could be significant in the treat-
ment of type 2 diabetes mellitus and NAFLD.

Exendin-4 has not been used for the potential treat-
ment of NAFLD; however, phase III clinical trials for type
II diabetes have been completed by Amylin with the syn-
thetic peptide exendintide.7 In addition to its effect as an
incretin, Exendin-4 has been shown to reduce food intake
in Zucker (ZDF) rats, but does not change serum leptin
levels even though these animals sustained reductions in
body weight, blood glucose, food intake, and subcutane-
ous and visceral fat after treatment.8 In addition to its
insulin-releasing and appetite suppressant activity, GLP-1
is known to have direct insulin-like activity9,10; however,
whether GLP-1 can act on hepatocytes directly is subject
to dispute.11-14 Ob/ob mice have been extensively studied
as a naturally occurring model of hepatic steatosis. These
mice are leptin deficient because a mutation in the ob gene
encoding leptin transcription prevents its biosynthesis.15

A recent review implicates a key enzyme component in
the metabolic syndrome, stearoyl-CoA desaturase-1
(SCD-1), a gene specifically repressed by leptin16,17 may
be critical to the elimination of triglyceride accumulation
in hepatocytes. Hence, we propose that GLP-1 not only
has an indirect incretin effect that improves key parame-
ters associated with NAFLD, but importantly demon-
strate a direct insulin-like role for GLP-1 that results in
repression of SCD-1 and other key regulatory genes in
hepatocytes associated with nonalcoholic steatohepatitis
(NASH) and hepatic triglyceride metabolism. Thus, syn-
thetic GLP-1-like proteins with a prolonged half-life
would be of biological and therapeutic benefit in
NAFLD.

Materials and Methods

Use of ob/ob Mouse Model and Treatment With
Exendin-4. Obese male (ob/ob) 6-week-old mice and
their lean littermates were obtained from Jackson Labo-
ratories (Bar Harbor, ME). The animals were cared for in
accordance with protocols approved by the Animal Care
and Use Committees of Emory University. The mice
were allowed ad libitum access to chow and water. Ani-
mals were on a 12-hour light, 12-hour dark cycle. Animals
were acclimatized for 2 weeks.

For both ob/ob mice and their lean littermates the we
followed the same treatment strategy. All animals were
treated for 60 days. The Exendin-4 (Sigma, St. Louis,
MO) treatment groups were treated with 10 �g/kg every
24 hours for the first 14 days. This treatment was the
induction phase. Respective control mice (lean and ob/ob)

received saline every 24 hours. After 14 days Exendin-4–
treated mice were randomly divided into two groups: one
group received high dose Exendin-4 (20 �g/kg) every 12
hours, while the second group continued with low dose
Exendin-4 (10 �g/kg) every 12 hours. The control mice
continued to receive saline every 12 hours. The mice were
weighed daily for the 60-day treatment period. At the
completion of the study, fasting blood samples were ob-
tained for glucose and insulin concentrations and ho-
meostasis model of assessment (HOMA).18 Additional
sera were obtained to measure serum glucose, triglycer-
ides, alanine aminotransferase (ALT) and adiponectin.
Insulin and adiponectin levels were measured by enzyme
immunoassay at Linco Research (St. Charles, MO). Total
hepatectomy was performed at the time of euthanasia and
liver samples were divided for histopathology and other
analyses (see next section). To achieve statistical power of
data outcome, 32 mice were used for the experiment and
eight animals were included in each treatment arm.

Histological Aanalysis of Liver Tissue and Stain
With Oil Red O. Formalin fixed tissue was processed
and 5 �m–thick paraffin sections were stained with Oil
Red O for histological analysis. Slides were viewed with a
Nikon E1000M microscope (Melville, NY), and photo-
graphed with a Cool Snap color digital camera (Roper
Scientific, Tucson, AZ). Quantitative analysis of Oil Red
O–stained hepatic lipid was performed by morphometric
analysis. Staining was quantified using Image-ProPlus
version 4.5, software (Media Cybernetics, Silver Spring,
MD). All sections were examined by the same person who
was blinded to treatment status. Ten random areas of
interest were examined per liver section and were identi-
fied by computer-generated field identification. At least
five different liver sections were examined for eight indi-
vidual animals for each treatment group. Data for Oil Red
O staining were expressed as the mean percentage of total
hepatic area in the tissue sections: the total area stained
was divided by the total area of the slide (�m2) and mul-
tiplied by 100 to give the percentage of area stained.

