
Cell Injury, Repair, Aging and Apoptosis

Adiponectin-Mediated Heme Oxygenase-1 Induction
Protects Against Iron-Induced Liver Injury via a
PPAR�-Dependent Mechanism

Heng Lin,* Chun-Hsien Yu,† Chih-Yu Jen,‡

Ching-Feng Cheng,† Ying Chou,‡

Chih-Cheng Chang,‡ and Shu-Hui Juan‡§

From the Institute of Pharmacology and Toxicology,* Tzu-Chi

University, Hualien; the Department of Pediatrics,†

Tzu-Chi General Hospital, Taipei Branch, Taipei and Tzu-Chi

University, College of Medicine, Hualien; and the Graduate

Institute of Medical Sciences,‡ and the Department of Physiology,§

School of Medicine, College of Medicine, Taipei Medical

University, Taipei, Taiwan

Protective effects of adiponectin (APN; an adipocyto-
kine) were shown against various oxidative challenges;
however, its therapeutic implications and the mecha-
nisms underlying hepatic iron overload remain un-
clear. Herein, we show that the deleterious effects of
iron dextran on liver function and iron deposition were
significantly reversed by adiponectin gene therapy,
which was accompanied by AMP-activated protein ki-
nase (AMPK) phosphorylation and heme oxygenase
(HO)-1 induction. Furthermore, AMPK-mediated perox-
isome proliferator-activated receptor-� (PPAR�) activa-
tion by APN was ascribable to HO-1 induction. Addition-
ally, we revealed direct transcriptional regulation of
HO-1 by the binding of PPAR� to a PPAR-responsive
element (PPRE) by various experimental assessments.
Interestingly, overexpression of HO-1 in hepatocytes
mimicked the protective effect of APN in attenuating
iron-mediated injury, whereas it was abolished by SnPP
and small interfering HO-1. Furthermore, bilirubin, the
end-product of the HO-1 reaction, but not CO, protected
hepatocytes from iron dextran-mediated caspase activa-
tion. Herein, we demonstrate a novel functional PPRE
in the promoter regions of HO-1, and APN-mediated
HO-1 induction elicited an antiapoptotic effect and a
decrease in iron deposition in hepatocytes subjected to
iron challenge. (Am J Pathol 2010, 177:1697–1709; DOI:
10.2353/ajpath.2010.090789)

Adiponectin (APN), an adipocytokine first described as
the most abundant protein produced by adipocytes, ap-
pears to serve as a central regulatory protein in many of

the physiological pathways controlling lipid and carbohy-
drate metabolism and to mediate various vascular pro-
cesses.1 APN displays both antiinflammatory and anti-
atherogenic properties,2,3 and its levels are paradoxically
decreased in obesity and insulin-resistance states in-
cluding metabolic syndrome and diabetes, as well as
hypertension and coronary artery disease.4

APN interacts with two types of receptors, adipoR1
and adipoR2.5 In general, the binding of APN to Adi-
poR1 activates p38 mitogen-activated protein kinase
(MAPK), AMP-activated kinase (AMPK), and peroxi-
some proliferator-activated receptor-� (PPAR�), which
regulate the inhibition of gluconeogenesis and fatty
acid oxidation, whereas APN binding to AdipoR2
mainly activates the AMPK and PPAR� pathways,
which stimulate energy dissipation and inhibit inflam-
mation and oxidative stress.

PPAR� modulates target gene expressions in response
to ligand activation after heterodimerization with the retinoid
X receptor and binding to peroxisome proliferator-respon-
sive elements (PPREs) of target genes.6,7 In addition to
ligand-dependent activation, PPARs, including PPAR� and
PPAR�, have been shown to be activated by phosphoryla-
tion.8,9 Therefore, PPAR-mediated modulation of gene tran-
scription by APN may form the basis for its novel role as a
regulator of gene expression.10 Additionally, PPAR activa-
tion was shown to play a beneficial role in preventing vari-
ous disease states. For instance, treatment with synthetic
PPAR� and PPAR� ligands by lipid lowering fibrates and
insulin-sensitizing thiazolidinediones, respectively, inhibits
vascular inflammation, atherosclerosis, and restenosis
through induction of the vasculoprotective and antiinflam-
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matory enzyme, heme oxygenase (HO)-1, in vascular
cells.11 Additionally, the PPAR� response was also found to
increase expression of APN in human vascular cells.12

HO is a rate-limiting enzyme in the degradation of heme
to produce equimolar amounts of CO, iron, and biliverdin,
which is further converted to the antioxidant, bilirubin, by
biliverdin reductase.13,14 Two HO isozymes were identified
as having distinct genes.15 Among them, HO-1, a stress–
response protein, can be induced by various oxidative-
inducing agents, including heme, heavy metals, UV radia-
tion, cytokines, and endotoxin.16,17 Recently, numerous in
vitro and in vivo studies showed that the induction of HO-1 is
an important cellular protective mechanism against oxida-
tive injury.15 Both isoforms might be largely responsible for
the recycling of iron through its liberation from heme and
hemoproteins, although their contribution to total iron ho-
meostasis has not been carefully examined. The destination
of iron has not been clearly addressed, although the hy-
pothesis that iron is safely stored in the iron storage protein,
ferritin, is favored. In contrast to expectations, evidence has
recently accumulated suggesting that HO-1 is required for
mammalian iron reutilization.18 The first human case of
HO-1 deficiency and mice with a targeted HO-1 null muta-
tion both developed serum iron deficiency, but also patho-
logical iron overload, indicating that HO-1 is crucial for the
expulsion of iron from tissue stores.18–20 Furthermore, our
lab previously showed that overexpression of HO-1 in vas-
cular smooth muscle cells produced a lesser extent of iron
deposition caused by additional hemin treatment com-
pared with control cells. We also showed a lesser extent of
iron accumulation in aortic tissues of mice with Adv-HO-1
gene therapy than in control mice.21

Humans are susceptible to iron metabolism disorders.
For example, dietary iron deficiency causes millions of
cases of anemia yearly, while functional hypoferremia
contributes to the anemia that is frequently observed in
chronic inflammatory disease.22 While these conditions
result from iron insufficiency, other human disorders are
caused by excessive iron storage such as hemochroma-
tosis and thalassemia. Frequent blood transfusions often
result in iron overloading, which requires iron chelation.
Additionally, hereditary hemochromatosis is a disorder of
increased iron absorption and storage yielding multior-
gan pathology, which affects approximately 1 in 200
individuals within white populations.

The interplay of APN and HO-1 in protecting against
various disease states has not been clearly elucidated.
Although it was shown that up-regulation of HO-1
causes adipose remodeling and increases APN secre-
tion, both of them play synergistic actions in modulat-
ing the metabolic syndrome phenotype.23 Whether
APN conversely regulates HO-1 expression and its
potential implications against iron-mediated injury in
liver has not been addressed.

Excess iron was shown to cause oxidative stress, as
well as iron deposition, multiple organ failure, and anemia
in clinical cases. We attempted to unravel the molecular
mechanism of adiponectin-mediated HO-1 induction and
its beneficial actions in preventing deleterious effects
from hepatic iron overload both in vivo and in vitro.

