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The liver is a vital organ in the human body and is the primary site for lipid metabolism.
Impaired lipid metabolism causes an accumulation of lipids in the liver, a discernible indication
of non-alcoholic fatty liver disease (NAFLD). The condition is characterized by pathological
alterations in the liver like steatosis, fibrosis and cirrhosis. 5' Adenosine monophosphate-
activated protein kinase (AMPK) maintains energy balance by regulating glucose and lipid
metabolism. Dysregulation of AMPK is observed in NAFLD. The present work investigates the
effect of an AMPK activator, 5-aminoimidazole-4-carboxamide-1-8-D-ribofuranoside (AICAR),
on lipid levels, peroxisome proliferator-activated receptor (PPAR)-0,, a nuclear receptor and
cytoskeletal proteins o~ smooth muscle actin (0-SMA) and cytokeratin 18 (CK18) and bilirubin
levels in C57BL/6 mice fed high fat, high fructose diet (HFFD). The animals were divided into
four groups (n=6, each group), and the feeding duration was ten weeks. The standard pellet
was provided to groups 1 and 4 animals while HFFD was fed to animals of two groups (Groups
2 and 3) to induce fatty liver. AICAR injection (150 mg/kg bw/day, i.p.) was given to groups 3
and 4 animals on the 9" and 10" weeks. An equal volume of saline was injected into groups 1
and 2 animals. HFFD-fed mice showed increased levels of cholesterol, free fatty acids (FFAs)
and CK18 with decreased bilirubin levels in plasma along with downregulated PPAR-o. mRNA
level and upregulated expression of o-SMA mRNA in the liver. Mice given HFFD and AICAR had
significantly reduced cholesterol and FFA levels, increased bilirubin levels and reduced CK18
protein in plasma. The hepatic mRNA expression of PPAR-o. was upregulated, while AICAR
downregulated o-SMA expression. These findings suggest that AICAR regulates lipid metabolism,
fibrogenesis and overall liver integrity. Thus, AICAR serves as a potential therapeutic measure
for diet-induced fatty liver and the accompanying changes in the liver.
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The liver is a vital organ performing
several functions. It is the primary site for lipid
metabolism pathways like lipolysis, fatty acid
oxidation, de novo lipogenesis and very low-
density lipoprotein (VLDL) secretion.! Impaired

lipid metabolism results in excessive deposition
of lipid droplets in the liver. The condition is
steatosis, which can develop into non-alcoholic
fatty liver disease (NAFLD) if unattended.
NAFLD is characterized by different stages of liver
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disorders starting from steatosis, which progresses
to inflammation, fibrosis, cirrhosis and ultimately,
liver failure.? The prevalence of NAFLD is on the
rise due to unhealthy diets and sedentary lifestyles
and is often accompanied by obesity.* Consumption
of foods rich in fat and simple sugars promotes
fatty liver formation. High fat, high fructose diet
(HFFD) fed animals are commonly used as a model
for NAFLD.*

Peroxisome proliferator-activated
receptor-o. (PPAR-r) is a nuclear receptor present
abundantly in the liver. PPAR-o is a significant
regulator of free fatty acid (FFA) oxidation, fatty
acid uptake and glucose homeostasis.” PPAR-o
agonists are reported to reverse steatosis in alcohol-
fed mice.

Fibrosis of the liver refers to the
overabundance of extracellular matrix (ECM) in
the liver. Fibrosis is the underlying pathology of
liver failure.” Hepatic stellate cells (HSCs) are
quiescent, vitamin A-storing cells that drive liver
fibrosis. Activation and proliferation of HSCs
result in the transformation of HSCs to fibrogenic
myofibroblasts. The fibroblasts start overexpressing
o-smooth muscle actin (0--SMA), an actin isoform
that predominates in the fibrotic liver.® Down-
regulation of o-SMA in HSCs has been widely
tested as a potential NAFLD therapeutic approach.’

Cytokeratin 18 (CK18) is a cytoskeletal
protein of the cytokeratin acidic type I group (CK9-
CK12)."* CK18 forms heteropolymers with CK8 to
form keratin filaments. The keratin filaments are
the major components of epithelial cells."" CK18
is expressed in the liver and maintains the integrity
and stability of hepatocytes. It plays crucial roles in
apoptosis, cell cycle progression and cancer-related
signalling pathways.'?"> During apoptosis, CK18 is
cleaved by active caspases. These fragments resist
proteases and are released into circulation due to
plasma membrane disruption during the later stages
of apoptosis.'® Elevated CK18 level is associated
with liver cell death and is a marker for NAFLD."”

