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Elevated homocysteine levels are defined as hyperho-
mocysteinemia (HHcy), a disorder that is associated
with cardiovascular and neurodegenerative diseases as
well as with hepatic fibrosis. Recent studies have shown
that HHcy promotes hepatic injury by increasing oxida-
tive stress. Although homocysteine induces cell cycle
arrest in a variety of different cell types, it is not known
whether HHcy has a definitive role in hepatocyte pro-
liferation during liver regeneration. In this report, we
investigated the effect of homocysteine on liver regen-
eration. Our results demonstrated that mice with HHcy
exhibited an impairment in liver regeneration after par-
tial hepatectomy, as measured by immunohistochemi-
cal staining of proliferation cell nuclear antigen and
bromodeoxyuridine incorporation. Impaired prolifera-
tion was also correlated with reduced cyclin D1 induc-
tion and elevated expression levels of both p53 and
p21Cip1. In addition, the phosphorylation of Akt, which
plays an essential role in normal regeneration re-
sponses, was attenuated during the early phases of liver
regeneration in HHcy mice. Our results also indicated
that the cAMP/protein kinase A pathway mediated the
inhibitory effect of homocysteine on liver regeneration.
These findings provide evidence that impairment of liver
regeneration by HHcy may result in delayed recovery
from liver injury induced by homocysteine itself. (Am J
Pathol 2010, 177:2357–2365; DOI: 10.2353/ajpath.2010.091131)

Although hepatocytes are quiescent and rarely replicate
in the normal adult liver, they are able to reenter the cell

cycle and proliferate after liver damage caused by ische-
mia, chemical compounds, or hepatitis.1 In rodents, the
original liver mass is restored approximately 7 to 10 days
after 70% partial hepatectomy (PH), with a peak in DNA
synthesis at approximately 40 to 44 hours.2 Impaired liver
regeneration can be an important clinical complication of
the pathogenesis of liver failure, cirrhosis, severe steato-
sis, and primary liver cancer.1,3 Accumulated evidence
has demonstrated that liver regeneration is impaired in a
number of animal models of fatty liver disease.4–7

Homocysteine is formed as an intermediate in sulfur
amino acid metabolism. Elevated levels of circulating
homocysteine, a condition known as hyperhomocysteine-
mia (HHcy), are correlated with cardiovascular, neurode-
generative diseases, and hepatic fibrosis.8–11 One of the
mechanisms underlying homocysteine-mediated organ
dysfunction results from induction of cell cycle arrest,
apoptosis, and cell injury.12–14 Liver plays a central role in
homocysteine metabolism. Impaired liver function has
been associated with elevated plasma levels of homo-
cysteine. For instance, elevation of homocysteine due to
an insult in homocysteine metabolism is observed in pa-
tients with hepatic steatosis, cirrhosis, and chronic alco-
hol consumption.15,16 On the other hand, homocysteine
has been shown to enhance hepatic lipid metabolism via
the transcription factor, sterol regulatory element-binding
protein-1.17–19 Patients with HHcy due to methylenetetra-
hydrofolate reductase C677T polymorphism develop he-
patic steatosis and fibrosis.20 In addition, two recent
studies have demonstrated that HHcy in cystathionine
�-synthase-deficient mice and mice fed with methionine
promotes oxidative stress, leading to liver injury.11,21
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Because HHcy induces hepatic steatosis, we hypoth-
esized that it could impair the regenerative response to
liver injury. To test this hypothesis, we investigated the
effect of homocysteine on liver regeneration. Our results
reveal that homocysteine impairs hepatocyte proliferation
after PH.

Materials and Methods

Induction of HHcy

Adult BALB/c mice were obtained from Baiyao Phar-
macological Co. (Kunming, China). The animals were
fed one of two diets: i) control diet (LM-485 chow,
Harlan Teklad, Madison, WI) or ii) high-methionine diet
(LM-485 chow with drinking water supplemented with
2% L-methionine). Mice were sacrificed after 3 months
on the diets. The protocol of the experiments was
approved by the Animal Care and Use Committee of
Yunnan University. Homocysteine levels in plasma of
mice were determined by using an enzyme-linked im-
munosorbent assay (ELISA) kit (Axis-Shield, Kim-
bolton, Cambridgeshire, UK).

