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ABSTRACT
Copper levels are elevated in a variety of liver fibrosis condi-
tions. Lowering copper to a certain level protects against fibro-
sis. However, whether severe copper deficiency is protective
against liver fibrosis is not known. The purpose of the present
study is to evaluate this question by inducing severe copper
deficiency using the copper chelator, tetrathiomolybdate (TM),
in a bile duct ligation (BDL) rat model. Male Sprague-Dawley
rats were divided into four groups: sham, sham plus TM, BDL,
and BDL plus TM. TM was given in a daily dose of 10 mg/kg by
body weight by means of intragastric gavage, beginning 5 days
after BDL. All animals were killed 2 weeks after surgery. Severe
copper deficiency was induced by TM overdose in either sham
or BDL rats, as shown by decreased plasma ceruloplasmin

activity. Liver injury and fibrosis were exacerbated in BDL rats
with TM treatment, as illustrated by robustly increased plasma
aspartate aminotransferase and hepatic collagen accumulation.
Iron stores, as measured by plasma ferritin, were significantly
increased in copper-deficient BDL rats. Moreover, hepatic heme
oxygenase-1 expression was markedly down-regulated by cop-
per deficiency in BDL rats. In addition, hepatic gene expression
involving mitochondrial biogenesis and �-oxidation was signifi-
cantly up-regulated in BDL rats, and this increase was abolished
by copper deficiency. In summary, severe copper deficiency ex-
acerbates BDL-induced liver injury and liver fibrosis, probably
caused by increased iron overload and decreased antioxidant
defenses and mitochondrial dysfunction.

Introduction
Copper is an essential trace element for many biological

processes, including mitochondrial respiration, iron metabo-
lism, detoxification of free radicals, and cross-linking of con-

nective tissue (Bonham et al., 2002). Disruption of copper
homeostasis is associated with many human diseases, par-
ticularly liver diseases. Excessive copper accumulation in the
liver secondary to cholestasis has been well documented in
patients with primary biliary cirrhosis (Deering et al., 1977),
as well as in alcoholic cirrhotics (Rodríguez-Moreno et al.,
1997) and experimental fibrosis (Schaff et al., 1991). Con-
versely, copper is decreased in the early stage of some liver
diseases, such as alcoholic steatosis (Uhlikova et al., 2008),
nonalcoholic fatty liver disease (Aigner et al., 2008, 2010),
and acute experimental liver injury (Domitrović et al., 2008).
Therefore, maintaining normal copper homeostasis could be
an important therapeutic target for liver diseases.

It is well established that the fibrotic pathway is modu-
lated by copper (Brewer et al., 2004). Anticopper therapy has
been shown to be effective in protecting against bleomycin-
induced pulmonary fibrosis (Brewer et al., 2003) and carbon
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tetrachloride-induced liver cirrhosis in mice (Askari et al.,
2004), at least in part, by inhibition of transforming growth
factor-�. In addition, lowering copper was demonstrated to
protect against both concanavalin A-induced (Askari et al.,
2004) and acetaminophen-induced (Ma et al., 2004) liver
injury through inhibition of the inflammatory cytokines, tu-
mor necrosis factor-� and interleukin-1�. However, early
studies showed that severe copper deficiency exacerbated
acute carbon tetrachloride-induced hepatotoxicity (DiSilves-
tro and Carlson, 1991), whereas hepatic copper preloading
protected against carbon tetrachloride-induced liver injury
(Barrow and Tanner, 1989). The underlying mechanisms re-
main to be elucidated.

Copper deficiency is associated with decreased antioxidant
defenses, including copper/zinc superoxide dismutase (SOD1),
cytochrome c oxidase, glutathione peroxidase (Prohaska,
1991; Johnson and DeMars, 2004) and ceruloplasmin. Cop-
per deficiency has been observed in patients with nonalco-
holic fatty liver disease and was correlated with alterations
in iron metabolism (Aigner et al., 2008, 2010). Moreover,
dietary fructose interacted with copper deficiency and mark-
edly enhanced the metabolic complications of copper defi-
ciency (Fields et al., 1984), suggesting that copper deficiency
might be an important component in the “two-hit” model of
nonalcoholic steatohepatitis. The mechanisms for these in-
teractions are not well defined.