Bilirubin, the final product of heme
degradation, is toxic to the brain and central nervous
system. However, recently the cytoprotective
actions of bilirubin have been shown. Some studies
show that bilirubin contributes to total antioxidant
capacity, is anti-inflammatory, and acts as a
scavenger of reactive oxygen species.'® Increased

bilirubin levels correlate negatively with the risk
of NAFLD and type 2 diabetes mellitus.'*

5" Adenosine monophosphate-activated
protein kinase (AMPK) plays a vital role in
maintaining cellular energy balance by regulating
glucose and lipid metabolism.?! Previously,
we showed that AMPK protein is lowered
during HFFD feeding and that administration
of 5-aminoimidazole-4-carboxamide-1-B-D-
ribofuranoside (AICAR), a synthetic AMPK
activator, decreased fatty liver by lowering
triglyceride (TG) and collagen content in HFFD
fed mice.”? We hypothesize that AICAR could
attenuate liver abnormalities in high-calorie diet-
fed C57BL/6 mice. To test this hypothesis, the
levels of cholesterol and FFAs in plasma and liver,
bilirubin in plasma and the markers of fibrosis
(0-SMA) in the liver, apoptosis (CK18) in plasma
and the lipid modulator (PPAR- o) in mice with
fatty liver were analyzed in animals with and
without AICAR administration and then compared.

MATERIALS AND METHODS

Chemicals, kits and animal food components

AICAR, casein and fructose were
purchased from Toronto Research Chemicals,
Toronto, Ontario, Canada, Clarion Casein Pvt.
Ltd., Kheda, India and SFA Food and Pharma
Ingredients Pvt Ltd., Thane, India, respectively.
Mouse Cytokeratin 18 ELISA kit was procured
from Bioassay Technology Laboratory, Shanghai,
China. Primers for polymerase chain reaction
(PCR) analysis were obtained from Eurofins,
Ebersberg, Germany. iTaq Universal SYBR Green
Supermix and Trizol reagent were obtained from
Bio-Rad, Hercules, CA, USA and Invitrogen,
CA, USA, respectively. The remaining chemicals
were purchased from either Himedia Laboratories,
Mumbai, India or Sigma Aldrich Pvt. Ltd., St
Louis, MO, USA, or SD Fine Chem Limited,
Mumbai, India or Sisco Research Laboratories Pvt.
Ltd, Mumbai, India.
Animal Maintenance

Male C57BL/6 mice of body weight
20-25 g were obtained from Biogen Laboratory
Animal Facility, Bangalore, India and kept in the
Central Animal House, Rajah Muthiah Medical
College (RMMC), Tamil Nadu, India. Feed and
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water were provided ad [libitum. The animal
room had ambient temperature and humidity for
the experimental mice. Approval from the local
Institutional Animal Ethics Committee (IAEC),
RMMC (AU-TIAEC/1307/12/21) was obtained. All
the animal procedures were conducted according
to the guidelines of the Committee for the Purpose
of Control and Supervision of Experiments on
Animals (CPCSEA).
Induction of fatty liver and animal sacrifice

After acclimatization, the animals were
randomly assigned to either of the four groups
(Groups 1-4). Animals in Groups 1 and 4 were
provided with standard pellets, and animals in
Groups 2 and 3 were supplied with HFFD to induce
fatty liver. The dietary regimen of animals was
followed for ten weeks. HFFD was prepared fresh
every day. The composition of HFFD (g/100g) is
as follows: fructose (45), casein (22.5), wheat bran
(5.5), peanut 0il (10), beef fat (10), DL-methionine
(0.3), vitamin mixture (1.2) and salt mixture (5.5).
The standard diet contained 60% starch, 22.08%
protein and 4.38% fat. Groups 3 and 4 animals
were injected with AICAR dissolved in saline (150
mg/kg bw/ i.p. daily)® and the other two groups
(Groups 1 and 2) with equal amounts of saline in
the 9" and 10" week. The animals were sacrificed
after overnight fasting at the end of the 10 week.
Blood and liver samples were collected from the
animals.
Analysis of plasma and liver