Murine Hepatectomy

All mice underwent PH by removal of 70% of total liver
mass (left lateral, left median, and right median lobes)
under sodium pentobarbital anesthesia (75 �g/g b.wt.).
PH was performed by a single investigator (J.C.). At the
end of the surgical operation, animals were allowed to
recover on a heating pad and later were returned to
cages and fed ad libitum. Sham operation mice received
sham surgery in which the liver was gently manipulated
but not resected. At the indicated time, mice were sacri-
ficed, and liver tissues were harvested. To test the effect
of p53 on liver regeneration, mice were injected with 2.2
mg/kg of pifithrin-� (Biomol, Plymouth Meeting, PA) intra-
peritoneally 2 hours before PH. After the first dose was
given, mice were injected with 2.2 mg/kg of pifithrin-�
every 24 hours. A part of the liver was immediately re-
moved and quickly frozen in liquid nitrogen. The remain-
ing part of the liver was fixed in formalin, dehydrated in
graded ethylic alcohol, and embedded in paraffin. All
slides were evaluated at random with sections stained
with H&E or oil red O. Surgically removed liver lobes and
the regenerating livers were collected and weighed. The
relative percentage of the corresponding original liver
mass was calculated.

Immunohistochemistry

DNA synthesis was measured by immunohistochemistry
for proliferating cell nuclear antigen (PCNA) staining and
bromodeoxyuridine (BrdU) incorporation on paraffin sec-
tions. For PCNA staining, a mouse anti-PCNA antibody
(Santa Cruz Biotechnology, Santa Cruz, CA) was used.
For BrdU staining, mice were injected with 100 mg/kg
BrdU (Amersham Biosciences, Piscataway, NJ) intraperi-

toneally 2 hours before tissue harvesting. BrdU incorpo-
ration was detected by a mouse anti-BrdU antibody
(Ab3) (Thermo Scientific, Fremont, CA). A hepatocyte-
labeling index (percentage of positive nuclei) was deter-
mined by counting 2000 nuclei in 10 high-power fields
(�40) per mouse.

Quantitative Real-Time RT-PCR Analysis

Total RNA from liver tissues was isolated using TRIzol
reagent (Invitrogen, Carlsbad, CA). Random-primed
cDNAs were generated by reverse transcription of total
RNA samples with SuperScript II (Invitrogen). A real-time
PCR analysis was performed with the ABI Prism 7000
Sequence Detection system (Applied Biosystems, Foster
City, CA) using SYBR Premix Ex Tag (Takara, Dalian,
China). All results were standardized to the levels of
actin. The primers used for PCR were as follows22: epi-
dermal growth factor (EGF) receptor, 5�-CCGCCTGCT-
TCAAGAGAGAG-3� (forward) and 5�-TGTGCCAAAT-
GCTCCCGAA-3� (reverse); hepatocyte growth factor
(HGF) receptor, 5�-GTGAACATGAAGTATCAGCTCCC-3�
(forward) and 5�-GTAGTTTGTGGCTCCGAGAT-3� (re-
verse); HGF, 5�-CTGCTTCATGTCGCCATCC-3� (forward)
and 5�-TGGGTCTTCCTTGGTAAGAGTAG-3� (reverse); and
actin, 5�-AGTGTGACGTTGACATCCGTA-3� (forward) and
5�-GCCAGAGCAGTAATCTCCTTCT-3� (reverse).

Measurement of Cytokines, Transaminases,
and cAMP

Plasma levels of tumor necrosis factor (TNF-�) and inter-
leukin-6 (IL-6) in mice were determined by ELISA kits
(R&D Systems, Shanghai, China). The assays were per-
formed according to the manufacturer’s protocols. The
activities of alanine aminotransferase (ALT) and aspar-
tate aminotransferase (AST) were determined using a
standard clinical automatic analyzer (Hitachi 7060).
cAMP levels in the liver were determined using an ELISA
kit (R&D Systems).