Materials and Methods

Cell Culture and Reagents

We purchased mouse BALB/c embryonic liver cells
from the Bioresource Collection and Research Center
(Hsinchu, Taiwan) and cultured them in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with
an antibiotic/antifungal solution and 10% fetal bovine se-
rum (FBS) (pH 7.2). DMEM, FBS, and tissue culture re-
agents were obtained from Life Technologies (Gaithers-
burg, MD). We purchased SB 202190 from Tocris
(Ellisville, MO), SnPP from Porphyrin Products (Logan,
UT), and all other chemicals were of reagent grade and
were obtained from Sigma (St Louis, MO).

Production of Recombinant Adeno-Associated
Virus Carrying APN

Full-length APN was obtained by polymerase chain reac-
tion (PCR) amplification from a human complementary
(c)DNA library, flanking the BamHI and XbaI restriction
cutting sites, and was cloned into the pAAV-MCS vector.
To produce the AAV virus, a three-plasmid cotransfection
method was used.24 The plasmids used in transfection
were as follows: (i) the AAV-CMV-APN plasmid with the
gene driven by the CMV promoter, which carried the
promoter-driven transgene flanked by AAV inverted ter-
minal repeats; (ii) the pHelper plasmid, which con-
tained helper genes from the adenovirus; and (iii) the
pseudotyped AAV packaging plasmid containing the
AAV8 serotype capsid gene coupled with the AAV2 rep
gene. The wild-type of AAV (the control) or AAV-APN
(experimental group) was purified two times by CsCl
gradient ultracentrifugation, and the titer of vector ge-
nome particles was determined using a previously de-
scribed method.25 The recombinant viruses with 1 � 1012

viral particles in 50 �l of PBS were injected into a mouse
tail vein 2 weeks ahead of the iron insults.

Animal Model of Iron Overload and Biochemical
Assays

Animal care and treatment were performed according to
protocols approved by the Institutional Animal Care and
Utilization Committee, Academia Sinica in conformity with
the Guide for the Care and Use of Laboratory Animals (NIH
Publication No. 85-23, revised 1996). Male C57BL/6J (8
weeks; 20–25 g) were used in this study. These mice
were fed a regular chow diet and maintained under con-
ventional housing conditions in our animal facility. Five
groups of C57BL/6J mice were used: 1, AAV; 2, AAV �
iron; 3, AAV-APN; 4, AAV-APN � iron; and 5, AAV-APN �
SnPP � iron. After administration of AAV or AAV-APN for
2 weeks, mice were intraperitoneally injected with iron-
dextran five times per week at a dose of 1.25 mg/25 g for
2 weeks to cause iron overload in the liver, whereas
control mice were injected with 0.1 ml of 10% dextrose
(n � 15 per group). SnPP was given 2 hours ahead of the
iron challenge and at a dose of 15 mg/kg three times a
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week, by an i.p. injection for 2 weeks. Levels of aspartate
transaminase (AST; GOT), alanine transaminase (ALT;
GPT) activity, creatinine, and blood urea nitrogen were
measured in the serum using FUJI DRI-CHEM SLIDE
(Fujifilm, Kanagawa-ken, Japan). The method for deter-
mining bilirubin in the culture medium in hepatocytes with
APN treatment was described previously.26 Serial paraf-
fin-embedded sections (10 �m) were produced to deter-
mine tissue iron deposition using an iron staining kit
(Sigma), and frozen sections (20 �m) were prepared for
the TUNEL assay.

HO-1 Enzymatic Activity

The generation of bilirubin was used to estimate the
activity of HO-1 enzyme.27 Livers were pooled and ho-
mogenized on ice in a Tris-HCl lysis buffer (pH 7.4,
containing 0.5% Triton X-100 and protease inhibitors).
Homogenates (100 �l) were further mixed with 0.8
mmol/L NADPH, 0.8 mmol/L glucose-6-phosphate, 1.0
unit of glucose-6-phosphate dehydrogenase, 1 mmol/L
MgCl2, hemin (0.25 mmol/L), and mouse liver cytosol
containing biliverdin reductase at 4°C. The reaction was
conducted at 37°C for 15 minutes in the dark and termi-
nated by the addition of chloroform. Insoluble material
was removed by centrifugation, and supernatants were
analyzed for bilirubin concentration by comparing their
absorbance at 464 and 530 nm. Controls included sam-
ples prepared without the NADPH generating system.

Recombinant APN Production

Full-length cDNA of human APN was subcloned into the
pET-20b(�) vector at the restriction cutting sites of
BamHI and NdeI. The resulting construct was trans-
formed into BL-21 Escherichia coli followed by 1 mmol/L
IPTG induction for 20 hours when the OD600 of the E. coli
broth reached 0.5. APN was harvested from E. coli by a
standard protocol with the addition of Ni-NTA column and
FPLC gel filtration column (HiLoad 16/60 superdex 2000)
purification, which was resolved on sodium dodecylsul-
fate polyacrylamide gel electrophoresis (SDS-PAGE)
gels to ensure the purity and identity.

Constructs of Plasmid Variants and the
Luciferase Activity Assay of the PPAR�

Enhancer and HO-1 Promoter

The pBV-luc plasmid containing the prototypic PPAR re-
sponse element (5-AGGTCAAAGGTCA-3) from the acyl-
CoA oxidase gene promoter was a gift from Dr. Vogelstein
(Johns Hopkins University, Baltimore, MD).28 The PPAR�
and RXR� cDNAs in pcDNA3-Flag vectors were kind gifts
from Dr. Song-Kun Shyue (Institute of Biomedical Sciences,
Academia Sinica, Taipei, Taiwan). The method to obtain the
pGL3/hHO-1 reporter plasmid, which contains a 3293-bp
fragment located �3106 to �186 bp relative to the tran-
scription start site of the human HO-1 gene, and the method
for the reporter activity assay was described previously.29

PPAR Small Interfering (si)RNA Preparation and
Transient Transfection

PPAR� siRNAs (5�-GAACAUCGAGUGUCGAAUATT-3�
and 5�-GACUACCAGUACUUAGGAATT-3�) duplexes were
chemically synthesized by Ambion (Austin, TX). Hepato-
cytes were seeded in a 6-well plate and transfected with
either 100 pmole of PPAR� siRNA (#s72004 and #s72005
Ambion), scrambled control siRNA (#4611, Ambion), or
GAPDH siRNA (#4624, Ambion) in a 100-�L volume with
siPORTNeoFX. The efficiency of siRNA silencing was ana-
lyzed by Western blotting after transfection for 24 hours,
followed by APN treatment for the indicated time periods.