Standard methods were employed for the
extraction of lipids from plasma and liver* and
for the assay of total cholesterol”, FFA?® and total
bilirubin.?” The levels of hepatic marker CK 18 were
measured in plasma using the kit protocol.
Quantitative real-time PCR analysis

Mouse liver RNA was extracted using
Trizol reagent, and the concentrations were
measured at 260 nm (Biophotometer plus,
Eppendorf, Hamburg, Germany). The purity of
RNA was checked by measuring the absorbance
ratio at 260/280 nm. cDNA was prepared from
RNA (2.0 pg) by reverse transcription using the
real-time PCR system Mastercycler ep Realplex
(Eppendorf, Hamburg, Germany) and then
quantified (Biophotometer Plus, Eppendorf,
Hamburg, Germany). cDNA amplification was
done in a 10-pL reaction mixture containing
cDNA (0.5 pg), 0.5 uL each of reverse and

forward primers, 5 UL RT Easy mix and sterile
water. The primer sequences are given in Table
1. Quantitative real-time PCR analysis was
performed using iTAQ Universal SYBR Green
Supermix (Bio-Rad, Hercules, CA) in Lightcycler
96 (Roche, Switzerland). The cycling conditions
were as follows: 2 min at 95°C, 40 cycles of
10 s at 95°C, 60 s at 58°C and 60 s at 72°C.
Quantitative data were expressed concerning
control by the 24T method.?® The target gene ACT
values were normalized for each group with an
endogenous control glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). The relative expression
of each gene was obtained by calculating the fold
change compared to the control group.
Statistical analysis

Values are expressed as means = SD
(n=6) for biochemical studies and (n=3) for PCR
studies. The data were analyzed for statistical
significance by one—way analysis of variance
(ANOVA) followed by the Tukey HSD test using
SPSS software. A value of p <0.05 was considered
significant.

RESULTS

Effect of AICAR on lipid levels

The total cholesterol levels in the
plasma and liver are shown in Figures 1A and
1C, respectively. A significant increase in total
cholesterol was noted in HFFD-fed mice compared
to CON mice. AICAR administration to HFFD
mice caused a reduction in cholesterol levels.
AICAR alone treated animals showed normal
cholesterol, and the values were near to the value
of control animals.

Figures 1B and 1D present the levels of
FFA in plasma and liver, respectively. HFFD-fed
mice showed a significant increase in the level
of FFA as compared to mice fed a regular diet in
both plasma and liver. AICAR reduced FFA levels.
The FFA levels in AICAR alone treated mice were
found to be normal and near the value of CON
mice.
Effect of AICAR on total bilirubin levels in
plasma

The total bilirubin levels (Figure 2) were
significantly reduced (59%) in animals fed HFFD
compared to mice fed a regular diet. Significant
increases in bilirubin values were observed in
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animals given HFFD and AICAR compared to
AICAR untreated HFFD animals. AICAR alone
treated animals had bilirubin levels near those of
control group animals.
Effect of AICAR on plasma CK18 levels

The levels of CK18, a marker of liver
cell integrity, were significantly higher (52%) in
HFFD-fed mice compared to CON mice (Figure
3). CK18 levels were significantly reduced (32%)
in animals that received HFFD and AICAR. There

was no significant difference in the CK18 levels
between AICAR alone treated and CON mice.
Expression of PPAR-0 and o-SMA in liver

PPAR-o gene expression (Figure 4A)
was downregulated in HFFD-fed mice compared
to CON mice. However, in the HFFD + AICAR
group, the gene expression was upregulated,
whereas the AICAR alone treated group showed
no significant change in expression compared to
CON mice.