Cell Culture and Homocysteine Treatment

Mouse hepatocytes were prepared and characterized as
described previously.23 Hepatocytes were plated in se-
rum-free Williams’ E medium (Gibco, Gaithersburg, MD)
as described previously,24 including insulin (20 mU/ml,
Sigma-Aldrich, St. Louis, MO) and EGF (10 ng/ml, Sigma-
Aldrich). After attachment, the cells were cultured with
Dulbecco’s modified Eagle’s medium (Gibco) without se-
rum overnight.

[3H]Thymidine Incorporation Assay

After attachment in 24-well tissue culture plates, mouse
hepatocytes were incubated with 250 �mol/L homocys-
teine or methionine along with EGF (20 ng/ml) and HGF
(R&D Systems, Minneapolis, MN) (20 ng/ml) for 6, 18, 42,
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and 66 hours, respectively. Then 50 �l of serum-free
medium containing [3H]thymidine (1 �Ci/ml) (Atom High-
Tech Co., Beijing, China) were added to the cells for a
further 6 hours before the [3H]thymidine incorporation
assay as described previously.25

Western Blotting

After liver samples were homogenized in liquid nitrogen,
the homogenate was lysed on ice for 30 minutes in lysis
buffer (BioTeKe, Beijing, China). The lysates (25 �g) of
total protein were loaded per well and separated on a
10% SDS-polyacrylamide gel. Proteins were then trans-
ferred to polyvinylidene difluoride. Primary antibodies
were anti-Akt, anti-phospho-Akt (Ser473), anti-p57kip2,
anti-cAMP response element-binding protein (CREB),
anti-phospho-CREB (Ser133), p53, and anti-actin anti-
bodies (Sigma-Aldrich), anti-p21Cip1, anti-p27kip1, anti-
cyclin A, anti-cyclin E, anti-cyclin B, and anti-cyclin
D1antibodies (Santa Cruz Biotechnology). The second-
ary antibody was a peroxidase-coupled anti-rabbit or
mouse IgG (Amersham Biosciences). The membrane
was exposed to ECL Hyperfilm (Amersham Biosciences),
and the film was developed.

Statistical Analysis

Data from experiments are expressed as means � SD.
Statistical differences between the groups were analyzed
using one-way analysis of variance, followed by a Stu-
dent-Newman-Keuls test. Values of P � 0.05 were con-
sidered statistically significant.

Results

Hyperhomocysteinemia Suppresses Liver
Regeneration after Partial Hepatectomy

Moderate hyperhomocysteinemia can be induced by in-
creasing the total methionine in mice.26 In this study,
mice were fed a diet with drinking water supplemented
with 2% L-methionine. After 3 months on the diet, mice
demonstrated an approximately eightfold increase in
plasma levels of homocysteine compared with control
mice fed a normal diet (24.4 � 2.9 versus 2.9 � 0.4
�mol/L, respectively) (Figure 1).

To determine whether HHcy would affect hepatocyte
replication during liver regeneration, we performed a
standard 70% PH in mice. DNA synthesis was measured
by immunohistochemical staining of proliferation marker
PCNA. A quantitative time course of PCNA staining re-
vealed a significant delay of hepatocellular proliferation in
mice with HHcy after PH (Figure 2, A–F). The peak of
PCNA staining was reached after 36 hours of PH in
normal mice and after 48 hours in HHcy mice, respec-
tively. Maximal levels of PCNA staining in HHcy mice (at
48 hours) were 44% and were significantly lower than the
maximal levels of PCNA staining observed in normal mice
(68%) (Figure 2I). To further confirm these results, we

determined DNA replication by BrdU incorporation into
nuclear DNA. Consistently, mice with HHcy showed a
marked decrease in DNA synthesis in hepatocytes, com-
pared with normal mice at 36 hours after PH (Figure 2, G
and H). At 36 hours after PH, the levels of BrdU incorpo-
ration were 28% in livers from normal mice compared
with 4.2% in livers from HHcy mice (Figure 2J). No sta-
tistical difference was observed in the relative percent-
age of the corresponding original liver mass between
normal and HHcy mice on day 7 after PH (Figure 3A).
However, there was a significant difference at days 2 and
3, when this ratio in HHcy mice transiently lagged behind
that of normal mice. Taken together, these results dem-
onstrate that HHcy impairs hepatocellular proliferation
after PH.

