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Abstract

AIM: To determine circulating and hepatic adiponectin
in rodents with fatty liver disease or liver cirrhosis and
investigate expression of the adiponectin receptors
AdipoR1 on the mRNA and protein level and AdipoR2 on
the mRNA level.

METHODS: Fat fed rats were used as a model for fatty
liver disease and bile duct ligation in mice to investigate
cirrhotic liver. Expression of AdipoR1 and AdipoR2 mRNA
was determined by real time RT-PCR. AdipoR1 protein
was analysed by immunoblot. Adiponectin was measured
by ELISA.

RESULTS: Systemic adiponectin is reduced in fat-
fed rats but is elevated in mice after bile duct ligation
(BDL). Hepatic adiponectin protein is lower in steatotic
liver but not in the liver of BDL-mice when compared to
controls. Adiponectin mRNA was not detected in human
liver samples or primary human hepatocytes nor in rat
liver but recombinant adiponectin is taken up by isolated
hepatocytes in-vitro. AdipoR1 mRNA and AdipoR1 protein
levels are similar in the liver tissue of control and fat fed
animals whereas AdipoR2 mRNA is induced. AdipoR2
mRNA and AdipoR1 mRNA and protein is suppressed in
the liver of BDL-mice.

CONCLUSION: Our studies show reduced circulating
adiponectin in a rat model of fatty liver disease whereas
circulating adiponectin is elevated in a mouse model
of cirrhosis and similar findings have been described in
humans. Diminished hepatic expression of adiponectin
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receptors was only found in liver cirrhosis.
© 2006 The WIG Press. All rights reserved.
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INTRODUCTION

Obesity and especially visceral fat accumulation cause
insulin resistance, a common risk factor for hepatic
steatosis. Fatty liver is thought to represent the first
step towards the subsequent development of liver
fibrosis. Impaired mitochondrial function provides the
second hit and promotes the generation of reactive
oxygen species, which promote lipid peroxidation, the
release of inflammatory cytokines, death of hepatocytes
and activation of hepatic stellate cells. Non-alcoholic
steatohepatitis (NASH) is a progressive disorder that can
lead to liver cirrhosis and even hepatocellular carcinoma'’.

Adiponectin is highly abundant in human serum and
is secreted by adipose tissue in inverse proportion to the
body mass index”. Adiponectin improves whole body in-
sulin sensitivity and in addition exerts anti-inflammatory
effects by reducing NFxB activation”. Low adiponectin
levels are associated with NASH independent of insulin
resistance and body mass index indicating a protective ef-
fect for adiponectin in liver disease!”. This idea is support-
ed by studies in rodents where recombinant adiponectin
given to leptin-deficient ob/ob mice ameliorates hepatic
steatosis and normalizes alanine aminotransferase levels™.
Besides these protective effects on fatty liver disease adi-
ponectin attenuates T-cell mediated hepatic inflammation
by reducing the release of proinflammatory cytokines, the
activation of hepatic stellate cells and cell death of hepato-
cytesm.

Two 7-transmembrane proteins, AdipoR1 and Adi-
poR2, have been identified to function as adiponectin
receptorsm. AdipoR1 mRNA is mainly expressed in the



Neumeier M et a/. Adiponectin and its receptors in liver disease and liver cirrhosis 5491

human heart and skeletal muscle, whereas AdipoR2 was
supposed to be the main receptor in the liver'”. Recently
a prominent protein expression of AdipoR1 in primary
hepatocytes was demonstrated indicating that AdipoR1
may also be important in hepatic signal transduction',
Adiponectin activates the AMP-activated protein kinase
(AMPK) and PPARq but may also inhibit the binding of
growth factors to their corresponding receptors independ-
ent of AdipoR1 and AdipoRZ[()J.