Analysis of Gene Expression by
Reverse-Transcription (RT)-PCR
and Western Blot Analysis

Themethod to obtain total RNA for the RT-PCR analysis was
as described previously30 with minor modifications. Se-
quences of the primer pairs for amplification of each gene
were 5�-ATGCCAGTACTGCCGTTTTC-3�and 5�-GGCCTT-
GACCTTGTTCATGT-3� for the PPAR� gene (220 bp);
5�-CACGCATATACCCGCTACCT-3�and 5�-CCAGAGTG-
GTCATTCGAGCA-3� for the HO-1 gene (175 bp); and 5�-
ACCACAGTCCATGCCATCAC-3� and 5�-TCCACCAC-
CCTGTTGCTGTA-3� for the GAPDH gene (451 bp). Total
RNA, at 5 �g, of extracts from hepatocytes was used. The
level of the housekeeping gene GAPDH was analyzed and
used to demonstrate the presence of the same amount of
total cDNA in each RNA sample. The expression level of
HO-1 was detected from the same samples using appro-
priate primers. Bands separated on 2% agarose gels were
visualized and quantified with an electrophoresis image
analysis system (Eastman Kodak, Rochester, NY).

Antibodies for HO-1 (1: 2000, Assay Designs, Ann
Arbor, MI), PPAR�, Bcl-XL, BAX, and Lamin A/C (1: 500,
Santa Cruz, CA), pPPAR� (1: 500, Ser21, ABR Affinity
Bioreagents, Rockford, IL), cleaved caspase 3 (1: 500,
Cayman Chemical, Ann Arbor, Michigan), GAPDH (1:
2000, Ab Frontier, Seoul, Korea), and total and phosphory-
lated AMPK (1: 500, Millipore, Burlington, MA) and p38 (1:
500, Cell Signaling Technology, Dancers, MA) were in-
cluded in the assay. Hepatocytes in 10-cm2 dishes after
treatment with 30 �g/ml of APN for the indicated time points
were harvested and partitioned into cytosol and nuclear
fractions by NE-PER nuclear extraction reagents (Pierce,
Rockford, IL) with the addition of protease inhibitors accord-
ing to the manufacturer’s instructions. The indicated cellular
fractions (50 �g) were electrophoresed on a 10% SDS-
polyacrylamide gel and then transblotted onto a Hybond-P
membrane (GE Health care, Hong Kong). The subsequent
procedures were described elsewhere.31

Establishment of HO-1 Transfectants

pcDNA-HO-1, a constitutive expression vector, carries full-
length human HO-1 cDNA under the control of a cytomeg-
alovirus (CMV) promoter/enhancer sequence. Short hairpin
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(sh)RNA against rat HO-1 was generated in the pSM2 vector
(Open Biosystems, Huntsville, AL) and amplified in an E. coli
system. Confirmation was verified by restriction site analysis
and sequencing. We transfected pcDNA-HO-1, pcDNA, or
pSM2-shHO-1 (4 �g/3.5-cm Petri dish) into hepatocytes using
the jetPEI (Polyplus-transfection, San Marcos, CA). After
transfection, cells were plated in DMEM with 10% FBS and
400 �g/ml of G418 for pcDNA variants, or 2 �g/ml of puro-
mycin for pSM2-shHO-1 as selective pressures. G418- or
puromycin-resistant cells were selected and expanded.
The level of HO-1 was analyzed by Western blotting.

Electrophoretic Mobility Shift Assay (EMSA) and
Chromatin Immunoprecipitation (ChIP) Assay

The EMSA was performed as described previously32 with
minor modifications. To prepare the nuclear protein ex-
tracts, hepatocytes in 10-cm2 dishes after treatment with
30 �g/ml of APN for 1 hour were subjected to NE-PER
nuclear extraction reagents (Pierce) with the addition of
protease inhibitors. The subsequent procedures for the
nuclear protein extraction followed the manufacturer’s
instructions. With in silico analysis using MatInspector
Professional software, there was a putative PPRE in the
mouse HO-1 promoter region. The PPRE fragment span-
ning �682 to �701 bp of the HO-1 promoter is ATAAAC-
CATGGAAAAGTTAA (the putative PPRE is boxed), which
was synthesized and end-labeled with biotin according
to the manufacturer’s protocol (Pierce Biotechnology,
Rockford, IL), as a probe for the EMSA. Briefly, unlabeled
oligonucleotides (1 �mol/L) were incubated in TdT reac-
tion buffer containing biotin-11-dUTP (0.5 �mol/L) and
TdT (0.2 U/�l) at 37°C for 30 minutes, followed by the
addition of 2.5 �l EDTA (0.2 mol/L, pH 8.0) to stop each
reaction and 50 �l chloroform/isoamyl alcohol to extract
the TdT. Extracted nuclear proteins (10 �g) were incu-
bated with biotin-labeled (1 pmol) probes at 15°C for 30
minutes in binding buffer containing 1 �g of poly deoxyi-
nosinedeoxycytidine (dI-dC) (Panomics, Redwood City,
CA). For competition with unlabeled oligonucleotides, a
100-fold molar excess of unlabeled oligonucleotides rela-
tive to the biotin-labeled probes was added to the binding
assay. The mixture was separated on a 6% nondenaturing
polyacrylamide gel at 4°C in 1� TBE (90 mmol/L Tris borate
and 2 mmol/L EDTA; pH 8.3) and then transblotted onto a
Hybond N� membrane (Amersham Pharmacia Biotech,
Freiburg, Germany). Blots were incubated with blocking
buffer, followed by the addition of streptavidin-horseradish
peroxidase (HRP) conjugates. Blots were imaged bymeans
of an enhanced chemiluminescence system.

A ChIP assay was performed according to the instruc-
tions of Upstate Biotechnology (Lake Placid, NY) with
minor modifications. Briefly, 6 � 105 cells were cultured
in 100-mm dishes and pretreated with or without PPAR�
antagonists for 1 hour before APN administration for an-
other 1 hour. The resulting supernatant was subjected to
overnight co-immunoprecipitation (IP) using an anti-
PPAR� antibody, or the same amount of a nonspecific
antibody (GAPDH) as a negative control, followed by
incubation with a salmon sperm DNA/protein G agarose

slurry to immobilize the DNA-protein-antibody complex.
DNA-protein complexes were then eluted with 200 �l of
elution buffer (Tris-EDTA buffer containing 1% SDS) for
30 minutes, and the cross-links were reversed by over-
night incubation at 65°C. DNA was purified with a PCR
purification kit (Qiagen, Hilden, Germany). The DNA fil-
trates were amplified by PCR with primers flanking the
promoter of the HO-1 gene containing the putative PPRE:
HO-1 forward (5�-GCTCAGATTCCCCACCTGTA-3�) and
reverse primers (5�-ACCTTCCCGGAACTCTTAGG-3�). Ad-
ditionally, the template was replaced with double-distilled
(dd)H2O as a negative internal control. The PCR products
were electrophoresed on a 2% agarose gel, and PCR prod-
ucts of the expected size of 162 bp were visualized, quan-
tified using the Image analysis system, and eluted from the
agarose gel for sequencing to verify the site of amplification.