To assess the direct effect of homocysteine on hepa-
tocyte proliferation in vitro, DNA synthesis was assessed
by determining [3H]thymidine uptake. We found that
treatment with homocysteine markedly inhibited this in-
corporation in mouse hepatocytes: 250 �mol/L homocys-
teine resulted in a 42% decrease in [3H]thymidine incor-
poration in hepatocytes after 72 hours (Figure 3B). In
contrast, methionine did not significantly affect hepatic
proliferation, indicating that this effect was selective for
homocysteine.

HHcy Induces Liver Injury and Mild Steatosis
But Does Not Alter the Production of IL-6 and
TNF-� after PH

In this study, an accumulation of micro fat droplets was
observed only in livers of HHcy mice and not in livers of
normal mice (Figure 4A). Little or no necrotic areas in
livers were observed in either HHcy or normal mice.
HHcy mice did not exhibit increased hepatocellular BrdU
incorporation in quiescent livers, which is the hallmark of
hepatic injury (data not shown). Furthermore, the basal
levels of plasma ALT and AST in HHcy mice were similar
to those in normal mice. However, the plasma levels of
ALT and AST in HHcy mice were significantly higher than

Figure 1. Induction of hyperhomocysteinemia in mice. BALB/c mice were
fed one of two diets: i) control diet (LM-485 chow) or ii) high-methionine diet
(LM-485 chow with drinking water supplemented with 2% L-methionine)
(Met). Mice were sacrificed after 3 months on the diets. Levels of plasma
homocysteine were determined using the ELISA method. Data are presented
as the mean � SD (n � 10 in each group). *P � 0.05 versus normal diet.
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those in normal mice at 24 and 48 hours after PH (Figure
4, B and C). These data suggest that HHcy causes
hepatic injury after PH.

Given that the initiation of liver regeneration depends
on cytokines such as IL-6 and TNF�, we tested the effect
of HHcy on the production of the cytokines 2 to 12 hours
after PH. We found that the serum levels of IL-6 and
TNF-� after PH were similar in mice of both groups (data
not shown). The process of liver regeneration also re-
quires growth factors. We thus determined the expres-
sion of EGF and HGF receptors as well as of HGF in liver
after partial hepatectomy. We found that the expression
of EGF and HGF receptors as well as HGF in liver be-
tween 2 and 12 hours after PH has no significant differ-
ence between mice with HHcy and normal mice (data not
shown). These results excluded the possibility that the
effect of HHcy on liver regeneration is due to blocking the
production of cytokines and down-regulating growth fac-
tor receptors.

HHcy Reduces Levels of Cyclin D1 and
Increases Levels of p53 and p21Cip1

Because HHcy inhibited hepatocyte proliferation after
PH, we examined the effect of HHcy on the expression of
genes involved in cell cycle progression after PH. In livers
of normal mice, cyclin D1 protein expression was up-
regulated 24 hours after PH and continued to accumulate
to high levels between 36 and 48 hours after PH in livers
of normal mice (Figure 5A). In contrast, the induction of
cyclin D1 protein expression was delayed in livers of
mice with HHcy. Only low levels of cyclin D1 protein
could be detected in livers of HHcy mice between 24 and
48 hours after PH. However, by 72 hours after PH, the
expression of cyclin D1 began to increase in HHcy mice.
The other cell cycle regulators, such as cyclin E, cyclin
B1, cyclin A, were not altered during liver regeneration in
normal and HHcy mice (data not shown).

