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Fatty liver is common in men and post-menopausal women, suggesting that estrogen may
be involved in liver lipid metabolism. The aim of this study is to be clear the role of estrogen
and estrogen receptor alpha (ERα) in fat accumulation during liver regeneration using
the 70% partial hepatectomy (PHX) model in male, female, ovariectomized (OVX) and
E2-treated OVX (OVX-E2) rats. Liver tissues were sampled at 0–48 hr after PHX and
fat accumulation, fatty acid translocase (FAT/CD36), sterol regulatory element-binding
protein (SREBP1c), peroxisome proliferator-activated receptor α (PPARα), proliferative cell
nuclear antigen (PCNA) and ERα were examined by Oil Red O, qRT-PCR and
immunohistochemistry, respectively. Hepatic fat accumulation was abundant in female and
OVX-E2 compared to male and OVX rats. FAT/CD36 expression was observed in female,
OVX and OVX-E2 at 0–12 hr after PHX, but not in male rats. At 0 hr, SREBP1c and PPARα
were elevated in female and male rats, respectively, but were decreased after PHX in all
rats. The PCNA labeling index reached a maximum at 36 hr and 48 hr in OVX-E2 and OVX
rats, respectively. ERα expression in OVX-E2 was higher than OVX at 0–36 hr after PHX. In
conclusion, these results indicated that estrogen and ERα might play an important role in fat
accumulation related to FAT/CD36 during early phase of rat liver regeneration.
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I. Introduction
The liver plays an important role in the homeostasis of

lipid metabolism because it regulates cholesterol synthesis
and the production of triglycerides by lipogenesis, as well
as the formation of lipoproteins that act as fatty acid trans‐
ports [1]. Clinically, fatty liver, mainly non-alcoholic fatty
liver disease (NAFLD), is a common cause of chronic liver
disease and is closely associated with obesity, insulin resist‐
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ance and dyslipidemia [11, 14]. The prevalence and
severity of NAFLD are higher in men than in women
during the reproductive years, but are increased in post-
menopausal women, which suggests that estrogen is a pro‐
tective factor [19, 35]. This sex difference affects liver lipid
metabolism and the development of hepatic steatosis [25].
Furthermore, the effects of estrogen, mediated through
estrogen receptor α (ERα), may be closely related with lipid
metabolism [6, 26, 28]. In fact, it has been reported that the
loss of estrogen promotes liver fat accumulation and leads
to NAFLD and dyslipidemia [26].

We previously reported that estrogen accelerates
hepatocyte proliferation through ERα in female rats, and
enhances liver regeneration compared to male rats after
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70% partial hepatectomy (PHX) [3]. During liver regenera‐
tion, fatty acids and triglycerides are required for hepato‐
cyte proliferation [16, 17, 22], while cholesterol acts as a
structural lipid for new cell membrane formation [7, 18,
27]. Recent reports also suggest that the transient fat
accumulation in hepatocyte after PHX is thought to be a
critical energy source for liver regeneration [12, 15, 29, 37].
Furthermore, the disruption of hepatic fat accumulation is
associated with suppressed liver regeneration [8, 15, 30].

Generally, free fatty acids are taken up by hepatocytes
via transport proteins including fatty acid translocase (FAT/
CD36), fatty acid transport protein and liver fatty acid bind‐
ing protein [23, 34]. FAT/CD36 is a transmembrane glyco‐
protein that plays an important role in lipid homeostasis by
transporting long-chain fatty acids into hepatocytes [4], and
its expression is higher in female compared to male rat liver
[33]. In addition, estrogen induces FAT/CD36 expression in
ovariectomized (OVX) female and male rat livers [5, 32].
However, the biological role of lipid accumulation and
estrogen effects during liver regeneration is not well
defined.