Determination of Reactive Oxygen Species
(ROS) Generation and Apoptosis in
Hepatocytes

Production of cellular ROS was evaluated by analyzing
changes in the fluorescence intensity resulting from oxida-
tion of the intracellular fluoroprobe, 5-(6)-chloromethyl-
20,70-dichlorodihydrofluorescein diacetate (CM-H2DCFDA).
In brief, hepatocytes grown on a coverglass from each
treatment group were loaded with 10 �mol/L of the nonfluo-
rescent dye 20,70-dichlorodihydrofluorescein diacetate
(H2DCFDA, Molecular Probes, Eugene, OR) at 37°C for 30
minutes in the dark followed by 20 �mol/L of iron dextran
challenge for 1 hour. Wells were washed twice with Hank’s
balanced salt solution (HBSS) containing calcium and mag-
nesium. Apoptosis in hepatocytes with iron dextran chal-
lenge was identified by a terminal deoxynucleotidyl trans-
ferase dUTP nick end labeling (TUNEL) assay with an in situ
Cell Death Detection kit (Roche, Mannheim, Germany) ac-
cording to the manufacturer’s instructions. Fluorescence
was viewed with a CCD camera (DP72, Olympus, Melville,
NY) attached to a microscope system (BX51, Olympus) at
�100 magnification.

Immunofluorescence Staining

Hepatocytes were cultured on poly-L-lysine-coated
0.17-mm coverslips, and numbers of cells, which had
been transfected with pcDNA3 or pcDNA3-Flag-PPAR�
for 48 hours followed by 30 �g/ml APN administration for
1 hour, were counted at 50–80% confluence. Then cells
were fixed in 4% formaldehyde for 15 minutes. Cells were
permeabilized with 0.2% Triton and 0.1% Tween 20 in
blocking buffer (3% BSA in PBS) for 2 hours. Antibodies
used for staining included mouse anti-Flag (1:1000,
Sigma) followed by Texas red-conjugated goat anti-
mouse IgG (IgG) (1:200, Jackson Immunoresearch, West
Grove, PA). Coverslips were mounted on slides with
Vectashield anti-fade (Vector Laboratories, Inc., Burlin-
game, CA) diluted 1:1 with PBS, and images were ob-
tained with a DMI 6000B CS laser confocal microscope
(Leica, Heidelberg, Germany) using an HCX PL APO
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l-blue �63/1.40–0.60 NA oil-immersion objective lens for
hepatocytes. Images were acquired with a CM350 CCD
camera (Applied Precision, Issaquah, WA) using TCS
SP5 confocal spectral microscope imaging system soft-
ware (Leica) and processed with Photoshop 7.0 software
(Adobe System, San Diego, CA). Four coverslips in each
experimental group were examined.

Statistical Analysis

Values are expressed as the mean � SEM of at least
three experiments. The significance of the difference
from the control groups was analyzed by Student’s t-test

or one-way analysis of variance (analysis of variance). A
value of P � 0.05 was considered statistically significant.

Results

Therapeutic Effects and Mechanisms of APN in
Mice Subjected to Iron Dextran Overload

To examine the effect of APN gene transfer in liver on iron
dextran-mediated damage, we administered adeno-as-
sociated virus (AAV) or AAV-APN intravenously to
8-week-old C57BL/6J mice for 2 week before intraperito-

Figure 1. Therapeutic effects and mechanisms
of adiponectin (APN) associated with HO-1 in-
duction in murine hepatic iron overload. A: Mice
were intravenously injected with an AAV-APN
gene for two weeks before SnPP and iron dex-
tran challenge for another two weeks. The
method for determining serum levels of GOT
and GPT followed the manufacturer’s instruc-
tions. GOT and GPT levels are expressed as
	OD460/min/mg protein. B: Representative
photomicrographs of iron-mediated apoptosis in
hepatocytes stained with TUNEL, as indicated by
arrows, and the nuclei marker, DAPI. C: West-
ern blot analysis of AMPK phosphorylation and
HO-1 induction by APN in mice with iron over-
load for one week. Liver tissues (50 �g) from
each group were assessed for the induction of
pAMPK and heme oxygenase (HO)-1. A repre-
sentative result of three separate experiments is
shown. D: Assessment of hepatic HO-1 activity
after mice were exposed to iron dextran chal-
lenge for two weeks. E: Elimination of iron ac-
cumulation with hepatic iron overload by APN.
Liver sections from various treatments were
stained to determine the extent of iron deposi-
tion for one week. The green staining of depos-
ited iron is indicated by arrows, and a repre-
sentative result of three separate experiments is
shown. Results are expressed as the mean � SD
(n � 15). *P � 0.005, vs. the given empty AAV
alone and **P � 0.01 vs. AAV-APN with addi-
tional iron dextran challenge.

Table 1. Effects of APN or the Combined Treatment of APN and Iron Dextran or SnPP on Mice Body Weights, Food Intake, and
Serum Levels of Creatinine and BUN

AAV AAV-APN

� Iron � Iron SnPP � Iron

Weight, g 23.57 � 0.33 22.50 � 2.27 23.23 � 0.05 22.50 � 2.27 22.87 � 1.23
Food intake, g/d/5ea 13.2 � 2.1 11.2 � 1.5 13.5 � 1.1 12.5 � 1.6 11.5 � 1.2
CRE, mg/dl 0.47 � 0.05 0.33 � 0.12 0.35 � 0.05 0.40 � 0.08 0.43 � 0.05
BUN, mg/dl 31.9 � 3.8 28.4 � 1.6 26.5 � 5.3 23.0 � 4.4 31.7 � 7.1

Body weight, food intake, and levels of creatinine and BUN were determined at 4 weeks after viral administration, or the combination of iron dextran
challenge and SnPP treatment. Data are mean � SD (n � 15 per each group).
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neal iron dextran challenge for another 2 weeks. At 4
weeks, these animals were sacrificed, and their blood
samples and livers were collected for further analysis. As
shown in the Table 1, there was no significant difference
in body weight, food intake, or levels of creatinine and
blood urea nitrogen among groups of mice. However,
mice given iron dextran have severe liver dysfunction
including increased GOT and GPT levels (Figure 1A) and
apoptosis (Figure 1B), which were statistically alleviated
by AAV-APN therapy. Additionally, Western blot analysis
showed that mice with APN therapy had significantly
increased AMPK phosphorylation, HO-1 overexpression
(Figure 1C), and HO-1 activity (Figure 1D), but not those
with iron dextran or AAV treatment alone. Notably, iron
accumulation in the liver subjected to iron overload was
eliminated by AAV-APN therapy, indicative of the corre-
lation between HO-1 induction and iron reutilization (Fig-
ure 1E). Nevertheless, the therapeutic effect of AAV-APN
in protecting liver from iron-mediated damage was re-
versed by blockage of HO-1 activity by SnPP in the
assessment of the levels of GOT/GPT, apoptotic cell
death, HO-1 activity, etc (Figure 1, A–E).