Figure 2. PCNA expression and BrdU incorpo-
ration. Quantitative analysis and representative
images of PCNA-expressing hepatocytes and in-
corporation of BrdU at various times after PH in
livers of normal and HHcy mice. A–F: Represen-
tative examples of PCNA immunohistochemistry
in normal and HHcy mice. Arrows indicate pos-
itive nuclei. G and H: Representative examples
of BrdU immunohistochemistry in normal and
HHcy mice at 36 hours after PH. Arrows indi-
cate positive nuclei. I: Percentage of PCNA-pos-
itive nuclei (n � 7 per group at each time point).
J: Percentage of BrdU-positive nuclei (n � 7 per
group at each time point). A–F are lower-power
images; G and H are higher-power images. The
percentage of positive nuclei was determined by
counting 2000 nuclei. *P � 0.05 versus control
(CTR).

Figure 3. Homocysteine impairs liver mass re-
generation and inhibits proliferation of hepato-
cytes in vitro. A: Mice were sacrificed at various
times after PH. Regenerating livers were col-
lected and weighed. Regeneration of liver mass
was calculated as the percentage of the average
liver mass of mice that did not undergo surgery
as control (CTR). *P � 0.05 versus HHcy (n � 7
per group at each time point). B: Primary cul-
tured hepatocytes were incubated with 250
�mol/L homocysteine (Hcy) or methionine
(Met). The cell proliferation was assessed by
[3H]thymidine incorporation into DNA after
treatment with homocysteine at various times.
These results are means � SD of five experi-
ments. *P � 0.05 versus control (The concentra-
tion of homocysteine or methionine Met is zero.)

2360 Liu et al
AJP November 2010, Vol. 177, No. 5



It has been shown that inhibition of p53 by antisense
oligonucleotides in the regenerating liver results in en-
hanced mitosis and elevated PCNA expression.27 Over-
expression of p21cip1, a Cdk inhibitor, impairs mouse liver
regeneration.28 In this study, we found that both p53 and
p21cip1 protein levels in livers were induced in the two
groups at 6 hours after PH (Figure 5, B and C). p53
protein levels in normal mice declined to the basal level
24 hours after PH. In contrast, HHcy mice displayed a
sustained increase in p53 protein levels between 24 to 48
hours after PH. The protein levels of p21cip1 in HHcy mice
were markedly higher than those in normal mice over a
course of 48 hours. The expression of p27kip1 and
p57kip2, two other CDK inhibitors, was similar between
HHcy and normal mice during liver regeneration (data not
shown). Taken together, these data suggest that defec-
tive cell cycle progression in the liver of mice with HHcy

after PH is due to abnormal regulation of genes involved
in the cell cycle.

Inhibition of Akt Phosphorylation Is Associated
with Elevated Levels of cAMP and CREB
Phosphorylation in the Livers of HHcy Mice

Activation of Akt is a critical cell survival signal during the
regenerative process.29 The inhibition of Akt phosphory-
lation leads to impaired liver regeneration.30 We thus
determined the phosphorylation of Akt in the liver. The
phosphorylation of Akt (Ser473), which results in its acti-
vation, was markedly induced within 6 and 12 hours after
PH in normal mice. However, levels of phosphorylated
Akt were only elevated at 24 hours after PH in HHcy mice
(Figure 6A).

Previous studies have demonstrated that homocys-
teine enhances the activity of protein kinase A (PKA) and
the phosphorylation of CREB in livers and hippocampal
slices, respectively.31,32 In this study, we observed that
the levels of cAMP were markedly higher in quiescent
livers of HHcy mice compared with those in quiescent
livers of normal mice (Figure 6B). In normal mice, a
significant increase in hepatic cAMP levels occurred at 6
and 12 hours after PH (Figure 6B). However, the cAMP
levels were maintained at high levels after PH compared
with those in normal mice. Because CREB is a down-
stream target of PKA, we also determined the effect of
HHcy on the phosphorylation of CREB in liver. As shown
in Figure 6C, the phosphorylation levels of CREB in qui-
escent and regenerating livers were significantly higher
in HHcy mice than those in normal mice. These data
suggest that the cAMP/PKA pathway is abnormally acti-
vated in HHcy mice.