To characterize the effect of estrogen on lipid
metabolism in liver regeneration, male, female, OVX and
estrogen-treated OVX (OVX-E2) rats were subjected to
PHX and hepatic fat accumulation, hepatic triglyceride and
cholesterol levels were analyzed. The expression of lipid
metabolism related genes, such as FAT/CD36, sterol regu‐
latory element-binding protein (SREBP1c) and peroxisome
proliferator-activated receptor α (PPARα) were evaluated
using quantitative reverse transcription (qRT)-PCR. Addi‐
tionally, FAT/CD36, proliferative cell nuclear antigen
(PCNA) and ERα were examined by immunohistochemis‐
try. In this study, we investigated the expression of FAT/
CD36 in fat accumulation and the involvement of estrogen
and ERα during early phase rat liver regeneration.

II. Materials and Methods
Animals and tissue preparation

Eight-week-old male (240–260 g) and female (190–
210 g) Wistar rats were used in this study (Clea Japan,
Shizuoka, Japan). Rats were housed in a specific pathogen-
free facility under constant 12-hour dark/light conditions
and allowed to acclimatize for one week prior to PHX and
fed normal chow and drinking water ad libitum, except
during an overnight fast before surgery. 70% PHX was per‐
formed according to the method described by Higgins and
Anderson [9]. Briefly, left lateral and median lobes were
excised and the liver tissues were retained for use as control
samples (0 hr). After PHX, the rats were allowed free
access to food and water until being sacrificed at 6, 12, 24,
36 and 48 hr post PHX. Rats were assigned to each group
in a randomized manner and consisted of three rats. In one
group of female rats, bilateral OVX was performed 18–20
days before PHX (OVX group). To confirm successful
OVX, we performed vaginal smear. The other group

received a single intraperitoneal injection of 17β-estradiol
(9 μg/g bodyweight, Sigma-Aldrich, MO, USA) 12 hr
before PHX (OVX-E2 group). The experimental protocol
was approved by the Animal Ethics Review Committee of
the University of Miyazaki (2012-502-5).

After sacrificing the animals, the liver tissues were
isolated and fixed overnight in 4% paraformaldehyde (PFA,
Merck, Darmstadt, Germany) in phosphate-buffered saline
(PBS, pH 7.4) at room temperature (RT) and subsequently
embedded in paraffin using standard methods. Some pieces
of liver tissues were embedded in O.C.T compound (Sakura
Finetek, Tokyo, Japan) to prepare fresh frozen liver sec‐
tions. The remaining tissues were snap frozen on dry-ice
and stored at −80°C until use in lipid extraction and qRT-
PCR.

Liver lipid analysis
Hepatic fat accumulation was determined by Oil Red

O staining. Briefly, liver cryosections (5 μm thick) were
fixed with 4% PFA in PBS for 20 min and incubated in
freshly prepared Oil Red O working solution (Fujifilm
Wako Pure Chemical Corporation, Osaka, Japan) for 10
min and counterstained with hematoxylin for 15 sec. The
random images of each Oil Red O stained liver frozen tis‐
sue sections (n = 3 per group) were captured at ×200 mag‐
nification. Relative areas of steatosis, expressed as % of fat
accumulation, were quantified by histomorphometry using
WinROOF image analyzer (Version 7, Mitani Corp, Tokyo,
Japan). Moreover, total hepatic lipid was extracted from
fresh frozen liver tissues using a lipid extraction kit
(STA-612; Cell biolabs, San Diego, CA, USA). Hepatic
triglycerides and cholesterol were then quantitated using
colorimetric assay kits, according to the manufacturer’s
instructions (Fujifilm Wako).