Although there is a well documented relationship be-
tween low adiponectin and liver disease, the role of adi-
ponectin receptors is less clear™. In addition, mainly Adi-
poR2 has been analysed with regard to liver function™!",
Therefore the expression of AdipoR1 was investigated in
rodent models of fatty liver disease and liver cirrhosis.

MATERIALS AND METHODS
Subjects

Wistar rats were fed a standard rodent chow (6 animals)
or a high fat diet for twelve weeks (six animals) as recently
described"”. Male C57B1/6] mice (body weight 25-30
g) underwent common bile duct ligation (BDL) and
transection as previously reportedm. Another group of
animals was sham-operated to serve as a control. For
analysis of adiponectin or AdipoR1 protein four control
and five BDL mice were used. Analysis of mRNA
expression was performed with total RNA isolated from
the liver of eight control and four BDL animals. All animal
procedures were performed under the guidelines set by
The University of Regensburg Institutional Animal Care
and Use Committee. Primary hepatocytes from three
different donors were isolated and cultivated as described
before!". Tissue samples from human liver resection were
obtained from patients undergoing partial hepatectomy.
Experimental procedures were performed according to
the guidelines of the charitable state controlled foundation
HTCR (Human Tissue and Cell Research), with the
informed patient’s consent"” approved by the local ethical
committee of the University of Regensburg.

Culture media and reagents

RPMI medium was from Biochrom (Southborough, MA,
USA), RNeasy Mini Kit from Qiagen (Hilden, Germany)
and oligonucleotides were synthesized by Metabion
(Planegg-Martinsried, Germany). LightCycler FastStart
DNA Master SYBR Green 1 was purchased from Roche
(Mannheim, Germany). AdipoR1 peptide antibody was
raised as recently described". AdipoR2 protein was not
analysed because several antibodies investigated did not
specifically detect in-vitro translated AdipoR2 by immuno-
blot (own unpublished results).

ELISAs for human and mouse adiponectin and hu-
man recombinant adiponectin were from R&D systems
(Wiesbaden-Nordenstadt, Germany). ELISAs for rat adi-
ponectin from BioCat (Heidelberg, Germany). P13-Kinase
p85 antibody was from Upstate (Lake Placid, NY, USA).
Recombinant human leptin was from Sigma Chemical
(Deisenhofen, Germany) and 100 ug/L were used.

Monitoring of gene expression by real-time RT-PCR
Real-time RT-PCR was performed as recently described"”.

Name Sequence

AdipoR1 uni (h) 5"-GGGGAATTCTCTTCCCACAAAGGATCTGTG
GTG-3"

AdipoR1 rev (h) 5-GGGCTGCAGTTAAGTTTCTGTATGAATGCG
GAAGAT-3"

AdipoR2 uni (h, m) 5-GGGGAATTCAACGAGCCAACAGAAAACCG
ATTG-3"

AdipoR2 rev (h, m) 5-GGGCTGCAGCTAAATGTTGCCTGTTTCTGTG
TGTAT-3"

5'-CTACGTCGCCCTGGACTTCGAGC-3”
5'-GATGGAGCCGCCGATCCACACGG-3”

B-actin uni (h)

B-actin rev (h)

AdipoR1 uni (m)  5-AGGCCTGTCCACCATCAC-3"
AdipoR1 rev (m) 5-CAGAAGGAGCCCCATTGC-3"
AdipoR1 uni (r) 5-CGACAGGCCTAAGTGTCCAT-3"
AdipoR1 rev (r) 5"-CTTACCCTTCTCCTCCAGCA-3”
AdipoR2 uni (r) 5-GAAGGAGGGTCAACTCACCA-3’
AdipoR2 rev (r) 5-CATCAAGTTGGTGCCCTTTT-3"

5-TGGAATCCTGTGGCATCCATG-3"
5-TAAAACGCAGCTCAGTAACAG-3”
5-CATGACCAGGAAACCACGACT"-3"
5-TGAATGCTGAGCGGTAT-3"

B-actin uni (m)
B-actin rev (m)
adiponectin (h)
adiponectin (h)

h: Human; m: Mouse; r: Rat.