Assessment of Liver Lipid Content. Portions of the
liver samples from each treatment group of mice were
weighed and homogenized in 50 mmol/L Tris-HCl, pH
7.4, containing 150 mmol/L NaCl, 1 mmol/LM EDTA,
1 mmol/L DTT, and 1 �mol/L PMSF using a glass
Dounce homogenizer. Liver lipid content of liver homog-
enates was measured by a spectrophotometric procedure
as described elsewhere19 and expressed as lipid (mg)/g wet
liver weight (g).

Assessment of Thiobarbituric Acid-Reactive Sub-
stances (TBARS). Liver homogenates prepared for the
analysis of liver lipid were centrifuged at 600 � g at 4°C,
and the supernatants were used to assess TBARS by a
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spectrophotometric procedure and expressed as malondi-
aldehyde produced (nmol)/protein (mg).

Reverse Transcription and Quantitative Polymer-
ase Chain Reaction (RT-qPCR) of Whole Liver RNA.
Complementary DNA (cDNA) was prepared by reverse
transcription of total hepatic RNA or rat hepatocytes as
previously described.20 Real-time PCR analysis was per-
formed with the GeneAmp Sequence Detection System
and software (Applied Biosystems, Foster City, CA) using
SYBR green detection (SREBP-1c, SCD-1, peroxisome
proliferator activator receptor alpha [PPAR] � [see Table
1]). Ribosomal protein L19 (RPL19) was chosen as an
internal standard. All samples were run in triplicate in
96-well reaction plate (MicroAmp Optical, Applied Bio-
systems) using appropriate primers. PCR products of each
sample were normalized to their respective RPL19 (liver)
expression values.

Hepatocyte Isolation, Culture, and Treatment
With GLP-1. Single cell suspensions of hepatocytes
were obtained from perfusions of Sprague–Dawley rats
using the procedure of Berry and Friend21 and the perfu-
sion mixture described elsewhere.22 Following collagenase
perfusion, the hepatocyte cell suspension was mixed with
a 15-mL Percoll (Sigma)-Hanks Buffered Salt Solution
(HBSS, Gibco, Grand Island, NY) and spun at 470 rpm
for 10 minutes at 4°C. The final pellet was resuspended in
20 mL of RPMI after two centrifugations before plating
into 24-well collagen-coated culture plates (BD-Bio-
sciences, Bedford, MA), at a density of 0.15 mL cells/0.5
mL media, including 10% fetal bovine serum in RPMI
1640 medium supplemented with 2-mmol/L glutamine
and penicillin-streptomycin. Cells were initially treated
with 10 nmol/L or 100 nmol/L GLP-1 (Sigma) in accor-
dance with previously published reports for 15 minutes,
30 minutes, 1 hour, or 3 hours.23,24 Exendin-4–treated
hepatocytes were used as a positive control. A fraction of
each cell preparation was analyzed for albumin (Cell Sig-
naling, Beverly, MA) by subjecting cell lysate to SDS-
PAGE25 and immunoblot. Following treatment,
hepatocytes were harvested, lysed, and probed for GLP-1
receptor (GLP-1R) using rabbit polyclonal-GLP-1R (a
kind gift from Dr. Joel Hebener, Howard Hughes Insti-
tute, Harvard Medical School, Boston, MA) by Western

blot as previously described.26 Cell lysates were also
probed for Akt, pAkt, mitogen-activated protein kinase
(MAPK), and pMAPK, (Cell Signaling). Total hepato-
cyte RNA was harvested from the cell cultures to conduct
real-time RT-PCR for acetyl-CoA oxidase (AOX),
PPAR�, SCD-1, SREBP-1c, and acetyl-CoA carboxylase
(ACC) as described. Results were normalized to 18s RNA
and studies were performed twice in triplicate.

cAMP Assay for GLP-1 and Exendin-4–treated Rat
Hepatocytes. To determine whether either GLP-1 or Ex-
endin-4 could promote a sustained increase in hepatocyte
cAMP production, rat hepatocytes were isolated in the
laboratory or purchased (Cambrex Bioscience Walkers-
ville Inc., Walkersville, MD) and plated on collagen
coated 6-well plates. After overnight serum starvation,
cells were treated with GLP-1 (10 nmol/L) or Exendin-4
(10 nmol/L) for 3 hours. Forskolin (10�mol/L) was used
a positive control, while in other experiments the Exendin
Fragment 9-39 (1�mol/L), a competitive antagonist for
GLP-1 or Exendin-4 receptor binding was used for 20
minutes, followed by GLP-1 or Exendin-4 for 3 hours.
cAMP measurements were done in whole cell lysates us-
ing a competitive cAMP immunoassay kit (Applied Bio-
systems, Belford, MA) as per manufacturer’s instructions.
Luminescence was measured with Luminoscan Ascent
Thermo Labsystems (Needham Heights, MA).27 The re-
sults were expressed as cAMP production in pM/106 cells.