Immunohistochemistry
Paraffin-embedded tissues were cut into 5-μm-thick

sections and placed onto silane-coated glass slides. For
detection of FAT/CD36 and ERα, the sections were heated
to 120°C for 15 min in 10 mM citrate buffer (pH 6.0). After
inhibition of endogenous peroxidase activity with 3% H2O2
(Fujifilm, Wako) in methanol for 15 min, the sections were
pre-incubated with normal goat IgG in 1% Bovine serum
albumin (Sigma-Aldrich) in PBS to block non-specific
binding then reacted with the primary antibodies for FAT/
CD36 (NB400-144; 5 μg/ml, Novus biologicals, Colorado,
USA), PCNA (PC-10; 6.5 μg/ml, Dako, Glostrup, Denmark)
and ERα (6F11; 1:50, Thermo Fisher Scientific, MA, USA)
overnight at RT. After washing with 0.075% Brij L23
(Sigma-Aldrich) in PBS, each slide was reacted with horse‐
radish peroxidase (HRP)-conjugated goat anti-mouse IgG
(Dako, 1:100) or HRP-conjugated goat anti-rabbit IgG
(Dako, 1:200) antibody for 1 hr, then visualized with 3,3′-
diaminobenzidine (DAB, Dojindo Chemicals, Kumamoto,
Japan) and H2O2 or DAB, Ni, Co and H2O2. Hematoxylin
or methylgreen was used for counterstaining. The negative
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control consisted of normal mouse or rabbit IgG (Dako)
used at the same concentration instead of the primary anti‐
bodies. The number of PCNA or ERα positive cells was
counted at ×400 magnification. PCNA positive cell per
total number of counted cell was represented by a labeling
index (PCNA-LI) while the number of ERα positive cell
was expressed as percentage of positive cell per total num‐
ber of hepatocyte. At least 2000 cells were counted in ran‐
dom fields.

RNA extraction and qRT-PCR analysis
Total RNA was extracted from snap frozen liver tis‐

sues using Isogen II (Nippon Gene, Tokyo, Japan) as
reported previously [2]. RNA was reverse transcribed to
cDNA using a Moloney murine leukemia virus reverse
transcriptase enzyme (Invitrogen, Carlsbad, CA, USA).
Transcript expression levels were analyzed by an ABI
StepOne plus Real-Time PCR System (Applied Biosys‐
tems, Waltham, MA, USA) using Fast SYBR Green
(Applied Biosystems). GAPDH was used for normalization
and the relative gene expression was calculated using the 2−ΔΔct

method. The primer pairs were listed below. FAT/CD36
F-5'-CACACGCCGACCCTCACAACT-3' and R-5'-TCCG
CCTTCTCTTTGACAGCC-3'; SREBP1c F-5'-AGAAGGC
CAGTGGGTACCTG-3' and R-5'-TGCGGGCCACAAGA
ATAG-3'; PPARα F-5'-ATGCCCTCGAACTGGATGAC-3'
and R-5'-CCCTCCTGCAACTTCTCAATG-3'; GAPDH F-
5'-CCGCATCTTCTTGTGCGTG-3' and R-5'-GAGAAGG
CAGCCCTGGTAAC-3'.

Statistical analysis
All data were expressed as the mean ± standard error

(SE). Differences between experimental groups were
assessed by Student’s t-test. P < 0.05 was considered statis‐
tically significant. All analyses were performed with the
Statistical Package for Social Sciences (version 20.0 soft‐
ware, SPSS Inc., Chicago, IL, USA).

III. Results
Analysis of hepatic fat accumulation in rat liver after PHX

To investigate lipid metabolism during liver regenera‐
tion, we examined hepatic fat accumulation in male and
female rat livers after PHX using Oil Red O staining. No
fat accumulation was observed in male and female rat
livers at 0 hr (Fig. 1A). In male rat livers, fat accumulation
was observed at 36 hr after PHX, and was decreased at 48
hr. Interestingly, fat accumulation in female rat livers was
observed from 6 hr and peaked at 24 hr, then gradually
decreased until 48 hr after PHX. We hypothesized that dif‐
ferential levels of endogenous estrogen were likely to have
caused the different temporal patterns of fat accumulation
in male and female rat livers. To address this question,
OVX and OVX-E2 rat livers were also stained with Oil Red
O. Although fat accumulation was observed in OVX rat
livers after PHX, more intense staining was found in OVX-

E2 livers; indicating that estrogen may induce hepatic fat
accumulation during liver regeneration. Semi-quantitative
analysis confirmed that hepatic fat accumulation was
significantly higher in female and OVX-E2 rats compared
to male and OVX rats (Fig. 1B). Oil Red O staining detects
lipids and neutral triglycerides in tissue sections, and sub‐
sequent analyses were performed to quantitate lipid com‐
ponents. In female rat livers, triglyceride and cholesterol
levels were significantly higher, particularly at 24 hr after
PHX, compared to male rat livers (Fig. 2A, B). In OVX-E2
rat livers, triglyceride levels were significantly higher at 12
and 48 hr, and cholesterol levels were higher at 12, 24, 36
and 48 hr compared to OVX rat livers. Altogether, these
findings indicate that estrogen induced hepatic fat accumu‐
lation in female and OVX-E2 rat livers following PHX.