Our previous work has shown that lowering copper to 30%
of baseline protected against bile duct ligation (BDL)-induced
liver injury and fibrosis (Song et al., 2008). However, it is not
clear whether severe copper deficiency is protective against
liver fibrosis. The present study was designed to investigate
the effect of severe copper deficiency on BDL-induced liver
fibrosis and explore the potential underlying mechanisms.

Materials and Methods
Animal Surgery and Experimental Protocol. Seven-week-old

male Sprague-Dawley rats (200–220 g) were obtained from Harlan
(Indianapolis, IN). Rats were housed in the animal facilities of Uni-
versity of Louisville Research Resources Center on a 12-h light/dark
cycle and fed food and water ad libitum for 1 week before beginning
the experiments. All studies were approved by the University of
Louisville Institutional Animal Care and Use Committee, which is
certified by the American Association of Accreditation of Laboratory
Animal Care. The animals were randomly divided into four groups:
sham, sham plus tetrathiomolybdate (TM), BDL, and BDL plus TM.
TM [(NH4)2MoS4; PubChem Substance ID 24859366], as an ammo-
nium salt (kindly provided by Dr. George Brewer, University of
Michigan, Ann Arbor, MI) was dissolved in deionized water. In
TM-treated animals, it was given in a daily dose of 10 mg/kg by body
weight by means of intragastric gavage, beginning 5 days after BDL.

Bile duct ligation was performed using a standard technique. In
brief, rats were anesthetized with ketamine and xylazine. After
midline laparotomy, the common bile duct was exposed and twice
ligated with 1-0 silk suture. Sham operation was performed by
gently touching the bile duct. All of the animals were killed 2 weeks
after surgery, and blood and liver samples were harvested.

Assessment of Copper and Iron Status. Plasma ceruloplasmin
was measured on the basis of its oxidase activity (Schosinsky et al.,
1974). Copper and iron content in the liver tissue was measured by
inductively coupled plasma mass spectroscopy after predigestion of
the tissues with trace metal-grade nitric acid (Thermo Fisher Scien-
tific, Waltham, MA). Plasma ferritin was determined by using a
commercially available kit (ALPCO Diagnostics, Salem, NH).

Liver Enzyme Assay. Plasma alanine aminotransferase (ALT),
aspartate aminotransferase (AST), alkaline phosphatase (ALP), and
total bilirubin assays were performed with commercially available kits
(Infinity; Thermo Fisher Scientific) based on a colorimetric method.

Histology and Immunohistochemistry. Formalin-fixed, paraf-
fin-embedded liver sections were cut at a 3-�m thickness. Liver
injury was determined by staining with hematoxylin and eosin
(H&E). Extracellular matrix accumulation in liver sections was de-
termined by staining with Masson’s trichrome and Sirius red-fast
green. The area in the liver section of positive Sirius red staining was
quantified using MetaMorph software (Molecular Devices, Sunny-
vale, CA). Specifically, a Molecular Devices Image-1/AT image ac-
quisition and analysis system incorporating an Axioskop 50 micro-
scope (Carl Zeiss Inc., Thornwood, NY) was used to capture and
analyze eight nonoverlapping fields per section at 400� magnifica-
tion. Data from each section were pooled to determined means.
Image analysis was performed using techniques described previously
(Bergheim et al., 2006).

For immunohistochemical analysis, sections were incubated with
anti-�-smooth muscle actin (�-SMA) (DAKO North America, Inc.,
Carpenteria, CA) or anti-4-hydroxynonenal (4-HNE) (Alpha Diag-
nostic International Inc., San Antonio, TX), for 30 min. Staining was
visualized using the horseradish peroxidase-conjugated DAKO
staining system (InVision; DAKO North America, Inc.).

Isolation of RNA and Real-Time RT-PCR. Total RNA was
extracted from liver tissues using TRIzol (Invitrogen, Carlsbad, CA)
according to the manufacturer’s protocol. For real-time RT-PCR, the
first-strand cDNA was synthesized using TaqMan Reverse tran-
scription reagents (Applied Biosystems, Foster City, CA). The re-
verse transcription was carried out using 1� TaqMan RT buffer, 5.5
mM MgCl2, 500 mM of each dNTP, 2.5 mM random hexamer, 8 U of
RNase inhibitor, and 25 U of Multiscribe Reverse Transcriptase with
200 ng of total RNA. The RT conditions were 10 min at 25°C, 30 min
at 48°C, and 5 min at 95°C. Real-time PCR was performed with an
ABI prism 7500 sequence detection system (Applied Biosystems),
and reactions were prepared using SYBR green master mix (Applied
Biosystems). Primers were designed and synthesized by SABiosci-
ences (Frederick, MD) (see Table 1 for Genbank accession numbers).
The parameter Ct (threshold cycle) was defined as the fraction cycle
number at which the fluorescence passed the threshold. The relative
gene expression was analyzed using the 2���Ct method (Livak and
Schmittgen, 2001) by normalizing with 18S rRNA gene expression in
all the experiments.