Statistical Analysis. The data are presented as the
mean � SE. Statistical analysis was performed using
Graphpad Instat 3 software (www.graphpad.com).
Groups were compared using parametric tests (paired
Student t test or one-way ANOVA with posttest follow-
ing statistical standards). P values of less than .05 were
considered statistically significant.

Results

Exendin-4 Treatment Improved Serum ALT, Glu-
cose and HOMA Scores in ob/ob Mice Compared to
Saline-Treated Animals. Both low- and high-dose Ex-
endin-4 treatment in ob/ob mice improved serum ALT
and reduced serum glucose, insulin levels and calculated
HOMA scores compared with saline-treated ob/ob mice

Table 1. Primer Pairs for Real-Time PCR of Genes Associated with Hepatic Fatty Acid Metabolism

Gene
Name Accession # Forward Reverse Product Size (bp)

SCD-1 NM_139192 GGGCGAGTCCTGATAAAACA GTCTGCAGGAAAACCTCTGC 125
AOX NM_017340 GTTGATCACGCACATCTTGG TGGCTTCGAGTGAGGAAGTT 123
SREBP-1c XM_213329 CAGGCTGAGAAAGGATGCTC TCAGTGCCAGGTTAGAAGCA 125
PPAR� NM_013196 CTCCCTCCTTACCCTTGGAG GCCTCTGATCACCACCATTT 124
ACC J03808 GCCTCTTCCTGACAAACGAG TCCATACGCCTGAAACATGA 101
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(Table 2). Exendin-4–treated lean mice did not develop
hypoglycemia or significantly lower HOMA scores com-
pared with saline-treated lean mice (data not shown). Ex-
endin-4 also significantly increased serum circulating
adiponectin compared with saline-treated ob/ob control
mice.

Exendin-4 Treatment Reduced the Net Weight
Gain in ob/ob Mice. At the conclusion of the study,
there was a significant difference in the weight of Ex-
endin-4–treated ob/ob mice in either the low- or high-
dose treatment groups compared with ob/ob saline-treated
mice (Fig. 1A). In particular, Exendin-4–treated ob/ob
mice sustained a marked reduction in the net weight gain
in the final 4 weeks of the study period. Low-dose Ex-
endin-4–treated ob/ob mice sustained a reduction of 7%
body weight; high-dose–treated animals sustained a net
weight reduction of 14% compared with saline-treated
ob/ob mice (Fig. 1B). The ratio of liver weight to body
weight was significantly reduced in the Exendin-4–
treated ob/ob mice compared with saline-treated ob/ob
mice (Fig. 1C). These data are in keeping with the overall
effect of improved insulin resistance and release of adi-
ponectin from adipocytes that leads to a reduction in
hepatic lipid content.30-32

Exendin-4 Treatment Resulted in Histological Im-
provement in Fat Content of Liver Tissue in ob/ob
Mice. Exendin-4–treated ob/ob mice had a significant re-
duction of fat content as assessed by Oil-Red O staining
(Fig. 2A), confirmed by quantitative histomorphometry
(Fig. 2B). Data shown reveal a dose-dependent reduction
in hepatic lipid content/�m2. Similarly, there was reduc-
tion in total hepatic lipid content/g of wet-liver-weight
for both doses of Exendin-4 treatment in ob/ob mice com-
pared with saline treatment. These findings correlated
with the histological data (Fig. 2C). Hematoxlyn and Eo-
sin–stained tissue from respective treatment groups con-
firms improvement in hepatic histology following
treatment (Fig. 2D).