Analysis of the expression of genes involved in lipid
metabolism in rat livers after PHX

Estrogen dependent genes involved in lipid metabo‐
lism, such as FAT/CD36, SREBP1c and PPARα, were
examined by qRT-PCR. In female rat livers at 0 hr, FAT/
CD36 mRNA expression was 8-fold higher than in male rat
livers (Fig. 3A). Even after PHX, marked expression of
FAT/CD36 was observed in female rats and continued until
12 hr after PHX. Dramatic decreases in FAT/CD36 expres‐
sion in female rat liver was correlated with peak hepatic fat
accumulation at 24 hr after PHX (Fig. 1A). At 48 hr after
PHX, hepatic FAT/CD36 mRNA was 2-fold higher in male
rats than in female rats. In addition, hepatic FAT/CD36
mRNA in OVX-E2 rats was also significantly higher than in
OVX rats at 6–24 hr after PHX. Lipid synthesis gene,
SREBP1c mRNA expression was also higher at 0 and 12 hr
after PHX in female compared to male rat livers (Fig. 3B).
Interestingly, SREBP1c mRNA was increased in male rat
livers, whereas it was decreased in female rat livers 24 hr
after PHX. At 6 hr after PHX, SREBP1c mRNA expression
was significantly higher in OVX-E2 rats compared to OVX
rats. β-oxidation gene, PPARα mRNA expression was
higher in male compared to female rat livers at 0 hr (Fig.
3C). However, PPARα mRNA expression was markedly
decreased after PHX in all rats. PPARα was elevated in
female rat livers at 12 hr, while its expression become pre‐
dominant again at 24 hr in male rats. Taken together, these
data revealed that FAT/CD36 and SREBP1c mRNA
increased in female and OVX-E2 rats, while PPARα mRNA
decreased in all rats during the early phase of liver regener‐
ation.

Immunohistochemical analysis of FAT/CD36 levels in rat
livers after PHX

The hepatic FAT/CD36 expression was examined by
immunohistochemistry. In male rat livers, FAT/CD36 was
not observed at 0–12 hr, weak expression was detected at
24 hr and gradually increased at 36 and 48 hr after PHX
(Fig. 4). However, the opposite expression pattern was
observed in female rats; FAT/CD36 was strongly expressed
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Fat accumulation in rat liver at different time points after PHX. (A) Fat accumulation in hepatocytes following PHX in male, female, OVX and
OVX-E2 was examined by Oil Red O staining. Magnification 400×. Bar = 50 μm. (B) Semi-quantitative analysis of Oil Red O stained liver tissue
sections to quantify fat deposition as a percentage of red stained area compared with the total section area. Blue, red, diagonal bar on white background
and diagonal bar on red background graphs represent male, female, OVX and OVX-E2, respectively. Data represent the mean ± SE from 3 rats per group
and time point. Asterisks indicate statistically significant differences (*p < 0.05, **p < 0.01 and ***p < 0.001).

Fig. 1. 
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at 0–12 hr and decreased at 24 hr, and was not observed at
36–48 hr after PHX. FAT/CD36 expression was found in
both OVX and OVX-E2 rat livers, however staining inten‐
sity was higher in OVX-E2 rat livers.

Immunohistochemical detection of PCNA in rat livers after
PHX

We previously reported that accelerated liver regenera‐
tion was found in female rats compared to male rats [3].
The effect of estrogen in liver regeneration was confirmed
in OVX and OVX-E2 rat livers using immunohistochemis‐
try for PCNA (Fig. 5A). In OVX rat livers, PCNA positive
cells were significantly increased at 24 hr and peaked at 48
hr. Interestingly, PCNA positive cells were significantly
increased at 24 hr and reached a peak at 36 hr after PHX in
OVX-E2 rat livers. The PCNA-LI indicated that the peak
number of proliferating cells in OVX and OVX-E2 rats was
observed at 48 and 36 hr after PHX, respectively (Fig. 5B).
These results indicated that exogenous estrogen accelerated
liver regeneration for 12 hr in OVX-E2 rats compared to
OVX rats.