Western Blot. Hepatic nuclear and cytosol segments were ex-
tracted by using a commercial available kit (Active Motif Inc., Carls-
bad, CA). Equal amounts of protein were loaded and resolved on 10%
SDS-polyacrylamide gels and transferred to polyvinylidene difluo-
ride membrane (Millipore Corporation, Billerica, MA). The mem-
brane was blocked and probed with primary antibody for copper
chaperone for SOD1 (CCS) (dilution 1:500), SOD1 (dilution 1:1000),
manganese superoxide dismutase (SOD2) (dilution 1:1000), nuclear
factor erythroid-2-related factor 2 (Nrf2) (dilution 1:500), heme oxy-
genase-1 (HO-1) (dilution 1:500) (Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA), or histone H3 (dilution 1:5000) (Abcam Inc., Cam-
bridge, MA) overnight at 4°C, and then was incubated with the
corresponding horseradish peroxidase-conjugated secondary anti-
body. Protein signals were visualized using the enhanced chemilu-
minescence system (GE Healthcare, Chalfont St. Giles, Bucking-

TABLE 1
Genbank accession numbers for primers used

Gene Genbank Accession Number

Tfb1m NM_181474
Hmgcs2 NM_173094
Ppara NM_013196
Cpt1a NM_031559
18S rRNA X01117
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hamshire, UK). Band intensities were quantified using ImageJ
software (http://rsb.info.nih.gov/ij/).

Hepatic Reduced Glutathione/Oxidized Glutathione, and
S-Adenosylmethionine Assay. Reduced glutathione (GSH), oxi-
dized glutathione (GSSG), and S-adenosylmethionine (SAM) were
determined by high-performance liquid chromatography.

Statistical Analysis. Results are expressed as mean � S.D.
Statistical analysis was performed using one-way analysis of vari-
ance followed by Newman-Keuls’ multiple comparison test. P � 0.05
was considered statistically significant.

Results
Effects of Copper Deficiency and BDL on Body

Weight, Liver Weight, and Blood Metabolites. After
2-week BDL, body weight gain was significantly decreased in
BDL rats compared with sham-operated rats. Both body
weight and body weight gain were significantly decreased by
TM-induced copper deficiency in BDL rats; however, they
were not significantly affected by TM treatment in sham-
operated rats. Liver weight and liver/body weight ratio were
significantly increased after BDL, and they were further
increased by copper deficiency. Likewise, plasma cholesterol
was significantly higher in BDL rats compared with sham-
operated rats, and it was further increased by TM-induced
copper deficiency, which is a typical sign associated with
copper deficiency (Table 2).

Copper and Iron Status. As expected, the plasma ceru-
loplasmin level was significantly elevated (approximately
2.5-fold) in the rats after 2 weeks of BDL. Conversely, the
plasma ceruloplasmin was significantly decreased in both
sham and BDL animals treated with TM compared with
animals with sham operation only (approximately 8 and 3%
of baseline, respectively) (Fig. 1A). Liver copper was signifi-
cantly increased in BDL rats compared with sham animals,
and it was significantly decreased in BDL plus TM rats
compared with BDL animals (Fig. 1B). As an indicator of
copper status (Harvey and McArdle, 2008), hepatic CCS ex-
pression was up-regulated by copper deficiency and was neg-
atively related to the liver copper and plasma ceruloplasmin
level, as shown by Western blot (Fig. 1C). All of the data
suggested that biologically available copper was severely de-
ficient in TM-treated animals. The plasma ferritin, a marker
of total body iron stores, was robustly increased (approxi-
mately 13-fold) in BDL rats treated with TM compared with
controls (Fig. 1D). Liver iron was also significantly increased
in both sham and BDL rats treated with TM compared with
control (Fig. 1E).

Copper Deficiency Exacerbated BDL-Induced Choles-
tatic Liver Injury. Liver injury was assessed by plasma liver
enzymes (ALT, AST, and ALP), total bilirubin, and histology.