The primers are listed in Table 1. Amplification in the
LightCycler capillaries was done for 45 cycles with initial
incubation of ten minutes at 95°C for activation of
Taq polymerase. Cycling parameters were 15 s at 95C,
ten seconds 60°C and ten seconds at 72°C. The second
derivative method was used for quantification with the
LightCycler software. For quantification of the results
the standard curve method was used. Normalization was
performed by dividing each value calculated for a specific
gene by the value of the corresponding housckeeping
gene. QuantiTect Primer Assays (Qiagen) for use in real-
time RT-PCR with SYBR Green detection were used to
determine rat adiponectin mRINA.

SDS-PAGE and immunoblotting

The cells or tissues were solubilized in RIPA buffer.
Proteins were separated by SDS-polyacrylamide gel
electrophoresis and were transferred to PVDEF membranes
(Bio-Rad, Germany). Incubations with antibodies were
performed in 1% BSA in PBS, 0.1% Tween overnight.
Detection of the immune complexes was carried out
with the ECL Western blot detection system (Amersham
Pharmacia, Deisenhofen, Germany).

Statistical analysis

Data are represented as Box Plots (Sigma Plot) indicating
the median, the upper and lower quartile, the largest and
the lowest value in the data set. Statistical differences were
analysed by Student’s #test (MS Excel) and a value of P <
0.05 was regarded as statistically significant.

RESULTS

Expression of AdipoR1 was analysed in HepG2 cells
treated with insulin or leptin. HepG2 cells were treated
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Figure 1 AdipoR1 mRNA and protein and AdipoR2 mRNA in fatty liver disease.
A: Expression of AdipoR1 in HepG2 incubated with 1 umol/L or 10 umol/L insulin
for 4 h; B: Analysis of AdipoR1 in HepG2 treated with recombinant leptin for 24 h;
C: AdipoR1 abundance in the liver of rats kept on a standard chow (SC) or a high
fat diet (HF); D: AdipoR1 and AdipoR2 mRNA expression in the liver of rats kept
on a standard chow (SC) or a high fat diet (HF). For normalization GAPDH mRNA
levels were determined.

with insulin, 1 pmol/L and 10 umol/L for four hours
(Figure 1A) and six hours (not shown) or leptin for 24 h.
AdipoR1 was analyzed by immunoblot and was found not
to be regulated by insulin or leptin (Figures 1A and B).
AdipoR1 and AdipoR2 mRNA expression was determined
in insulin treated cells and was similar in controls and
insulin-incubated HepG2 cells (not shown).

AdipoR1 protein and mRNA as well as AdipoR2
mRNA were analysed in the liver of rats on a standard
chow (SC) or on a high fat (HF) diet. AdipoR1 protein
level is similar in these animals (Figure 1C) and real-time
RT-PCR revealed no alterations in the mRNA expression
of AdipoR1 whereas AdipoR2 mRNA is induced with a
relative expression of 1.0 £ 0.2 in SC and 1.3 + 0.2 in the
HF group (P = 0.004) (Figure 1D). RT-PCR data were
normalized by the corresponding GAPDH values which
were not different between the two groups.

Systemic and liver adiponectin were measured by ELI-
SA. Circulating adiponectin is significantly reduced in fat-
fed animals with 4.9 £ 1.1 mg/L adiponectin compared
to 6.2 £ 8 mg/L in SC fed rats (P = 0.02) (not shown).
Liver adiponectin is also lower in fat rats with 8.5 = 2.4 ng
adiponectin in 1 pg liver tissue when compared to controls

with 11.9 + 1.9 ng adiponectin (P = 0.01) (Figure 2A).
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Adiponectin in the liver may be derived from the cir-
culation or originate from liver cells. Adiponectin mRNA
was analysed by RT-PCR with total RNA isolated from rat
liver of HF and SC animals and rat adipose tissue as a pos-
itive control. Adiponectin mRNA was not detected in any
RNA isolated from total liver by RT-PCR and 45 cycles of
amplification but was easily amplified from adipose tissue
RNA (Figure 2B). In addition, adiponectin mRNA was not
detected in human liver, in isolated primary human hepa-
tocytes or in HepG2 cells (not shown). Therefore hepatic
adiponectin is most likely taken up by liver cells.