Immunohistochemical detection of ERα in rat livers after
PHX

It has been previously reported that estrogen acceler‐
ates liver regeneration via ERα [3]. Therefore, the expres‐

Hepatic lipid content in regenerating liver after PHX at different
time points. (A) Triglycerides and (B) cholesterol in regenerating liver
after PHX were assessed using enzymatic assays. Blue, red, diagonal
bar on white background and diagonal bar on red background graphs
represent male, female, OVX and OVX-E2, respectively. Data represent
the mean ± SE from 3 rats per group and time point. Asterisks indicate
statistically significant differences (*p < 0.05, **p < 0.01 and ***p <
0.001).

Fig. 2. 

sion of ERα was examined by immunohistochemistry. In
normal state at 0 hr, the number of ERα positive cells was
significantly lower and exhibited weaker intensity in OVX
rat livers compared to OVX-E2 rat livers. After PHX, the
number of ERα positive cells was decreased until 24 hr,
increased at 36 hr and 48 hr in OVX rat livers (Fig. 6A). In
contrast, ERα was expressed at all-time points in OVX-E2
rat livers, exhibiting stronger staining intensity compared to
OVX rat livers after PHX. Quantitative analysis revealed
that the number of ERα positive cells was significantly
higher at 0–36 hr in OVX-E2 compared to OVX rats after
PHX. At 48 hr, the number of ERα positive cells was not
significantly different in OVX and OVX-E2 rat livers (Fig.

The expression of genes involved in lipid metabolism during rat
liver regeneration. (A) Quantitative RT-PCR analysis of mRNA levels
for the fatty acid transporter gene FAT/CD36, (B) lipid synthesis gene
SREBP1c and (C) the β-oxidation gene PPARα. The mRNA expression
levels are represented as fold change compared with male rat liver at 0
hr after PHX. Blue, red, diagonal bar on white background and
diagonal bar on red background graphs represent male, female, OVX
and OVX-E2, respectively. Data represent the mean ± SE from 3 rats
per group and time point. Asterisks indicate statistically significant
differences (*p < 0.05, **p < 0.01 and ***p < 0.001).

Fig. 3. 
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6B). These results indicated that the ERα expression was
downregulated during liver regeneration in the absence of
estrogen. However, exogenous estrogen could maintain the
expression of ERα and its effects during rat liver regenera‐
tion.

IV. Discussion
In this study, the upregulation of FAT/CD36 and

hepatic fat accumulation were found in female rat livers
after PHX. Multiple studies have reported that hepatic fat
accumulation occurs from 24 to 48 hr after 70% PHX in
rats [17, 21, 36], which is concomitant with hepatocellular
proliferation [10, 39]. Our results revealed that female rat
livers exhibit marked fat accumulation in regenerating liver
that started from 6 hr and peaked at 24 hr after PHX,
whereas fat accumulation in male rat livers started from 36
hr after PHX. Although estrogen treatment of OVX mice

has been reported to suppress lipogenesis and liver lipid
infiltration in several fatty liver models [13, 38], our data
suggests that female and OVX-E2 regenerating livers have
much greater fat accumulation after PHX than male and
OVX rats. Our data further suggests that estrogen may be
involved in the regulation of hepatic fat accumulation that
serves in energy storage during liver regeneration after
PHX. These results correlated with the peak number of pro‐
liferating hepatocytes, which occurred earlier in OVX-E2
compared to OVX rats. In general, glucose is the main
energy source for cellular metabolism when it is suffi‐
ciently available. PHX is known to induce systemic meta‐
bolic changes, including hypoglycemia and glycogen
depletion, and leads to a change to the use of fat as energy
substrate [17, 22]. Therefore, hepatic fat accumulation
during early liver regeneration is considered to be an im‐
portant process that is closely linked to the liver regenerative
process.

