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SUMMARY
Fatty acids are mainly transported into hepatocytes during
liver regeneration. Mammalian target of rapamycin complex 2
facilitates fatty acids oxidation through the glucosylceramide–
peroxisome proliferator-activated receptor a pathway,
thereby establishing its novel role in lipid metabolism.

BACKGROUND & AIMS: During liver regeneration after partial
hepatectomy, the function and metabolic pathways governing
transient lipid droplet accumulation in hepatocytes remain
obscure. Mammalian target of rapamycin 2 (mTORC2) facilitates de novo synthesis of hepatic lipids. Under normal conditions and in tumorigenesis, decreased levels of triglyceride (TG)
and fatty acids (FAs) are observed in the mTORC2-deﬁcient
liver. However, during liver regeneration, their levels increase
in the absence of mTORC2.

METHODS: Rictor liver-speciﬁc knockout and control mice
underwent partial hepatectomy, followed by measurement of
TG and FA contents during liver regeneration. FA metabolism
was evaluated by analyzing the expression of FA metabolismrelated genes and proteins. Intraperitoneal injection of the
peroxisome proliferator-activated receptor a (PPAR-a)
agonist, p53 inhibitor, and protein kinase B (AKT) activator
was performed to verify the regulatory pathways involved.
Lipid mass spectrometry was performed to identify the potential PPAR-a activators.
RESULTS: The expression of FA metabolism-related genes and
proteins suggested that FAs are mainly transported into hepatocytes during liver regeneration. The PPAR-a pathway is
down-regulated signiﬁcantly in the mTORC2-deﬁcient liver,
resulting in the accumulation of TGs. The PPAR-a agonist WY14643 rescued deﬁcient liver regeneration and survival in
mTORC2-deﬁcient mice. Furthermore, lipidomic analysis suggested that mTORC2 deﬁciency substantially reduced
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glucosylceramide (GluCer) content. GluCer activated PPAR-a.
GluCer treatment in vivo restored the regenerative ability and
survival rates in the mTORC2-deﬁcient group.
CONCLUSIONS: Our data suggest that FAs are mainly transported into hepatocytes during liver regeneration, and their
metabolism is facilitated by mTORC2 through the GluCer–PPAR-a
pathway, thereby establishing a novel role for mTORC2 in lipid
metabolism. (Cell Mol Gastroenterol Hepatol 2022;14:1311–1331;
https://doi.org/10.1016/j.jcmgh.2022.07.011)
Keywords: Fatty Acids; Hepatectomy; Metabolism; Proliferation;
Triglyceride.

T

he liver has a remarkable capacity for recovery from
injury. Regenerative potential is essential for survival after liver damage caused by ischemia, viral infections,
alcoholism, or drug overdose. However, inadequate liver
regeneration remains a cause of morbidity and mortality
induced by hepatic diseases, as well as tumor resection or
living-donor liver transplantation.1–3 Elucidating the
complicated mechanism of liver regeneration remains a
crucial goal in hepatic research.4–6
In regeneration mouse models and human livers, fat
accumulation occurs transiently and is required for physiological hepatic regeneration after partial hepatectomy
(PH). Lipid droplets are formed mainly by triglyceride (TG)
levels peaking at 24–48 hours after PH and reducing to
baseline at 72 hours after PH. Both overload and deﬁciency
of lipid droplets are harmful to hepatocyte proliferation
during liver regeneration.7–12 However, the mechanisms
involved in lipid accumulation and lipid metabolism during
liver regeneration remain obscure. Liver-speciﬁc knockout
of the de novo lipid synthesis gene Fasn showed no change in
5-bromo-20 -deoxyuridine (BrdU)-positive hepatocytes.13 After
PH, there was no time-dependent impairment in liver regeneration in PPAR-a knockout mouse models.13 Systemic
knockdown of PPAR-a resulted in a 12- to 24-hour lag to the
G1/S checkpoint.14 Liver-speciﬁc deletion of PPAR-a signiﬁcantly reduced hepatocyte proliferation at 32 hours.15 The
fatty acid (FA) transporter cluster of differentiation 36 (CD36)
contributes to enhanced transient regeneration-associated
steatosis.16 However, the accumulation and utilization of
lipid droplets during liver regeneration and the physiological
signiﬁcance of this process remain unclear.
Mammalian target of rapamycin 2 (mTORC2) is a master
regulator of lipid synthesis and regulatory associated protein Of MTOR Complex 1 (RPTOR)-independent companion
of mTOR complex 2 (Rictor) is a key component of the
mTORC2 complex.17 Liver-speciﬁc knockout Rictor (R-LKO)
mouse models show liver-speciﬁc deﬁciency of mTORC2
and marked hyperglycemia, hyperinsulinemia, and hypolipidemia.18 Decreased lipid levels are reported in the
mTORC2 knockout (KO) liver because of a remarkable
deﬁciency in de novo lipid synthesis. The transcription of de
novo lipid synthesis–related genes, such as Fasn, Acly, and
Srebp1c, is inhibited signiﬁcantly under normal conditions
in R-LKO mice. mTORC2 also promotes hepatic tumorigenesis through lipid synthesis, with sphingolipids and