APN Concentration- and Time-Dependently
Induced HO-1 Expression at the Transcriptional
Level

To examine the interplay between APN and HO-1,
hepatocytes were given an increasing concentration of

APN from 0–50 �g/ml for HO-1 induction and then
analyzed by RT-PCR and Western blotting. As demon-
strated in Figure 1A, HO-1 concentration-dependently
increased from 0 to 30 �g/ml of APN administration for
6 hours, but there was no further increase at 50 �g/ml.
Furthermore, cells were transiently transfected with the
pGL3-basic luciferase-reporter vector containing the
human HO-1 promoter (�3106/�186) for 24 hours, as
described previously.30 Adding a concentration of 30
�g/ml of APN for 6 hours resulted in a significant
increase in HO-1 luciferase activity by approximately
2.0-fold (Figure 2A). Additionally, cells treated with
APN showed significant induction of HO-1 in a time-
dependent fashion at both the messenger (m)RNA and
protein levels. Significant up-regulation of HO-1 oc-
curred at 2 hours of APN treatment, had increased by
approximately 3.0-fold at 6 hours, and significant in-
duction of HO-1 was sustained for up to 24 hours of
treatment, the longest time period examined (Figure
2B). Likewise, the activity of HO-1 was significantly
increased by measuring the byproducts of the HO-1
reaction, bilirubin (Figure 2C). The pattern of the time-
dependent increase of bilirubin in hepatocytes with
APN administration was an approximately 6-hour de-
layed response relative to the time course of mRNA
and protein induction of HO-1 by APN in Figure 2B. The
phenomenon of HO-1 induction by recombinant APN was
further verified in hepatocytes infected with Adv-APN on
days 1, 3, and 5, as demonstrated in Figure 2D.

Figure 2. Regulation of heme oxygenase
(HO)-1 induction by adiponectin (APN) in con-
centration- and time-dependent fashions. A:
Concentration-dependent induction of HO-1 by
APN. Left: The effect of increasing concentra-
tions (0–50 �g/ml) of APN for six hours on the
induction of the HO-1 protein level was ana-
lyzed by Western blotting. Right: Mouse hepa-
tocytes were transiently transfected with pGL3/
HO-1 and pRL-TK for 24 hours, followed by 30
�g/ml of APN treatment for six hours. The meth-
ods are described in Materials and Methods.
Results are presented as the mean � SEM of four
independent experiments. *P � 0.05 vs. pGL3
alone and **P � 0.05 vs. pGL3 with additional
APN treatment. Time-course induction of (B)
HO-1 mRNA/protein and (C) HO-1 activity in
hepatocytes by APN treatment. Cells were
treated with adiponectin (30 �g) for the indi-
cated time points and analyzed by RT-PCR and
Western blotting. Equal loading in each lane or
transfer was confirmed using GAPDH mRNA or
by incubation with an anti-GAPDH antibody.
Representative results of three separate experi-
ments are shown. Additionally, the bilirubin
concentration in 0.5 ml of cell medium from
hepatocytes at various time points of 30 �g/ml
of APN treatment was assessed, as described in
Materials and Methods. Data were obtained
from six independent experiments. Results are
expressed as the mean � SEM. Significantly dif-
ferent (*P � 0.05, **P � 0.01, and ***P � 0.005
vs. the control group). D: Verification of APN-
induced HO-1 overexpression by an adenovirus
carrying the APN gene in hepatocytes. After cells
were infected with 30 MOI of Adv variants for
one, three, and five days, cell lysates were pre-
pared, and the expression of HO-1 protein was
determined by Western blot analysis.
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Signal Transduction Pathways Involved in
APN-Mediated HO-1 Induction

Given that the molecular actions of APN are through
AMPK, p38MAPK, or PPAR�,5,33 the effects of APN on
these molecules were examined by Western blots. Hepa-
tocytes with 20 minutes of APN treatment significantly
increased phosphorylation of AMPK, followed by PPAR�
activation at 1 hour. This phenomenon was correlated
with HO-1 induction at 6 hours of APN administration
because blockage of activation of AMPK by an AMPK
inhibitor, compound C, reversed APN-mediated PPAR�
and subsequent HO-1 induction, as shown in Figure 3A.
On the contrary, altering the phosphorylation of neither
p38MAPK at 20 minutes of APN administration in hepa-
tocytes nor a p38MAPK inhibitor, SB202190, was shown
to eliminate PPAR� activation at 1 hour and consequent
induction of HO-1 at 6 hours of APN administration (Fig-
ure 3B).

Involvement of PPAR� in APN-Mediated HO-1
Induction

Next, to examine whether PPAR� serves as a down-
stream effector of pAMPK, PPRE enhancer activity and
nuclear translocation of PPAR� were assayed in hepato-
cytes treated with APN at the indicated time points. Lu-
ciferase activity driven by the PPAR� enhancer was
markedly increased by approximately 84-fold in HEK293
cells transiently simultaneously transfected with vectors
of pRL-TK, pBV-Luc-PPRE, pcDNA-PPAR�, and pcDNA-
RXR for 24 hours followed by 6 hours of APN administra-
tion (Figure 4A). Additionally, similar to the effect of Wy-

14643 (a PPAR� agonist), 1 hour of APN administration
caused an increase in phosphorylation of PPAR� in the
nuclear fraction, which was effectively reversed by com-
pound C in Figure 4B, suggesting the likelihood that
PPAR� is the downstream effector of pAMPK activation in
this event. Furthermore, in addition to compound C (an
AMPK inhibitor), GW6471 (a selective PPAR� antagonist)
also effectively reversed HO-1 induction with APN ad-
ministration for 6 hours (Figure 4C). Furthermore,
knockdown of PPAR� by siRNA was used to examine
its roles in the increased APN-mediated HO-1 induc-
tion by RT-PCR and Western blot analyses. Results in
Figure 4D show that cells with PPAR� knockdown had
significantly decreased APN-mediated HO-1 induction
relative to the control group or cells transfected with
scrambled siRNA.

Effects of APN and PPAR� Overexpression in
HO-1 Induction

To further confirm the essential role of PPAR� in the
induction of HO-1 by APN, hepatocytes were transiently
transfected with the pcDNA3-Flag vector carrying full-
length PPAR� cDNA for overexpression. The results in
Figure 5A demonstrate that overexpression of exogenous
PPAR� increased nuclear translocation of PPAR� in the
nuclear fraction and then HO-1 induction by approxi-
mately 2.0-fold in the Western blot analysis of total cell
lysates, which were further enhanced to approxi-
mately 6.0-fold by APN administration. This suggests that
PPAR� activation by APN is responsible for HO-1 induc-
tion. Additionally, APN-mediated PPAR� nuclear translo-
cation was examined by immunofluorescence staining. In

Figure 3. Determination of signal transduction
pathways involved in adiponectin (APN)-medi-
ated heme oxygenase (HO)-1 induction. Hepa-
tocytes were pretreated with a pAMPK inhibitor,
compound C (A), or a p38MAPK inhibitor,
SB202190 (B), for 30 minutes before treatment
with APN for 20 minutes or one or six hours to
determine the respective active forms or protein
levels by Western blot analysis. Phosphorylated
and total forms of AMPK and p38MAPK were
harvested at 20 minutes of APN treatment, while
the activation of PPAR� and consequent HO-1
protein level were determined at one and six
hours of treatment, respectively. Three samples
were analyzed in each group, and values are
presented as the mean � SEM. Representative
results of three separate experiments are shown.
*P � 0.05, **P � 0.01, and ***P � 0.005 vs. the
control group; †P � 0.01 vs. the APN-treated
group.
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control cells, expression of Flag-PPAR� was mainly de-
tected in the cytosol (Figure 5B). However, the Flag-
PPAR� protein was significantly translocated into the nu-
cleus on APN stimulation. No exogenous overexpression
of PPAR� was detected in the cytosolic or nucleus frac-
tions when cells were transfected with the pcDNA3 vector
alone (data not shown).