Exendin-4 Reduces TBARS in ob/ob Mice. Ex-
endin-4-treated ob/ob mice exhibited a significant de-
crease in hepatic TBARS concentration compared with

Table 2. Outcome Metabolic Parameters From Exendin-4–Treated ob/ob Mice

Lean-Saline ob/ob-Saline
ob/ob-Exendin 4

(10�g/kg)
ob/ob-Exendin 4

(20�g/kg)

ALT (U/L) 46.5 � 6.5 123.2 � 18.9 100.0 � 6.3 57.6 � 4.8*
Insulin (iU/mL) 1.9 � 0.2 13.4 � 1.8 5.5 � 0.6** 3.3 � 0.4**
Glucose (mmol/L) 7.66 � 0.4 18.1 � 2.0 14.7 � 1.3 10.5 � 0.6*
HOMA 0.65 � 0.07 10.8 � 1.2 3.6 � 0.3 1.54 � 0.1*
Adiponectin 15.7 � 1.0 27.5 � 0.1 32.1 � 0.1 34.7 � 1.0*

*P � .05 (Student t test) between online and exendin ob/ob mice.
**P � .001 (Student t test) between online and exendin-4 ob/ob mice.

Fig. 1. The effect of Exendin-4 administration on the rate of net weight
gain in ob/ob and their lean littermates. (A) All mice were weighed daily
and administration of Exendin-4 is as described in the text for a total of
8 weeks. The data are mean weight in grams (g) for animals in each
group (8 animals/group) outlined � SE. (B) represents the percent
reduction of weight gained at the completion of the experiment and
compares mean body weight of treated ob/ob mice to their respective
treated saline controls. (C) Effect of Exendin-4 administration on the ratio
of liver weight to body weight for the respective animals at the time of
sacrifice.
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saline-treated ob/ob mice (Fig. 3), indicating that Ex-
endin-4 treatment reduced one key parameter assessing
hepatic oxidative stress, a putative factor in the progres-
sion of NAFLD and NASH.

Identification of GLP-1R in Hepatocytes and Stim-
ulation of Hepatocyte cAMP Production by GLP-1 or
Exendin-4. GLP-1 receptor was detected by immuno-
blot analysis in isolated rat hepatocytes (Fig. 4A). Ex-
endin-4 or GLP-1 ligand-receptor binding failed to
significantly increase hepatocyte MAPK and Akt phos-
phorylation, as indicated in recent studies,33 when com-
pared with untreated cell lysates (data not shown);
however, GLP-1, and Exendin-4 treatment resulted in a
marked increase in cAMP production (Fig. 4B). cAMP
activity was significantly reduced to below basal levels
(untreated hepatocytes) when hepatocytes were pre-

Fig. 2. Assessment of lipid content and hepatic histology in the liver of ob/ob mice and their lean littermates after Exendin-4 treatment. (A)
Representative hepatic histology of saline-treated ob/ob mice, mice treated with low-dose and high-dose Exendin-4, and lean littermates treated with
saline. Liver sections were stained with Oil Red O and Giemsa stain for nuclei. Original magnification: 40�. (B) Quantitative histomorphometric
analysis for total lipid content of all hepatic histology for each treatment group; statistical analysis is with respect to saline-treated ob/ob histology.
Histomorphometric analysis employed ImageProPlus as described in Materials and Methods. (C) Quantitation of lipid content per gram (wet weight)
of liver from ob/ob mice was performed as described in Materials and Methods. Data are mean values performed in triplicate on eight specimens
and reveal a significant decrease following high-dose Exendin-4 treatment. (D) Hematoxylin and Eosin staining of liver sections from ob/ob mice and
their lean littermates following Exendin-4 treatment; panels are displayed exactly as in (A). Original magnification: 40�.

Fig. 3. TBAR measurements following Exendin-4 treatment reveals
that high-dose therapy resulted in significant reduction in oxidative
stress. The experiment was designed as described in Materials and
Methods and Figs. 1 and 2. The data displayed are mean values � SE
for ob/ob mice treated with low-dose and high-dose Exendin-4 and
saline. Values are compared with those of saline-treated ob/ob mice.
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treated with the GLP-1R receptor antagonist Exendin
fragment 9-39 (Fig. 4B).

Exendin-4 Improved PPAR� but Reduced SCD-1
and SREBP-1c mRNA in Whole Liver and in Hepa-
tocytes. Real-time RT-qPCR revealed that Exendin-4
treatment significantly reduced hepatic mRNA expres-
sion levels of SREBP-1c and SCD1, key regulators of de
novo hepatic lipogenesis, compared with saline-treated
ob/ob mice. PPAR� mRNA, a key element in �-oxidation
of free fatty acids was significantly increased (Fig. 5A). In
either GLP-1 or Exendin-4–treated rat hepatocytes there
was a significant reduction in ACC, SCD-1, and
SREBP-1c mRNA along with a significant increase in
PPAR� and AOX (Fig. 5B). GLP-1 receptor antagonism
by pretreatment with Exendin fragment 9-39 (1�mol/L)
in cultured hepatocytes failed to reduce mRNA expres-
sion of SCD-1, ACC, and SREBP-1c, while PPAR�, and
AOX mRNA were not significantly increased from basal

levels (Fig. 5B). Taken together, blockade of GLP-1R
abolished the net positive effects of either Exendin-4 or
GLP-1 on expression of key genes that would result in a
net reduction of hepatic fatty acid either by increased
oxidation or inhibition of de novo lipogenesis.