The plasma ALT, AST, and ALP levels were not significantly
changed by TM-induced copper deficiency in sham-operated
rats compared with controls. After 2 weeks of BDL, plasma
ALT, AST, and ALP were slightly elevated (differences did
not reach statistical significance). However, TM-induced cop-
per deficiency led to a significant increase in plasma ALT
level by 2-fold in BDL rats compared with sham-operated
animals (Fig. 2A). The plasma AST level was robustly in-
creased by approximately 4- and 2-fold, respectively in BDL
plus TM rats compared with sham and BDL animals (Fig.
2B). Likewise, the plasma ALP and total bilirubin were
also significantly elevated in copper-deficient BDL rats
compared with controls (Fig. 2, C and D), suggesting exac-
erbated cholestatic liver injury caused by copper deficiency
in BDL animals.

Bile infarcts are the typical features of cholestatic liver
injury caused by bile acid-induced hepatocyte necrosis. Con-
sistent with the biochemical findings, H&E staining showed
extensive bile infarcts, along with distinct neutrophil infil-
tration in the liver sections of BDL plus TM rats; by contrast,
very few bile infarcts were seen in the livers of rats with 2
weeks of BDL alone. Short-term copper deficiency induced by
TM did not cause significant pathological changes in the
livers of sham-operated animals compared with controls (Fig.
2E). Collectively, these data suggest that copper deficiency
exacerbated BDL-induced cholestatic liver injury.

TM-Induced Copper Deficiency Aggravated Hepatic
Fibrosis Induced by BDL. Hepatic fibrosis was evaluated
by Masson’s trichrome and Sirius red staining of liver sec-
tions. Collagen content was assessed by morphometrical
analysis of Sirius red staining. In sham-operated rat livers,
only normal staining around vessels and no fibrosis was
observed. TM-induced copper deficiency did not cause overt
histological changes in sham-operated rats. After 2 weeks of
BDL, collagen accumulation was obvious in both the portal
triad and interstitial areas, with bridging fibrosis formation,
and this was significantly increased by TM-induced copper
deficiency as shown by Masson’s trichrome and Sirius red
staining (Fig. 3, A and B). Quantification of Sirius red stain-
ing by image analysis showed that collagen content was
robustly increased (5-fold) in the livers of BDL rats, and it
was further significantly increased (8-fold) with TM-induced
copper deficiency compared with controls (Fig. 3D).

We further evaluated fibrogenesis by immunohistochemis-
try staining for �-SMA, a marker of hepatic stellate cell
activation. Compared with controls, �-SMA expression was
markedly increased in the livers of BDL rats, and it was
further enhanced by TM-induced copper deficiency, suggest-
ing enhanced fibrogenesis (Fig. 3C). Taken together, our data
clearly showed that copper deficiency aggravated BDL-in-

TABLE 2
Effects of TM and BDL on body weight, liver weight, and plasma cholesterol
Seven-week-old male Sprague-Dawley rats were given either BDL or sham operation. TM was given in a daily dose of 10 mg/kg/day by means of intragastric gavage beginning
5 days after surgery. All animals were killed 2 weeks after surgery. Data are means � S.D. (n 	 5–6).

Variable Sham Sham 
 TM BDL BDL 
 TM

Body weight, g 284.6 � 6.0 277.6 � 14.7 268.5 � 14.2 237.2 � 16.9*†

Body weight gain, g 65.20 � 4.55 52.60 � 12.26 42.00 � 15.54* 11.33 � 13.44*†

Liver weight, g 10.42 � 0.69 9.46 � 0.52 12.46 � 1.49* 15.28 � 0.77*†

Liver/body weight ratio, % 3.659 � 0.169 3.410 � 0.139 4.664 � 0.718* 6.469 � 0.521*†

Cholesterol, mg/dl 94.3 � 14.2 85.3 � 4.6 119.6 � 17.4* 171.7 � 28.3*†

*, significantly different from sham group.
†, significantly different from BDL group.
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duced liver fibrosis, which paralleled the severity of liver
injury.