Immunohistochemical detection of FAT/CD36 in rat livers after PHX. Immunohistochemical localization of FAT/CD36 in paraffin-embedded
sections of male, female, OVX and OVX-E2 rat livers at different time points after PHX. Magnification 400×. Bar = 50 μm.

Fig. 4. 
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Hepatocyte proliferation in rat livers after PHX. (A) Immuno‐
histochemical analysis of PCNA staining in paraffin-embedded sections
from OVX and OVX-E2 rat livers at different time points after PHX.
Magnification 400×. Bar = 50 μm. (B) PCNA-LI in OVX and OVX-E2

rat livers after PHX. White and black bar-graphs represent OVX and
OVX-E2, respectively. Data represent the mean ± SE from 3 rats per
group and time point. Asterisks indicate statistically significant
differences (*p < 0.05).

Fig. 5.  ERα expression in rat livers after PHX. (A) Immuno‐
histochemical analysis of ERα staining in paraffin-embedded sections
from OVX and OVX-E2 rat livers at different time points after PHX.
Magnification 400×. Bar = 50 μm. (B) The number of ERα positive
cells in OVX and OVX-E2 rat livers after PHX. White and black bar-
graphs represent OVX and OVX-E2, respectively. Data represent the
mean ± SE from 3 rats per group and time point. Asterisks indicate
statistically significant differences (*p < 0.05 and **p < 0.01).

Fig. 6. 
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The results presented in this study revealed that maxi‐
mal hepatocyte proliferation in OVX-E2 occurred earlier
than that in OVX rats after PHX, which recapitulated an
essential role for estrogen during liver regeneration. In
OVX-E2 rat livers, the number of ERα positive cells was
higher and staining intensity was stronger compared to
OVX rat livers. These results indicate that liver ERα
expression is inducible by estrogen administration in OVX
rats. Therefore, estrogen and ERα may play an important
role for liver regeneration [3]. On the other hand, androgen
and its receptor, but not estrogen, are related to liver dis‐
eases. It is reported that the serum testosterone is frequently
reduced in men with cirrhosis and falls progressively with
increasing severity of liver disease [31]. Furthermore, tes‐
tosterone replacement reduced NAFLD in castrated male
rats [24]. In addition, androgen receptor suppresses hepato‐
cellular carcinoma (HCC) progression in a mouse model
[20]. However, in this study, we did not evaluate the bio‐
logical effect of androgen during liver regeneration. There‐
fore, androgen and its receptor should be evaluated in
future studies to further clarify the detailed mechanism of
liver regeneration.

The mechanism underlying the hepatic fat accumula‐
tion observed after PHX can be attributed to three different
major pathways: 1) increased hepatic uptake of fatty acids
2) decreased β-oxidation and 3) increased de novo lipo‐
genesis. It has been reported that during the early stage of
liver regeneration, de novo lipogenesis represents an initial
supply of lipid in the liver followed by uptake of lipolytic
products from peripheral adipose tissue, leading to
increased hepatic lipid levels at 24 hr after PHX [15]. Our
data revealed that rather than de novo lipogenesis,
increased fatty acid uptaken by hepatocyte occurred
through FAT/CD36 in female and OVX-E2 rats at the early
12 hr time point. This coincided with rapidly decreased β-
oxidation through PPARα after PHX, leading to hepatic
steatosis in female and OVX-E2 rat livers. On the other
hand, FAT/CD36 expression was negligible in male rats
during early liver regeneration after PHX. All these find‐
ings are emphasizing the effects of estrogen on FAT/CD36
expression. Although, it has been reported that increased
hepatic FAT/CD36 levels are observed in estrogen treated
OVX rats [32], our results indicate that there is no signifi‐
cant difference in hepatic FAT/CD36 levels between OVX
and OVX-E2 at 0 hr. However, hepatic FAT/CD36 mRNA
was significantly higher at 6–24 hr after PHX in OVX-E2
rats, compared to OVX rats. This discrepancy may be due
to differences in dosing and duration of estrogen adminis‐
tration.

In conclusion, these results suggest that the effect of
estrogen on hepatic fat accumulation, maybe related to
FAT/CD36 expression, during the early stage of liver
regeneration after PHX in female rats.
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