Effects of APN and PPAR� Agonist on Binding
of PPAR� to the Putative PPRE of the HO-1
Promoter Region

Furthermore, to precisely prove the binding of PPAR� to
the putative PPRE derived from the HO-1 promoter re-
gion, an EMSA was performed in hepatocytes with APN

Figure 4. Involvement of PPAR� activation in
adiponectin (APN)-mediated heme oxygenase
(HO)-1 induction. APN increased PPRE enhanc-
er-driven luciferase activity (A) and nuclear
translocation of PPAR� activation (B) and sub-
sequent HO-1 induction (C). A: HEK 293 cells
were transiently simultaneously transfected with
pBV-Luc-PPAR� enhancer and Renilla control
vectors or with additional transfection of
pcDNA-PPAR�, and pcDNA-RXR (0.5 �g/well)
for five hours, after which fresh medium was
added for overnight inoculation. Cell lysates
were harvested after cells were treated with APN
for six hours. B: Cells were respectively pre-
treated with either AMPK or PPAR� antagonist,
or a PPAR� agonist for one hour before the
administration of APN for another one hour for
nuclear translocation of PPAR� by Western blot
analysis and (C) subsequent HO-1 induction at
six hours of APN treatment. D: Elimination by
PPAR� knockdown of APN-mediated HO-1 in-
duction. The method of cells with PPAR� knock-
down was described in Materials and Methods.
Equal loading or transfer was confirmed by in-
cubation with an anti-GAPDH or anti-lamin A/C
antibody. Representative results of three sepa-
rate experiments are shown, and data are pre-
sented as the mean � SEM (*P � 0.05, **P �
0.01, and ***P � 0.001 vs. the control; †P � 0.05
vs. APN alone).

Figure 5. Adiponectin (APN) increased nuclear
translocation of exogenous PPAR� and subse-
quent heme oxygenase (HO)-1 induction in
hepatocytes with PPAR� overexpression by (A)
Western blot analysis of cytosol and nuclear frac-
tions of PPAR� and total cell lysates of HO-1
protein level and (B) fluorescent confocal mi-
croscopy. A: Cells were treated with APN for one
or six hours and harvested for cytosolic-nuclear
partitioning of PPAR�. Weights of the cell lysates
were 50 �g for the cytosolic and nuclear frac-
tions analyzed, and GAPDH and lamin A/C were
used as internal controls for these fractions. Data
are presented as the mean � SEM (*P � 0.01,
and **P � 0.005 vs. the control; ***P � 0.01 vs.
cells transfected with pcDNA3 with additional
APN treatment). B: Cells were treated with APN
(30 �g/ml) for one hour, then immunostained
with an anti-Flag antibody followed by incuba-
tion with a second antibody conjugated with
Texas red. Red color represents Flag-positive
staining in the cytosol or nuclei. Identical fields
stained with Flag were also stained using DAPI
to reveal the positions of cell nuclei. Micro-
graphs of representative fields were recorded.
Representative results of three separate experi-
ments are shown.

1704 Lin et al
AJP October 2010, Vol. 177, No. 4



administration or additional pretreatment with an antago-
nist of AMPK or PPAR� (ie, compound C or GW6471,
respectively). Results of the EMSA in Figure 6A show the
increase in the DNA binding activities of PPAR� in cells
treated with APN and Wy14643 (as a positive control).
The increased binding activity of PPAR� to PPRE in cells
treated with APN was abolished by the addition of com-
pound C and GW6471, and the competition of a 100-fold
molar excess of unlabeled oligonucleotides relative to the
biotin-labeled probe. In addition, the association of
PPAR� with the PPRE region of the HO-1 promoter was
further confirmed using a ChIP assay. We created APN-

induced association with the PPAR�-DNA complex by
pulling down the PPRE fragment of the HO-1 gene pro-
moter using an anti-PPAR� antibody and using an anti-
GAPDH antibody as a negative control. The immunopre-
cipitated PPRE fragments were amplified by PCR to
examine the binding of PPAR� to the fragment. Figure 6B
shows that APN and Wy14643 increased the association
of PPAR� recruitment to PPRE at 1 hour of treatment by
approximately 1.6-fold, whereas additional pretreatment
with compound C and GW6471 reversed this effect by
APN, in agreement with the findings in Figure 6A. To-
gether, these results suggest that APN increases PPRE-
mediated up-regulation of HO-1 by increasing the bind-
ing activity of PPAR� to PPRE.

Therapeutic Effect and Mechanism of APN in
Protecting Against Iron-Mediated Hepatic
Apoptosis

We previously demonstrated that APN gene therapy ef-
fectively rescued iron dextran-mediated liver function
and iron deposition as shown in Figure 1. The underlying
molecular mechanisms of APN were further examined in
vitro using hepatocyte cell culture. To optimize the ther-

Figure 7. Adiponectin (APN) attenuates iron dextran-induced caspase 3
activation and reactive oxygen species (ROS) production. A: Therapeutic
effect of APN in caspase 3 activation induced by varying concentrations of
iron dextran. Cells were pretreated with 30 �g/ml of APN for one hour,
followed by challenge with various concentrations of iron (0–40 �mol/L) B:
Representative CM-H2DCFDA fluorescent photomicrographs of hepatocytes
challenged with 20 �mol/L of iron dextran. Results are representative data
from three separate experiments.