It has been shown that cAMP inhibits the phosphory-
lation of Akt in a variety of cells.33,34 To investigate
whether the cAMP/PKA signaling pathway is involved in

Figure 4. Mild steatosis and liver injury in mice
with HHcy. A: H&E staining of liver sections
from unoperated mice did not reveal changes in
liver tissue structure. However, livers of HHcy
mice by H&E and oil red O stains show persist-
ing fat accumulation (indicated by arrow). Liver
damage was assessed by measuring plasma lev-
els of ALT (B) and AST (C) in sera from mice
after partial hepatectomy. Results are expressed
as the mean � SD (n � 5 per group at each time
point). *P � 0.05 versus control (CTR).

Figure 5. Western blot analysis of cyclin D1, p53, and p21Cip1 in livers of
normal and HHcy mice. Mice were sacrificed at various times after PH. Liver
removed at the time of PH was used as the baseline (zero time). Cyclin D1
(A), p53 (B), and p21Cip1 (C) were measured using Western blotting analysis
(n � 5 per group at each time point). Representative Western blots are
shown.
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homocysteine-mediated Akt dephosphorylation, primary
mouse hepatocytes were cultured in the presence of
mitogens (EGF and insulin). We found that treatment with
homocysteine (100 �mol/L) significantly reduced the
phosphorylation of Akt in hepatocytes (Figure 6D). Pre-
treatment with 100 �mol/L adenylyl cyclase toxin (a spe-
cific inhibitor of adenylyl cyclase) or 5 �mol/L H89 (a
specific inhibitor of protein kinase A) effectively attenu-
ated the inhibitory effect of homocysteine on the phos-
phorylation of Akt (Figure 6D).

Up-Regulation of p21Cip1 by Homocysteine Is
p53-Dependent

To study the roles of p53 and p21Cip1 in liver regeneration
in HHcy mice, we used pifithrin-�, a p53 inhibitor, to treat
mice. We found that pifithrin-� treatment did not affect
DNA synthesis measured by BrdU incorporation into nu-
clear DNA after PH in control mice (data not shown). In
contrast, pifithrin-� treatment resulted in an increase in
DNA synthesis after PH in HHcy mice (Figure 7A). Fur-

thermore, pifithrin-� significantly suppressed the protein
levels of p53 after PH in the liver of HHcy mice (Figure
7B). The protein levels of p21Cip1 were also reduced by
pifithrin-� treatment after PH in HHcy mice (Figure 7C).
These data suggest that up-regulation of p21Cip1 by ho-
mocysteine is p53-dependent.

Discussion

Liver regeneration is the common mechanism whereby
patients recover from hepatic injury. Recent studies have
shown that HHcy induces liver injury by oxidative
stress.11,21 However, little is known about how proliferat-
ing hepatocytes respond to HHcy. In this study, we dem-
onstrated that homocysteine inhibited hepatocyte prolif-
eration in the regenerating liver. The elevated levels of
aminotransferases in HHcy mice after PH indicated a
vulnerability of livers with HHcy to surgical insult. Thus,
inhibition of liver regeneration by HHcy may result in
retarded recovery of liver injury induced by homocysteine
itself.

Figure 6. HHcy reduces phosphorylation of Akt
(p-Act) in liver via the cAMP/CREB pathway.
Mice were sacrificed at various times after PH.
Liver removed at the time of PH was used as the
baseline (zero time). A: Total proteins were ex-
tracted from livers and analyzed by Western
blotting with antibodies against p-Akt (Ser473)
(n � 5 per group at each time point). Represen-
tative Western blots are shown. B: Hepatic cAMP
levels were measured using ELISA. Results are
expressed as the mean � SD (n � 5 per group
at each time point). *P � 0.05 versus control
(CTR). C: The levels of phosphorylated CREB
(p-CREB) were measured using Western blotting
analysis (n � 5 per group at each time point).
Representative Western blots are shown. D: Pri-
mary cultured hepatocytes were preincubated
with 5 �mol/L H89 or 100 �mol/L adenylyl cy-
clase toxin (ACT) for 30 minutes. After incuba-
tion with homocysteine for 3 hours, total pro-
teins were extracted from livers and analyzed by
Western blotting with antibodies against p-Akt
(Ser473) (n � 4). Representative Western blots
are shown.