To test this hypothesis primary human hepatocytes
were incubated with 5, 10 and 20 mg/L recombinant adi-
ponectin for 24 h or PBS as solvent control in serum-free
medium. Whereas adiponectin was not detected in the
control cells and therefore is below 40 ng/L, adiponectin
was found in the cell lysates of hepatocytes incubated with
increasing amounts of recombinant protein and was 111
+ 3 ug/L, 200 £ 18 pg/L and 360 + 43 pg/L, respectively
(Figure 2C). This indicates that about 0.02% of the ex-
tracellular adiponectin is taken up by hepatocytes and the
uptake correlates to the adiponectin concentration in the
medium.

Total circulating adiponectin in rats was calculated
and the blood volume was estimated as described (Blood
volume (mL) = 0.06 X body weight + 0.77) ", Total liver
adiponectin was also calculated by multiplication of he-
patic adiponectin concentration with the corresponding
weight of the liver. Adiponectin in the blood was 178 *+ 31
ug and in the liver 241 = 59 pg indicating that total liver
adiponectin is higher than circulating adiponectin (P =
0.03) (Figure 2D). However, this is only a rough estimate
because the blood volume of the liver was not included
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Figure 3 AdipoR1 and adiponectin in liver cirrhosis. A: AdipoR1 abundance in the
liver of sham-operated or BDL mice; B: AdipoR1 and AdipoR2 mRNA expression
in the liver of sham-operated or BDL mice. For normalization B-actin levels
were determined; C: Systemic adiponectin in control and cholestatic animals;
D: Adiponectin in the liver of sham-operated or BDL mice. Concentration of
adiponectin is mg per g liver tissue.

in the calculation. Furthermore, adiponectin may be not
equally distributed in the whole liver and levels may vary
between different biopsies taken from the same organ.

AdipoR1 and AdipoR2 were also determined in a ro-
dent model of liver cirrhosis. AdipoR1 protein was ana-
lysed in the liver of control mice and animals after BDL
by immunoblot and was found reduced in all BDL animals
investigated (Figure 3A). AdipoR1 and AdipoR2 mRNA
were determined by real-time RT-PCR in control and BDL
mice. Relative abundance of AdipoR1 mRNA was 0.8 £
0.3 in sham and 0.2 + 0.1 in BDL mice (P = 0.0004), Adi-
poR2 mRNA was 5.2 + 2.6 in controls and 1.2 £ 0.3 in
BDL animals (P = 0.007) (Figure 3B). Normalization was
performed using B-actin as housekeeping gene which was
similarly expressed in both groups (P = 0.14). Systemic
adiponectin was significantly higher in the BDL group
with 9.0 £ 0.6 mg/L in the control and 11.1 + 2.0 mg/L
in the BDL animals (P = 0.03) (Figure 3C) whereas hepatic
adiponectin was similar with 5.8 + 1.0 mg/g in sham and 6.4
+ 1.5 mg/g in the BDL mice (P = 0.4) (Figure 3D).

To identify mediators that are responsible for the sup-
pression of AdipoR1 in liver cirrhosis, primary hepatocytes
and HepG2 cells were incubated for 24 h with either LPS (1
and 10 mg/L), TNF (10 pg/L), supernatants of activated
hepatic stellate cells, CCls (1 mmol/L and 3 mmol/L) or
actinomycin D (10 mg/L). AdipoR1 protein was not found
reduced in cells treated with these mediators (not shown).