Fig. 4. Glucagon-like protein-1 receptor (GLP-1) detection and sig-
naling through cAMP. (A) Immunoblot for rat hepatocyte lysates was
performed as described in Materials and Methods. Anti-GLP-1R was a
kind gift of Dr. Joel Hebener, Howard Hughes Institute; antibody titer
(1:500). Pancreatic �cells were used as a positive control. The repre-
sentative immunoblot is from three independent experiments. (B) Hepa-
tocyte treatment with either GLP-1 or Exendin-4 significantly increased
cAMP production. Shown are the mean cAMP production in pM/106

cells � SE and compared with untreated hepatocytes. Pretreatment with
the GLP-1 antagonist, Exendin fragment 9-39, abolished cAMP produc-
tion by either GLP-1 or Exendin-4 in rat hepatocytes. Statistical analysis
compares mean cAMP values � SE vs. respective treatments alone.
Forskolin served as a positive control. These experiments were performed
three times in triplicate.

Fig. 5. The effect of Exendin-4 on mRNA expression of genes encoding
SCD-1, SREBP-1c, and PPAR� from whole livers in lean and ob/ob mice.
(A) Total RNA extracted from liver tissues was used for mRNA expression
analysis of SCD-1, SREBP-1c, and PPAR� by RT-qPCR as described in
Materials and Methods. Level of mRNA expression observed in lean mice
treated with saline was set as 100% control; ob/ob mice treated with
low-dose Exendin-4 and high-dose Exendin-4 were compared with the
ob/ob mice that were treated with saline. Results are expressed as
mean � SE; n � 4 for each group. Each experiment was performed on
three separate occasions in triplicate, *P � .01, #P � .05. (B) GLP-1–
or Exendin-4–treated cultured rat hepatocytes were harvested for total
RNA as described in Materials and Methods. cDNA primers were em-
ployed as detailed in Table 1. RT-qPCR was performed for each experi-
ment three times in triplicate for AOX, PPAR�, SCD1, SREBP-1c, and
ACC. Data represent significant increases in genes associated with
oxidation of fatty acids (*P � .05) with concomitant decreases in genes
associated with fatty acid and triglyceride synthesis (*P � .05). Data
presented are mean values � SE. Data for GLP-1 and Exendin-4 are
compared to untreated rat hepatocytes in serum free-media; data for
GLP-1 or Exendin-4 pretreated with Exendin-9-39 are compared with
data from respective treatments alone. Pretreatment with Exendin-9-39
abolished the positive effects of either GLP-1 or Exendin-4 on the mRNA
for the genes outlined in (B) when compared with their respective
treatments alone, §P � .05.
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Discussion
To date, the two-hit hypothesis has emerged as a

framework from which investigators are working to un-
ravel how NAFLD may progress beyond steatosis and
hepatitis to cirrhosis. At present, the most promising ther-
apy for NASH appears to involve the use of PPAR� ago-
nists, or thiazolidenediones. The most compelling
rationale to date for this therapy was a 48-week clinical
trial that demonstrated improvement during the treat-
ment period. Follow-up data after discontinuation of
therapy, however, abolished therapeutic benefits, includ-
ing serum ALT reduction.34,35 Also, patients treated for
this period gained an average of 3.5 kg. Metformin has
also been shown to reduce hepatic steatosis in ob/ob mice36

but its effects in a recently published pilot trial were asso-
ciated with transient improvement in liver chemistries; a
progressive, sustainable reduction in insulin sensitivity
was not noted.37

We reasoned that if insulin resistance was a fundamen-
tal problem in the genesis of hepatic steatosis, then using
an agent that improves insulin resistance would optimize
elimination of liver fat. GLP-1 is known to improve in-
sulin resistance as an incretin and it has already been
tested in humans for toxicity and side effects. GLP-like
proteins are even more attractive because they have an-
orexigenic potential, which the thiazolidenediones or
other potential treatments do not appear to possess. A
growing body of literature suggests that gut peptides,
GLP-1, and gastrointestinal inhibitory peptide have nu-
merous effects on the cells of other organs, aside from
pancreatic �-cells.38 The data regarding GLP-1 action on
hepatocytes have not been convincing, however. Further-
more, compound knock-out mice lacking gastrointestinal
inhibitory peptide and GLP-1 appear to have only a mod-
est effect on glucose metabolism.