Figure 6. Adiponectin (APN)-mediated increase in the binding activity of
PPAR� to the PPRE of the heme oxygenase (HO)-1 promoter region by an
electrophoretic mobility shift assay (EMSA) and chromatin immunoprecipi-
tation (ChIP). A: Cells were cultured and pretreated with a PPAR� or AMPK
antagonist for 1 hour before the addition of 30 �g/ml APN for one hour, with
Wy14643 used as a positive control. The putative PPRE-binding activity
derived from the HO-1 promoter region of nuclear proteins was assayed by
EMSA in cells with the indicated treatments. 100� cold denotes a 100-fold
molar excess of unlabeled oligonucleotides relative to the biotin-labeled
probe; this was added to the binding assay for competition with the unla-
beled oligonucleotide. The mobility of specific PPAR� complexes is indi-
cated. B: Cell lysate was subjected to a ChIP assay. The DNA associated with
the PPRE was immunoprecipitated with an anti-PPAR� antibody, and PCR
amplification was used to determine the extent of PPAR� association with the
functional PPRE in an HO-1 promoter fragment of 162 bp. Distilled water
(ddH2O) and anti-GAPDH were used, respectively, as negative controls for
the PCR and ChIP assays. Representative results of three separate experi-
ments are shown, and data are presented as the mean � SEM (*P � 0.01 vs.
the control; **P � 0.01 vs. APN alone).
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apeutic effect of APN on the various concentrations of
iron dextran, hepatocytes were treated with increasing
concentrations of 10–40 �mol/L of iron dextran. Results
in Figure 7A show that the physiological concentration of
30 �g/ml of APN significantly alleviated caspase 3 acti-
vation induced by iron dextran at the concentrations of 10
and 20 �mol/L, but not 40 �mol/L. Therefore, 20 �mol/L
of iron dextran was used for the following experiments.
Iron dextran-mediated ROS generation in hepatocytes is
shown in Figure 7B using CM-H2DCFDA fluorescence,
which was significantly eliminated by APN. Additionally,
hepatocytes were pretreated with APN for 1 hour before
20 �mol/L iron dextran challenge for 18 hours to assess the
therapeutic intervention of APN in preventing hepatic iron
overload. Apoptotic-related molecules such as Bcl-XL (anti-
apoptosis), Bax (pro-apoptosis), and caspase-3 were ex-
amined by Western blot analysis. Increasing protein levels
of Bcl-XL by APN and Wy-14643 were accompanied by
elimination of iron-mediated caspase 3 activation. Contrar-
ily, the induction of Bcl-XL by APN was abolished by pre-
treatment with compound C and GW6471 for 1 hour, which
produced a concomitant increase in cleaved caspase 3
(Figure 8A). However, there was no apparent alteration in
Bax across all treatments. Next, to further explore whether
HO-1 is responsible for Bcl-XL induction as we reported
previously in another setting,26 an HO-1 inhibitor, SnPP, was
added to block HO-1 activity to assess its impacts on the
antiapoptotic effects of APN. Results in Figure 8B demon-
strate that the addition of SnPP treatment decreased Bcl-XL

protein levels, which consequently abolished APN-medi-
ated protection against iron-mediated caspase 3 activation.
Whether caspase 3 activation was correlated with cell ap-
optosis was examined by a TUNEL assay in Figure 8C,
which demonstrates that APN-mediated protection against
iron-mediated cell apoptosis was alleviated by the addition
of compound C, GW6471, or SnPP, suggesting that the
induction of HO-1 by APN is via a pAMPK- and PPAR�-
dependent pathway, through which HO-1 exerts the protec-
tive effect of APN on hepatocytes with iron overload.

To verify further the protective effect of APN by HO-1
induction, permanent hepatocyte clones with HO-1 overex-
pression and HO-1 knockdown were included. As pre-
sented in Figure 9A, hepatocytes overexpressing HO-1
showed an increase in the Bcl-XL expression level and then
caspase 3 inactivation, whereas the opposite effects were
observed in cells with HO-1 knockdown. The actual mech-
anism of the antiapoptotic effect of HO-1 in hepatocytes
challengedwith iron dextran was examined by including the
end-products of HO-1 reaction, CO (CORMII) and bilirubin.
The result in Figure 9B show that bilirubin significantly sup-
pressed iron-mediated caspase-3 activation with a con-
comitant increase in Bcl-xL, compared with what CORM(II)
did. This suggests that the antiapoptotic effect of HO-1
results from bilirubin. Furthermore, hepatocytes overex-
pressing HO-1 showed significantly decreased iron depo-
sition relative to the control group, and the greatest extent of
iron deposition was demonstrated in cells with HO-1 knock-
down (Figure 9C), suggesting that HO-1 not only has an

Figure 8. Elimination of iron dextran-mediated
caspase 3 activation and apoptosis by adiponectin
(APN) through AMPK-mediated PPAR� activation
and subsequent heme oxygenase (HO)�1 induc-
tion. A: Cells were pretreated with compound C,
GW6471, or DMSO as the control for one hour
before another one hour of APN or phosphate-
buffered saline administration, followed by iron
dextran challenge for 18 hours. Additionally, cells
were treated with WY-14643 as a positive con-
trol for HO-1 induction. B: Effect of HO-1 on
APN-mediated protection against iron-mediated
hepatic injury. Cells were pretreated with SnPP
for one hour to block HO-1 activity before APN
administration. Fifty micrograms of total cell ly-
sate was analyzed for the protein level of apop-
totic-related molecules by Western blotting.
Membranes were probed with an anti-GAPDH
antibody to verify equivalent loading. Bar charts
in the lower panel show the band intensities of
indicated molecules by densitometry. Data were
derived from three independent experiments
and are presented as the mean � SEM. Signifi-
cantly different (*P � 0.01, and **P � 0.005 vs.
the control; †P � 0.05 vs. iron dextran alone;
‡P � 0.01 vs. APN and iron dextran-treated
group). C: Cells grown on coverslips with the
above-mentioned various pretreatments, then
challenged with 20 �mol/L of iron dextran for
two days. Nuclei with positive stains are indi-
cated as having undergone cell apoptosis by the
TUNEL assay. Representative results of three
separate experiments are shown.
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antiapoptotic effect, but also increases iron metabolism in
hepatocytes.

Discussion

APN is generally considered to act as a regulatory protein
in controlling lipid and carbohydrate metabolism. Its role
in the antiapoptotic effect has not been clearly illustrated.
Herein, we demonstrate the therapeutic effects of APN in
protecting hepatocytes from iron-mediated cell apoptosis
and excess iron deposition both in vivo and in vitro. Inter-
estingly, the biological concentration of APN in blood is
approximate 5–30 �g/ml, thus accounting for approxi-
mately 0.01% of the total plasma protein.34 The concen-
tration of APN used in this study was compatible with its
physiological levels in human plasma, suggesting its clin-
ical implications, especially for treating hepatic iron over-
load, which was not previously reported.

Herein, the protective effect of APN in hepatic iron
overload occurs through HO-1–mediated antiapoptosis
and iron reutilization. The molecular mechanism of HO-1
induction by APN is AMPK-mediated PPAR� activation,
although activation of PPAR�/� and HO-1 induction has
been shown to increase APN expression.11,12 The phos-
phorylation of AMPK increases nuclear translocation of
PPAR� and subsequently HO-1 induction. The evidence
for PPAR�-mediated HO-1 in hepatocytes with APN treat-
ment was verified using a pharmaceutical inhibitor of
PPAR� (GW6471) as well as PPAR� overexpression and
knockdown systems. Hepatocytes overexpressing PPAR�
mimicked the effect of APN in HO-1 induction, whereas
siPPAR� and a PPAR� antagonist blocked APN-mediated
HO-1 induction. Additionally, we pinpointed a PPAR�-bind-
ing site in the mouse HO-1 promoter region, through which
the binding activity was increased by APN-mediated
PPAR� activation according to the ChIP assay and EMSA.
Furthermore, the antiapoptotic and anti-iron deposition ef-
fects of APN in hepatocytes with excess iron insult were
abolished when using a pharmaceutical inhibitor of HO-1,
SnPP, or in cells with HO-1 knockdown, suggesting that the
protective effect of APN might be at least, in part, through
HO-1 induction.