TM-Induced Copper Deficiency Inhibited Hepatic
Gene Expression Involved in Mitochondrial Biogene-
sis and Fatty Acid �-Oxidation. Data from liver enzyme
assays suggested that mitochondrial impairment is a likely
potential mechanism involved in copper deficiency-associ-
ated liver injury. To further evaluate mitochondrial function,
the gene expression implicated in mitochondria biogenesis
and fatty acid �-oxidation was determined by real-time RT-
PCR (Fig. 4). Our data showed that the mRNA expression of
the mitochondrial transcription factor B1 (Tfb1m), a tran-
scription factor that is necessary for basal transcription of
mammalian mitochondrial DNA (Falkenberg et al., 2002),
was significantly up-regulated more than 2-fold in the livers
of BDL rats, and this was abrogated in copper-deficient BDL
rats. The mRNA expression of the key genes regulating fatty
acid oxidation, such as peroxisome proliferator-activated re-
ceptor � (Ppar-�), carnitine palmitoyltransferase 1a, liver

(Cpt1a), and 3-hydroxy-3-methylglutaryl-coenzyme A syn-
thase 2 (mitochondrial) (Hmgcs2), was significantly in-
creased in BDL rat liver, whereas this increase was blocked
in copper-deficient BDL rats.

Increased Oxidative Stress and Decreased Antioxi-
dant Defense by TM-Induced Copper Deficiency in
BDL Rats. To evaluate the possible effects of BDL and
copper deficiency on oxidative stress, GSH/GSSG ratio, SAM,
and 4-HNE were determined. A significant increase in GSH/
GSSG ratio (Fig. 5A) was observed, suggesting a response to
more oxidative stress in copper-deficient BDL rats. He-
patic SAM, a precursor of GSH synthesis, was also signif-
icantly decreased in copper-deficient BDL rats (Fig. 5B).
SODs are important antioxidant defenses against oxida-
tive stress. SOD1, a cuproenzyme, is distributed mainly in
the cytosol and the intermembrane space of mitochondria
(Okado-Matsumoto and Fridovich, 2001). SOD2 is located
in the mitochondria. Hepatic SOD1 expression was signif-
icantly down-regulated in both sham and BDL rats in

A B

C Sham Sham+TM BDL BDL+TMSham                      Sham TM                         BDL                          BDL TM

CCS

GAPDH

CCS/GAPDH Ratio   1.00 0.20 3.38 0.55* 1.13 0.22 4.01 0.30*†

D E

Fig. 1. Effect of TM on copper and iron status 2 weeks after bile duct ligation. BDL or sham operation was performed in male Sprague-Dawley
rats as described under Materials and Methods. TM was given in a daily dose of 10 mg/kg/day by means of intragastric gavage beginning 5 days
after surgery until 2 weeks later. A, B, D, and E, plasma ceruloplasmin (A), liver copper (B), plasma ferritin (D), and liver iron (E) were
determined as described under Materials and Methods. Data represent means � S.D. (n 	 5– 6). �, significantly different from sham group;
†, significantly different from BDL group. C, hepatic CCS expression was examined by Western blot analysis using whole liver cytosol extract,
and optical density of band was quantified by ImageJ software. The ratio to GAPDH was calculated by assigning the value from sham controls
as one. Data represent means � S.D. (n 	 3).
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response to TM-induced copper deficiency, as shown by
Western blot (Fig. 5C). However, hepatic SOD2 expression
was not significantly different in all groups (data not
show). 4-HNE is the end product of lipid peroxidation, and
its adduction to proteins serves as a marker of lipid peroxi-
dation. As shown in Fig. 5D, immunoreactivity of 4-HNE in
the liver was increased by BDL, and it was further enhanced
by copper deficiency in BDL rats.

Hepatic Heme Oxygenase-1 Expression Was Signifi-
cantly Inhibited by BDL and Copper Deficiency Inter-
action. HO-1 is a stress-related Nrf2 target gene and an
antioxidant defense enzyme. As shown in Fig. 6A, HO-1
expression was significantly down-regulated by copper defi-
ciency in BDL rat liver. Nrf2 is a transcription factor that
regulates the expression of antioxidative and other cytopro-
tective genes, including HO-1.To further understand the mo-
lecular mechanism by which copper deficiency and BDL in-
duced inhibition of antioxidant defense, Nrf2 expression was
evaluated by Western blot. Hepatic nuclear Nrf2 expression
was slightly up-regulated in response to copper deficiency in
sham-operated rat liver, whereas it was slightly down-regu-
lated after 2-week BDL. However, the differences did not
reach statistical significance (data not show).