Figure 7. Inhibition of p53 stimulates liver re-
generation and suppresses the expression of
p21cip1 in HHcy mice. Mice were injected with
2.2 mg/kg pifithrin-� (PFT) and sacrificed at var-
ious times after PH. A: Liver removed at the time
of PH was used as the baseline (zero time).The
percentage of BrdU-positive nuclei is shown
(n � 5 per group at each time point). *P � 0.05
versus HHcy. B: Livers were removed 6, 24, and
36 hours after PH. The expression of p53 was
measured using Western blotting analysis (n � 5
per group at each time point). C: The expression
of p21Cip1 was measured using Western blotting
analysis (n � 5 per group at each time point).
Representative Western blots are shown.
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In our experiments, a moderate elevation of plasma
homocysteine (eightfold increase) was observed in HHcy
mice. These mice developed only mild steatosis. In con-
trast, CBS�/� mice, which have a mean homocysteine
level 30- to 50-fold higher than that of normal mice, ex-
hibit severe steatosis.11,18 It has been shown that severe
steatosis impairs liver regeneration.4–7 Steatotic livers
show dysregulation of pro- and antiapoptotic proteins
and significant changes in cell metabolism, such as in-
creased lipid peroxidation and a reduced ability to pro-
duce adenosine triphosphate. However, it is still unknown
whether mild steatosis affects liver regeneration. Previous
studies from Cho et al35,36 have demonstrated that mild
hepatic steatosis is not a major risk factor for hepatec-
tomy. Thus, these authors conclude that hepatectomy in
donors with mild steatosis can be performed with low
morbidity. A recent study has also confirmed that the
hepatic regeneration and proliferative response in mild
steatotic rats were no different from those in controls.37

However, mild steatosis impairs functional recovery and
increases hepatocellular damage after hepatectomy.
Further studies are required to clarify whether mild ste-
atosis plays a role in impaired liver regeneration in HHcy.

It has been well established that the phosphatidylino-
sitol 3-kinase/Akt signaling pathway, which is down-
stream of growth factor receptors, is important in promot-
ing cell survival and proliferation.29,38 In our experiments,
the phosphorylation of Akt was markedly reduced in liv-
ers of mice with HHcy after PH. Suhara et al39 have
reported that homocysteine significantly inhibits Akt ac-
tivity in endothelial cells. Although these authors did not
study the mechanism underlying homocysteine-medi-
ated inactivation of Akt, these results suggest that the Akt
signaling is a novel target for homocysteine-induced en-
dothelial cytotoxicity. Recent studies demonstrated that
this pathway is critical for liver regeneration.40,41 For in-
stance, blockade of phosphatidylinositol 3-kinase by
wortmannin or small interfering RNA results in a signifi-
cant reduction in hepatocyte proliferation after PH.40 The
reduced activation of Akt has also been suggested to
contribute to the delayed liver regeneration in Nrf2 knock-
out mice.41 These data suggest that HHcy-mediated de-
phosphorylation of Akt is a potential mechanism of the
inhibition of liver regeneration.

cAMP-mediated signaling pathways have been impli-
cated in the regulation of liver regeneration.42–44 For
instance, knockout of cAMP-responsive promoter ele-
ment modulator leads to a delay in hepatocyte prolifera-
tion during liver regeneration.43 The production of cAMP,
which is biphasic, is tightly regulated during liver regen-
eration after PH. Hepatic cAMP rapidly accumulates 6
hours after PH and returns toward basal levels by 24
hours.42 The levels of cAMP gradually increase during
the next 48 hours after PH. Experiments in vitro with
primary hepatocytes have demonstrated that a transient
elevation of cAMP stimulates DNA synthesis by EGF,
whereas sustained elevations of cAMP inhibit this pro-
cess.42,45 Elevated cAMP levels in HHcy mice have been
reported previously31 and are confirmed by our observa-
tion. Thus, abnormal cAMP production by homocysteine
probably disturbs the signaling pathways involved in liver