We demonstrated in vivo or in vitro that iron dextran
causes free radical production (Figure 7B), but does not
obviously induce HO-1 in mouse hepatocytes (Figures
1C and 7A). This agrees with the finding that iron dextran
up-regulates ferritin, but not heme oxygenase-1, in the rat
kidney with iron overload.35 However, these results differ
from the results by Ibrahim et al,36 showing that the
increase in HO-1 as a response to oxidative stress from
iron dextran causes a cascade of events that leads to
cellular protection in the rat liver. This might have been
due a discrepancy of animal species, or the schedule or
doses of iron dextran being given to these animals. How-
ever, our data raised an interesting possibility that the
protective effect of APN on iron hepatotoxicity might be
attributable to an HO-1–mediated antiapoptotic action,
but the mechanism by which APN itself exerts antiapop-
totic effects warrants further investigation. Moreover, the
results presented in this study provide evidence that the

Figure 9. Effects of adiponectin (APN)-mediated heme oxygenase (HO)-1
induction in apoptosis and iron accumulation in hepatocytes by iron
dextran challenge. A: Hepatocytes permanently transformed with HO-1 or
small hairpin (sh)HO-1 were challenged with 20 �mol/L iron dextran for
two days. Data are presented as the mean � SEM (*P � 0.05, and **P �
0.01 vs. the control; †P � 0.01 vs. cells overexpressing HO-1; ‡P � 0.005
vs. iron alone; §P � 0.001 vs. cells overexpressing HO-1 with the addi-
tional iron insult). B: The mechanism of HO-1 in iron dextran-mediated
apoptosis by the administration of CO or bilirubin, end-products of HO-1
reaction. Cells were treated with CO (CORMII) or bilirubin to mimic the
antiapoptotic effect of HO-1, followed by iron challenge for 18 hours for
the Western blot analysis of Bcl-XL or cleaved caspase 3, respectively.
Equal loading or transfer was confirmed by incubation with an anti-
GAPDH antibody. C: Effect of APN (upper) and hepatocytes overexpress-
ing or knocking down HO-1 (lower) on 20 �mol/L of iron dextran insult
in vitro. Intracellular iron deposition was examined by Perls’ iron staining
in iron challenge for two days. Original magnification: �200. Represen-
tative results of three separate experiments are shown.
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protective effect of HO-1 against iron dextran-induced
apoptosis is through the antiapoptotic effect of bilirubin
(Figure 9B). Although bilirubin and CO are important
byproducts of HO-1 reaction,37 the biological actions of
bilirubin has been shown to scavenge ROS in vitro38 and
inhibit NADPH oxidase,39 thereby reducing oxidant-me-
diated cellular damage and attenuating oxidant stress in
vivo.40 However, CO has been demonstrated to signifi-
cantly contribute to the antiinflammatory properties of
HO-1 by suppressing inflammatory cytokines through ac-
tivation of both sGC and p38 MAPK.41,42

APN not only decreased iron-mediated apoptosis, but
also eliminated the extent of iron deposition in hepato-
cytes. Likewise, HO-1 overexpression mimicked the pro-
tective effect of APN in hepatic iron overload, whereas
the protection by APN was eliminated in cells with HO-1
knockdown, which agrees with our previous publication
that overexpression of HO-1 decreases iron deposition in
atherosclerotic lesions of ApoE-deficient mice.21 There-
fore, APN might be a potential therapeutic target for
iron-induced hepatic injury. The underlying mechanisms
of antiapoptosis by HO-1 were extensively elucida-
ted37,39,40; however, little information has shed light on
the molecular mechanism of HO-1 in iron reutilization,
which warrants further investigation.

Given that adiponectin induces HO-1, it is tempting to
postulate that the antioxidant and antiapoptotic proper-
ties of adiponectin may, at least in part, be related to
HO-1 induction. However, there is increasing interest in
the prooxidant activity of HO in diabetes, which is possi-
bly due to increased redox-active iron in disease states.
It was shown that great enhancement of HO-1 expression
by diabetes mellitus, hypercholesterolemia, and smoking
may be related to the severity of human atherosclero-
sis.43 Additionally, diabetes-induced oxidative damage
to the heart is eliminated by SnPP, an HO-1 activity in-
hibitor, suggesting that the injury is intimately associated
with up-regulation of HO-1 expression and activity.44

However, they could not rule out the possibility that the
induction of HO-1 is the consequence other than the
cause of diabetes mellitus mediated oxidative damage to
the heart and that tissues in pathological condition might
not properly respond to the increasing free iron on the
increase in HO-1 activity. Furthermore, significant posi-
tive correlations were reported between the degree of
renal failure and HO-1 levels in diabetic uremic patients;
nevertheless, those authors speculated that HO-1 is in-
duced to counteract the intracellular prooxidant status in
diabetic nephropathy.45 Together with those findings, the
timing and levels of HO-1 induction, in concert with prop-
erly sequestering redox-active iron into ferritin, might be
critical for HO-1 to exert its therapeutic protection effects,
although the cumulative evidence favors HO-1 as a ther-
apeutic target for oxidative-related diseases.21,37,39,40

This is the first report to demonstrate that APN elimi-
nates iron-induced hepatic apoptosis through PPAR�-
mediated HO-1 induction. It was previously shown that
HO-1 overexpression increases the APN level by the
synergistic modulation of metabolic syndrome. Addition-
ally, the beneficial effects of HO-1 expression on myo-
cardial ischemia-reperfusion involve increases in nitric

oxide synthase expression and activity and serum APN in
mildly diabetic rats.23 Conversely, herein we proved that
APN increased PPAR�-mediated HO-1 induction in
hepatocytes, which consequently decreased excess
iron-induced hepatic apoptosis and iron deposition. In-
terestingly, the biological concentration of APN (30 �g/
ml) used in vitro might suggest that in addition to the
metabolic importance of APN, it might have antiapoptotic
and antioxidant effects via HO-1 induction in the liver.
Thus, APN, via induction of HO-1, synergistically exerts
protective effects of antioxidation and iron reutilization in
the model of hepatic iron overload in mice. However, our
experimental setting differs from that of Kim et al,46 who
showed that HO-1 with ensuing APN secretion de-
creased the levels of proinflammatory cytokines and tri-
glyceride and caused weight loss in fat mice with exces-
sive ROS and increased cytokines. In line with that
finding, recent studies demonstrated that HO-1 inducers
(ie, CoPP and hemin) increase APN levels and improve
insulin sensitivity and glucose tolerance in obese and
streptozotocin-induced diabetic mice,47,48 which might
be due to the likelihood of increased HO-1 expression
acting as a chaperone protein to protect APN from oxi-
dative destruction. In combination with our present find-
ing showing that APN increased HO-1 levels, APN and
HO-1 might influence each other’s induction, although
whether the induction of HO-1 by APN in turn up-regu-
lates APN remains to be determined. Herein, we provide
evidence that APN in concert with HO-1 might cause
synergistic protection against iron overload, iron-medi-
ated apoptosis, and other oxidative or metabolic-related
disorders.

The results presented in this study showed the inter-
woven relationship of adiponectin, PPAR�, and HO-1,
which suggests their crucial protective roles in modulat-
ing antiapoptotic and metabolic processes of APN in
hepatic iron overload. Notably, determining whether APN
can serve as an alternative gene therapy for patients with
HO-1 deficiency or with iron overload requires further
clinical investigation.
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