Discussion
Our previous data have demonstrated that lowering cop-

per to 30% of basal level protected against BDL-induced
liver fibrosis (Song et al., 2008). However, when copper is
severely deficient (�8% of baseline in terms of ceruloplas-
min) (Fig. 1A), it exacerbated BDL-induced liver injury
and liver fibrosis. Sprague-Dawley rats are known to be a
sensitive model in response to copper deficiency, and low-
dose TM (10 mg/kg/day) depleted copper to a greater extent
in the Sprague-Dawley rat than it did in our previous
mouse model (Song et al., 2008). It seemed that the sever-
ity of liver fibrosis paralleled the severity of liver injury
and hepatic stellate cell activation in rats subjected to
BDL and severe copper deficiency, suggesting that liver
injury is the primary event in the liver fibrosis induced by
copper deficiency and BDL. Moreover, liver injury in BDL
rats resulting from copper deficiency is characterized by
robustly increased plasma AST (Fig. 2B), suggesting po-
tential mitochondrial impairment (Panteghini, 1990). In
fact, previous work has shown that both acute and chronic
severe copper deficiency led to abnormal mitochondria
(Gallagher et al., 1973). However, the underlying mecha-
nisms are not fully understood.

BA

C DC D

Sh +TM BDLSh BDL+TMSham+TM BDL

H&E

Sham BDL+TME

Fig. 2. Effect of copper deficiency and BDL on plasma liver enzymes, total bilirubin, and liver histology. The animals were subjected to the same
treatment protocol as described in Fig. 1. A to D, ALT (A), AST (B), ALP (C), and total bilirubin (D) were determined in plasma samples by colorimetric
assay. Data represent means � S.D. (n 	 5–6). �, significantly different from sham group; †, significantly different from BDL group. E, representative
photomicrographs (100�) of liver sections with H&E staining depicting liver injury as shown by bile infarcts and neutrophil infiltration (arrows).
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One of the principal cuproenzymes, cytochrome c oxidase,
is the terminal enzyme of the mitochondrial respiratory
chain. Another cuproenzyme, SOD1, is an important antiox-
idant defense against oxidative stress. The distribution of
SOD1 is mainly in the cytosol, and it has also been found in
the intermembrane space of mitochondria (Okado-Matsu-
moto and Fridovich, 2001). It is well documented that activ-
ity of both cytochrome c oxidase and SOD1 were decreased by
copper deficiency (Prohaska, 1991; Johnson and DeMars,
2004). Consistent with previous studies, our data also
showed that hepatic SOD1 expression was significantly de-
creased in response to copper deficiency (Fig. 5C). Increased
iron stores secondary to copper deficiency may be another
important factor for the mitochondrial damage. Iron export
from nonintestinal cells requires ceruloplasmin, the principal
copper carrying protein with ferroxidase activity. Ferrous
(Fe2
) ion must be converted to ferric (Fe3
) ion by ferroxi-
dase before being exported out of the cells for transport in the
plasma. Ceruloplasmin deficiency prevents iron release from
cells and iron accumulates in the liver in macrophages, hepa-
tocytes, and cells from several other organs (Harris et al.,
1999). Our data clearly showed extremely low plasma ceru-

loplasmin activity in both sham and BDL animals induced by
TM (Fig. 1A).

Iron plays an essential role in the maintenance of mito-
chondria, through its two major functional forms, heme and
iron-sulfur clusters. Most of the iron within cells is routed to
the mitochondria for heme biosynthesis and maturation of
Fe-S clusters (Atamna et al., 2002). Heme degradation is
controlled predominantly by heme oxygenase (HO). Humans
and rodents have two HO isoenzymes, namely HO-1 and
HO-2, with HO-1 being the only inducible form in response to
oxidative stress (Gozzelino et al., 2010). Mice lacking HO-1
displayed hepatic iron overload and liver injury (Poss and
Tonegawa, 1997), whereas induction of HO-1 suppressed in-
flammation and oxidative stress and protected against ste-
atohepatitis (Yu et al., 2010) and a variety of other types of
liver injury (Lin et al., 2010; Yun et al., 2010). In the present
study, hepatic HO-1 expression was significantly suppressed
by copper deficiency in BDL mice, and this may be another
contributor to increased iron stores and liver injury. More-
over, in addition to copper, heme is an important component
of the cytochrome c oxidase subunit (Fontanesi et al., 2008).
Thus, it is plausible that disturbing heme homeostasis may