Table 1. Nucleotide sequences of primers used in quantitative real-time PCR

Gene Accession Forward Primer Reverse Primer Product
Number 5’<-sequence->3’ 5’<-sequence->3’ length
PPAR-a.  NM 001113418.1 TGCATGTCCGTGGAGACCGTCAC ACTCGGTCTTCTTGATGACC 523
a—SMA  NM 007392.3 GACGTACAACTGGTATTGTG TCAGGATCTTCATGAGGTAG 144
GAPDH NM 008084.4 ACCCAGAAGACTGTGGATGG GTCATCATACTTGGCAGGTT 222
(A) (B) a
_. 240+ 607 =
% 220 a s 54—
£ 2004 = ] ::: .
T 180 = I
b ! —
£ 1604 3 E 3o ==
£ 1404 é g ,
S 120 . 2 f;: c
E -
g 100 é 12- == =
= 804 T T T T
T T T T = +: @
o <& hod s
Ooé QQQ C}S. (}s‘ © hd x?}o x?."g
A & 3
S %x \E$ CJG
Qs@ C’O
Q) T 8- (D)
2 a 16 a
= [ 2 14- ==
£ %7 S 12+
E a,b & 104 a,b
£ 5
g, = £ =
E—} = <
=) 6_
5 = = 2 = =
= 2 T T T T 2 . . . ,
D C
S
& & F & S & &S
AP T AT T
< S 3=
& S é@ &

Fig. 1. Effect of AICAR on cholesterol and FFA in plasma (Fig. 1A and 1B) and liver (Fig. 1C and 1D) of
animals. Data are means + S.D. of 6 mice from each group. One-way ANOVA of significance followed by Tukey
HSD was performed to test significant differences between means. The level of significance was set at p < 0.05. *

Significant vs CON; ® Significant vs HFFD; © Not significant vs CON.
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The gene expression of a-SMA is
shown in Figure 4B. The levels of a-SMA
were significantly higher in HFFD-fed mice (4-
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Fig. 2. Effect of AICAR on plasma bilirubin levels
of experimental animals. Data are means + S.D.
of 6 mice from each group. One-way ANOVA of
significance followed by Tukey HSD was performed
to test significant differences between means. The
level of significance was set at p <0.05. * Significant vs
CON; ® Significant vs HFFD; © Not significant vs CON
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fold). AICAR treatment to HFFD-fed animals
significantly reduced (2-fold) the expression of
o-SMA. The gene expression in AICAR-alone
treated mice was similar to that in the CON group.
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Fig. 3. Effect of AICAR on plasma CK18 levels
of experimental animals. Data are means + S.D.
of 6 mice from each group. One-way ANOVA of
significance followed by Tukey HSD was performed
to test significant differences between means. The
level of significance was set at p <0.05. * Significant vs
CON; ® Significant vs HFFD; ¢ Not significant vs CON
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Fig. 4. Quantitative real-time PCR analysis of PPAR-0l and 0i-SMA mRNA transcripts of mice liver. Expression
values for PPAR-0t and 0i-SMA mRNA were normalized to GAPDH mRNA levels of respective groups. Fold
change concerning the control group was calculated by the 24T method. Values are expressed as means + SD

of 3 mice from each group. One-way ANOVA of significance followed by Tukey HSD was performed to test
significant differences between means. The level of significance was set at p <0.05. * Significant vs CON; ®
Significant vs HFFD; © Not significant vs CON
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DISCUSSION

The results of the present study show
that HFFD feeding could cause hyperlipidemia
characterized by a rise in cholesterol and FFAs in
plasma and liver, elevate the levels of CK18 and
reduce the level of bilirubin in plasma, increase the
expression of 0-SMA and decrease the expression
of PPAR-otin the liver. AICAR treatment of HFFD-
fed animals could reverse these changes.

Hyperlipidemia contributes to the
development of NAFLD.” Administration of a
high fat diet can cause lipid accumulation and
dysregulation of lipid metabolism in the liver. The
rise in TG and lipid droplets have been reported
earlier in the mice.”? NAFLD is often accompanied
by insulin resistance, and fatty liver is one of the
components of metabolic syndrome. Resistance
to insulin action increases FFA flux, enhancing
TG and VLDL synthesis in the liver, thereby
triggering lipid accumulation.®® The presence of
insulin resistance in HFFD mice has already been
reported by many research groups?®'?? and our
previous study.?