DISCUSSION

Although AdipoR2 has been suggested to represent
the main adiponectin receptor in the liver we recently
demonstrated significant expression of AdipoR1 mRNA
and protein in primary human hepatocytes and HepG2
cells"”, In the current study AdipoR1 mRNA and protein,

AdipoR2 mRNA and abundance of circulating and hepatic
adiponectin in rodent models of steatotic and cirrhotic
liver was investigated.

Rats fed a HF diet develop insulin resistance and fatty
liver disease!”. AdipoR1 mRNA and protein is similar
when total liver tissue isolated from rats on a standard diet
or HF animals was analyzed. Furthermore, insulin did not
alter AdipoR1 mRNA or protein in HepG2 cell. Leptin
deficient ob/ob mice are obese and insulin resistant and
hepatic AdipoR1 mRNA was found similatly expressed in
these animals when compared to controls'”. These data
indicate that reduced insulin sensitivity is not associated
with reduced AdipoR1 expression in the liver.

AdipoR2 mRNA is about 25% higher in the fatty liver
of HF rats whereas in the ob/ob mice AdipoR2 mRNA
is not altered"”. AdipoR2 mRNA was also investigated in
humans and is significantly elevated in fatty liver disease
when compared to normal liver” in one study whereas
a second study could not detect alterations in AdipoR2
mRNA""), However, protein expression has not been
investigated so far but is important to clarify abundance of
hepatic AdipoR2 in the metabolic syndrome.

Systemic adiponectin is significantly lower in the HF
animals and reflects the human situation where circulating
adiponectin has an inverse proportion to the body mass
index. In accordance with the lower systemic adiponectin
levels, hepatic adiponectin is also reduced in the fat rat.
Adiponectin mRNA was not detected in rat liver indicat-
ing that hepatic adiponectin may be taken up by the cells.
Adiponectin was not found in primary human hepatocytes
cultivated iz vitro for three days but incubation of these
cells with 5, 10 or 20 mg/L recombinant adiponectin for
24 h elevated cellular adiponectin in a concentration de-
pendent way. This may indicate that adiponectin is taken
up by hepatocytes either from the circulation or the portal
vein.

The common and final state of all chronic liver diseas-
es is liver cirrhosis. A well known model of extrahepatic
biliary obstruction is common bile duct ligation in
mice™. AdipoR1 mRNA and protein and AdipoR2
mRNA were found reduced in the cirrhotic liver of BDL
animals. Systemic adiponectin is elevated in animals with
liver cirrhosis, a phenomenon also described in a study
investigating mice and humans®’. However, hepatic
adiponectin was similar in sham and BDL mice. It was
suggested that adiponectin is excreted via the bile and an
impaired liver function in cirrhosis may reduce biliary loss
of circulating adiponectin explaining elevated systemic
levels®. However, this hypothesis presumes reduced
hepatic adiponectin concentrations when compared to
control animals and therefore is not supported by our
findings.

Although adiponectin was detected in the liver of mice
and rats, adiponectin mRNA could not be amplified in rat
liver, human liver ot isolated human hepatocytes indicating
that adiponectin is not produced by hepatocytes or other
cells of the liver tissue. These results are in agreement
with several studies"*” but contradict the results of other
reports' *? and there is currently no explanation for these
different findings. However, hepatocytes take up significant
amounts of adiponectin and this may explain at least in
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part why adiponectin is detected in the liver.

One limitation of the current study is that only four
to eight animals could be analyzed per experiment and
the investigations would benefit from a higher number
of rodents. Nevertheless low circulating adiponectin in
obesity” and high levels in liver cirrhosis”” have also been
reported in human studies and are in accordance with our
findings.

All in all, our experiments show reduced circulating
adiponectin in a rodent model of fatty liver disease
and elevated adiponectin and diminished expression of
adiponectin receptors in BDL-induced liver cirrhosis in
mice.
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