Sham+TM BDL MT+LDBmahS

A
Masson’s
Trichrome

Sirius Red

B

C
α-SMA

D

Fig. 3. Effect of copper deficiency on BDL-induced liver fibrosis. The animals and treatment were the same as described in Fig. 1. Collagen deposition
was evaluated by Masson’s trichrome and Sirius red staining. Hepatic fibrogenesis was assessed by �-SMA, a marker of hepatic stellate cell activation.
A, representative photomicrographs (100�) of liver sections with Masson’s trichrome staining. B, representative photomicrographs (100�) of liver
sections with Sirius red staining. C, representative photomicrographs (100�) of immunohistochemistry staining for liver �-SMA. D, quantification of
Sirius red-positive staining by image analysis. Data represent means � S.D. (n 	 5–6). �, significantly different from sham group; †, significantly
different from BDL group.
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also contribute to decreased cytochrome c oxidase activity.
Collectively, copper deficiency-associated ceruloplasmin ac-
tivity inhibition coupled with HO-1 suppression led to iron
accumulation in mitochondria, which in turn, led to in-
creased reactive oxygen species via the Fenton reaction, mi-
tochondria dysfunction, and ultimately, cell death. It seemed
that increased iron stores paralleled the severity of liver
injury and fibrosis, suggesting it may be an important mech-
anism underlying exacerbated liver injury by copper defi-
ciency in BDL rats.

Maintaining mitochondrial homeostasis involves biogene-
sis and replacement. Therefore, we further evaluated mito-
chondrial biogenesis by determining the related gene expres-
sion. We found that the mRNA expression of Tfb1m, a
transcription factor that is necessary for basal transcription
of mammalian mitochondrial DNA (Falkenberg et al., 2002),
was significantly up-regulated more than 2-fold in the livers
of BDL rats, and this was abrogated in copper-deficient BDL
rats. Likewise, the mRNA expression of the key genes regu-
lating fatty acid �-oxidation, such as PPAR-� (Shalev et al.,
1996), Cpt1a (Akkaoui et al., 2009), and Hmgcs2 (Kostiuk et
al., 2008), were significantly increased in BDL rat livers,
whereas this increase was blocked in copper-deficient BDL
rats. A study showed that mitochondrial biogenesis may be
regulated by HO-1 in heart (Piantadosi et al., 2008), which
may also explain our results. Taken together, it seems that

disruption of mitochondrial biogenesis is another likely
mechanism by which copper deficiency exacerbates liver in-
jury in BDL rats.

Previous work showed that the activity of hepatic HO-1 in
rats is elevated in response to 5 weeks of copper deficiency
(Johnson and DeMars, 2004). Our data showed that hepatic
HO-1 expression did not significantly increase in response to
copper deficiency in sham-operated rats, probably because of
the short term of copper deficiency (10 days). Conversely,
HO-1 expression was significantly inhibited in BDL rats in
response to copper deficiency, suggesting other factors, such
as accumulated bile acids, may play a role. The mechanism
responsible for the decreased HO-1 expression is poorly un-
derstood. Nrf2 is a transcription factor that regulates the
expression of antioxidative and other cytoprotective genes,
including HO-1 (Yao et al., 2007; Yeligar et al., 2010). How-
ever, hepatic nuclear Nrf2 expression in BDL rats was not
significantly changed in response to copper deficiency (data
not shown), suggesting either a disturbance of Nrf2 DNA
binding or other transcription factors might be involved.

In summary, our data demonstrated that copper deficiency
may lead to iron overload, possibly by inhibition of cerulo-
plasmin activity and HO-1 expression, which, in turn, cause
mitochondria dysfunction. Severe copper deficiency synchro-
nized with BDL to exacerbate liver injury and fibrosis. Our

Fig. 4. Effect of copper deficiency and BDL on the gene expression involving mitochondrial biogenesis and fatty acid �-oxidation. Real-time RT-PCR
was performed as described under Materials and Methods to determine hepatic Tfb1m, Ppar�, Cpt1a, and Hmgcs2 mRNA expression. The expression
was normalized as a ratio using 18S ribosomal RNA (18SrRNA) as housekeeping gene. A value of 1 for this ratio was arbitrarily assigned to the data
obtained from sham-operated rat. Data represent means � S.D. (n 	 5–6). �, significantly different from sham group; †, significantly different from
BDL group.
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data provide further insights into the understanding of the
role of copper homeostasis in liver injury and fibrosis.
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