regeneration. Previous studies indicated that cAMP can
either stimulate33,34,46,47 or inhibit Akt activity.33–34,47 It
has been suggested that Epac and PKA, both cAMP
downstream molecules, mediate different effects, eg,
PKA inhibits Akt activation, whereas Epac may act as a
positive modulator of Akt in response to cAMP.47 How-
ever, a recent study demonstrated that a synergistic ac-
tion of Epac and PKA is responsible for cAMP-mediated
inhibition of Akt in a manner that depends on the GTP-
binding protein Rap1b and the phosphatase PP2A.34 In
this study, we found that both H89 and adenylyl cyclase
toxin significantly suppressed homocysteine-induced de-
phosphorylation of Akt in cultured hepatocytes. These
data suggest that the cAMP/PKA pathway is involved in
the inhibition of Akt phosphorylation in HHcy mice.

There are two key steps in liver regeneration: with-
drawal of hepatocytes from quiescence (priming), which
is controlled by cytokines such as TNF-� and IL-6, and
the progression in the G1 phase of the cell cycle, which is
controlled by growth factors (eg, EGF and HGF) and
cyclin D1.48 In the present study, our data indicate that
the production of cytokines and expression of growth
factor receptors are not impaired in mice with HHcy.
Generally, cyclin D1 regulates G1 to S phase cell cycle
progression, and its expression is induced by 24 hours
after PH during normal liver regeneration.49 We found
that the protein expression of cyclin D1 was reduced and
delayed in HHcy mice. Reduced and delayed expression
of cyclin D1 has been reported in livers of ob/ob mice and
mice lacking methionine adenosyltransferase or epider-
mal growth factor receptor.5,48,50 This finding is consis-
tent with arrest of hepatocytes in these mice in the G1

phase of the cell cycle. In contrast, bax inhibitor-1 defi-
ciency accelerates liver regeneration after PH, which is
associated with an increase in cyclin D1 protein levels.51

Akt can enhance expression of cyclin D1 through en-
hancing translation and inhibiting protein degradation.52

Thus, the reduced expression of cyclin D1 is probably
due to a decrease in Akt phosphorylation in HHcy mice.

Our results indicated that the protein levels of p53 and
p21Cip1 in the livers of HHcy mice were significantly
higher than those in livers of normal mice after PH. The
mechanism underlying homocysteine-mediated up-regu-
lation of p53 is not clear. It has been reported that Akt
phosphorylates MDM2, enhancing MDM2-mediated deg-
radation of p53 by ubiquitination.53 This finding may pro-
vide a ready explanation of our observation that homo-
cysteine up-regulates protein levels of p53. A previous
study has demonstrated that mice lacking c-Jun in the
liver display increased protein levels of p21Cip1 and im-
paired liver regeneration after PH.1 Moreover, inactivation
of p53 in mice lacking c-Jun abolished hepatocyte cell
cycle block and increased p21Cip1 protein expression.
Transgenic mice overexpressing p21Cip1 specifically in
liver display impaired liver regeneration after PH.28 In
addition, p21Cip1 up-regulation is correlated with re-
duced DNA replication in Foxm1b- or Atm-deficient
(�/�) mice during liver regeneration.54,55 In contrast,
p21Cip1 knockout mice display accelerated hepatocyte
proliferation after PH because of an increase in the ex-
pression of the G1 phase of the cell cycle.56 In this study,

HHcy Inhibits Liver Regeneration 2363
AJP November 2010, Vol. 177, No. 5



we found that pifithrin-� suppressed homocysteine-in-
duced expression of p21Cip1 in HHcy mice. Therefore,
homocysteine up-regulates p21Cip1 through a pathway
that involves p53.

In summary, our study demonstrates that HHcy impairs
liver regeneration after PH, accompanied by reduced
expression of cyclin D1 and phosphorylation of Akt as
well as up-regulation of p53 and p21Cip1. The cAMP/PKA
pathway may mediate the inhibitory effect of homocys-
teine on liver regeneration. These results may enhance
our understanding of the direct link between HHcy and
hepatic dysfunction.
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