Steatosis in HFFD mice liver can also
be attributed to the downregulated expression of
PPAR-o. PPAR-0, upon activation, triggers the
expression of genes encoding enzymes of fatty acid
oxidation in the peroxisomes and mitochondria.*
The anti-steatotic effect of PPAR-a has been
attributed to the stimulation of fatty acid oxidation.
The availability of FFA for TG synthesis is thereby
decreased, and high-density lipoprotein (HDL)
levels are increased.*

The rise in 0-SMA expression in HFFD
mice reflects the early fibrosis stage. Cytoskeletal
proteins are upregulated during mitochondrial,
endoplasmic reticulum, and oxidative stress, all of
which occur in NAFLD.’ Feeding a high fat diet to
minipigs caused hepatic fibrosis accompanied by
the upregulation of 0.-SMA expression.*

CK18 is the major intermediate
filament protein in the hepatocyte and acts as a
mechanical stress absorber that maintains the
entire cytoskeleton integrity.’® The changes in
CK18 levels in serum are correlated to histologic
changes in the liver, such as steatosis, lobular
inflammation and hepatocellular ballooning in
non-alcoholic steatohepatitis patients.'® Further,
fragmented CK18 is positively correlated with

changes in the levels of transaminases in NAFLD
patients.”” Elevated levels of CK18 mRNA in the
liver of HFFD mice might occur due to oxidative
stress since cytoskeletal proteins are enhanced
during cellular stresses.*

Serum bilirubin has a protective effect on
various diseases.* Bilirubin inhibits cholesterol
synthesis, modulates the immune system,* inhibits
lipoprotein oxidation and prevents oxidative stress
in the endothelial cells.*’ Bilirubin in circulation
is inversely correlated with HOMA-IR and may
have a role in NAFLD since NAFLD is closely
associated with insulin resistance.” Biliverdin
reductase (BVR) is an essential enzyme in the
liver which catalyzes biliverdin to bilirubin
during heme catabolism.'® Bilirubin gets oxidized
to biliverdin during oxidative stress. BVR also
catalyzes the conversion of biliverdin back to
bilirubin. Evidence of a link between impaired
insulin signalling, tissue oxidative stress and BVR
activity in regulating bilirubin metabolism has been
emerging.'’ Depletion of BVR increases oxidative
stress. BVR also affects insulin signalling. Thus,
reduced bilirubin in HFFD mice may be related
to decreased BVR, oxidative stress and defective
insulin signalling. This relationship needs to be
confirmed in future studies.

In the cells, adenosine kinase converts
AICAR to 5-aminoimidazole-4-carboxamide
ribonucleotide (ZMP). ZMP is an analogue of
AMP that binds and activates AMPK, activating
various downstream targets.** The benefits of
AICAR through AMPK activation have been
reported in the literature. AICAR attenuates
lipid accumulation and cell death by inhibiting
lipogenesis, activating lipolysis and enhancing
fatty acid oxidation. AICAR inhibits apoptosis by
inactivating pro-apoptotic factors and promotes
the expression of anti-apoptotic factors in rat
myoblasts.* By reducing apoptosis, AICAR lowers
CK18 and preserves liver function, slowing disease
progression. Thus the effects of AICAR observed
in this study are attributed to AMPK activation in
the liver of HFFD mice.

Activation of AMPK stimulates the
PPAR-a signalling resulting in the transcriptional
activation of mitochondrial fatty acid oxidation
resulting in lipolysis and utilization of existing
lipid stores as a source of energy.* Bilirubin also
has been shown to activate PPAR-o and suppress
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lipid accumulation in 3T3-L1 adipocytes and in
PPAR-o knock out mice.**

Studies have confirmed the role of
AMPK activation in reducing fibrogenesis. For
example, the inactivation of cellular AMPK by
high phosphate level activates transforming growth
factor-B1 (TGF-B1), which potentiates o-SMA
expression and fibrosis in human mesangial cells.*
AICAR reduces TGF-B1-induced elevation of
fibronectin and a-SMA in human renal proximal
tubular epithelial cells.*’

AICAR lowered the levels of TG and
collagen and limited oxidative stress in the liver of
HFFD-fed mice in our previous study.” Reducing
oxidative stress and preventing insulin resistance
by AICAR may cause repletion of bilirubin levels.
The present findings suggest that AICAR regulates
lipid metabolism, fibrogenesis and overall liver
integrity.

CONCLUSION

This study found that AICAR corrected
hyperlipidemia, bilirubin and CK18 in plasma to
near normal. Further, the hepatic mRNA expression
of PPAR-o. was upregulated, and a-SMA was
downregulated in AICAR treated HFFD-fed mice.
AICAR can be a potential treatment for NAFLD
in humans. Further research on dosage, treatment
duration and side effects in various cell lines and
animal models is required to determine its efficacy
before entering clinical trials.
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