Our data suggest that Exendin-4 improves insulin re-
sistance in ob/ob mice as assessed by glucose and HOMA
scores, and significantly reduces hepatic lipid stores.
Clearly there are histological improvement and improved
ALT values. Finally, consistent with the anorexigenic
property of Exendin-4, treated ob/ob mice sustain a
marked reduction in net weight gain and a reduced liver
weight/body weight ratio. We have also demonstrated
that adiponectin levels in the Exendin-4–treated ob/ob
mice also increased, which may be hepatoprotective, as
indicated by other recent reports in this journal and else-
where.39-41 TBARs were also reduced in the high-dose (20
�g/kg) Exendin-4–treated animals that received
E–xendin-4 twice daily, indicating that even short-term
therapy has a potentially important biological effect.

Exendin-4 appears to have a considerably longer half-
life in humans, 33 � 4 min, compared with the biologi-
cally active intact GLP-1 of 1-3 minutes42; and human
data are available regarding potential benefits of Ex-
endin-4, along with a reasonably safe profile with side
effects such as nausea43 reported. Other attractive proper-
ties of GLP-1, including reduced food intake and body
weight in rats,44,45 have also been demonstrated in human
studies.7,46-48 Although the effect on satiety may be due to
GLP-1– induced delayed gastric emptying,49 a direct sa-
tiety effect of Exendin-4 has not yet been shown.7 Studies
in other animal models of NASH and clinical pilot studies
in humans will need to be conducted. While we employed
weight-based dosing, the 20�g/kg dose was clearly more
effective. Our data are in agreement with a recent human
study that demonstrated that Exendin-4 improved glyce-
mic control in patients with type 2 diabetes who failed
sulfonylurea monotherapy, using a maximal dose of
20�g/day.50

As previously indicated, improved insulin resistance
could account for a significant reduction in SCD-1
mRNA in treated ob/ob mice. The most exciting findings
presented here are those associated with a direct action of
GLP-1 or Exendin-4 on hepatocytes, including the en-
hanced production of cAMP, which is abolished by a
competitive receptor antagonist for GLP-1R. This study
shows that either GLP-1 or Exendin-4 has direct action
on hepatocytes and subsequently results in a gene profile
that is conducive to reduction in fatty acid synthesis and
triglyceride storage in hepatocytes. Importantly, the re-
sultant gene profile from GLP-1–treated hepatocytes—
increased mRNA for both PPAR� and AOX—along with
decreased mRNA expression for SCD-1, SREBP-1c, and
ACC, raises the speculation that GLP-1 impairs hepato-
cyte de novo lipogenesis and/or enhances �-oxidation of
fatty acids. While these findings are novel, they merit
further and careful testing because it is unclear whether
the ligand GLP-1 is actually binding its respective recep-
tor in liver. Whether another GLP-1R isoform exists is
subject to speculation. In conjunction with our in vivo
data, we can assert, however, that GLP-1 does have a
direct effect on hepatocyte fat metabolism.

It could be argued that by failing to measure caloric
intake in the Exendin-4–treated obese animals, we could
not accurately assess whether Exendin-4 acted more as an
appetite suppressant and thereby accounted for these im-
proved physiological parameters. In clinical settings, pa-
tient food intake can rarely be controlled, and reduced
caloric intake in the treatment of metabolic syndrome is
worthwhile. Another valid criticism is that of the animal
model we chose as representative of NAFLD. Although
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there are many putative animal models for NAFLD and
NASH, all have shortcomings.

In summary, Exendin-4 has several benefits over other
recent medical therapies for NASH. It does not appear to
be hepatotoxic, it is an appetite suppressant, and it func-
tions as an incretin without development of hypoglyce-
mia. GLP-1 possesses potential for a direct lipid-lowering
effect on hepatocytes, which would be tremendously ben-
eficial in the treatment of NAFLD. Future work should be
undertaken to confirm and expand these potentially im-
portant therapeutic and novel biologic findings.
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