cardiolipin showing a causal effect during this process.19
Prior studies have shown that mTORC2 is necessary for
timely liver regeneration.20
In this study, both male and female R-LKO mice showed
accumulated lipid droplets in the regenerated liver. Further
data suggest the FAs are mainly transported into hepatocytes.
mTORC2 deﬁciency leads to signiﬁcantly down-regulated
peroxisome proliferator-activated receptor a (PPAR-a)
levels and excess lipid droplet accumulation. The PPAR-a
pathway down-regulation causes impaired hepatocyte proliferation and poor survival in R-LKO mice. Furthermore, we
identiﬁed glucosylceramide (GluCer) as a novel activator of
the PPAR-a pathway, which activated the pathway in vivo,
promoted hepatocyte proliferation, and enhanced the survival
rate in R-LKO mice after PH. Therefore, mTORC2 promoted
liver regeneration via the GluCer–PPAR-a pathway, thereby
establishing its newly discovered role in FA oxidation.

Results
mTORC2 Deﬁciency Resulted in Decreased
Hepatocyte Proliferation During Liver
Regeneration After PH
Rictor is a key component of the mTORC2 complex. To
investigate the role of mTORC2 in liver regeneration, we
examined Rictor expression in the liver after PH in wild-type
mice. Rictor expression increased by 55% in the regenerated liver at 36 hours after PH (Figure 1A). To investigate
the role of mTORC2 in liver regeneration, R-LKO mice were
used (Figure 1B); both male and female mice were used
unbiasedly. At 48 hours after PH, the survival rate of the RLKO group was 41% (Figure 1C). The liver-to–body weight
ratio (LW/BW) recovered in the control group; however, it
did not increase in R-LKO mice, which survived until 48
hours after PH (Figure 1D). Blood glucose levels were higher
(P < .05) in R-LKO mice before PH (Figure 1E). However,
glucose levels decreased after PH in both the control and RLKO groups provided access to food ad libitum, and there
were no differences between the 2 groups (Figure 1E). The
hepatocyte proliferation rate was decreased signiﬁcantly (P
< .05) in R-LKO livers compared with the rate seen in the
control group after PH, as indicated by BrdU and Ki-67
*Authors share co-ﬁrst authorship; §Authors share co-corresponding
authorship.
Abbreviations used in this paper: AKT, protein kinase B; BrdU, 5Bromo-2’-deoxyuridine; CD36, cluster of differentiation 36; FA, fatty
acid; GluCer, glucosylceramide; KO, knockout; LW/BW, liver-to–body
weight ratio; mRNA, messenger RNA; MS, mass spectrometry;
mTORC2, mammalian target of rapamycin complex 2; PCNA, proliferating cell nuclear antigen; PFT-a, piﬁthrin-a; PH, partial hepatectomy; PPAR-a, peroxisome proliferator-activated receptor a; Rictor,
RPTOR-independent companion of mammalian target of rapamycin
complex 2; R-LKO, liver-speciﬁc knockout Rictor; SP, sphingolipid;
SPT, serine palmitoyltransferase; VLFA, very long-chain fatty acids;
TG, triglyceride.
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Figure 1. Decreased LW/BW and survival rate in mTORC2 deﬁcient mice after PH. (A) Representative western blot
analysis of rictor proteins in control mice liver samples after PH. Protein quantiﬁcation was normalized to b-tubulin (n ¼ 3 per
group). (B) Representative Western blot analysis of Rictor proteins in liver samples isolated from control (Ctrl) and R-LKO mice.
Quantiﬁcations were normalized to b-tubulin (n ¼ 4 mice for each time point). (C) Survival curves of Ctrl (n ¼ 20 mice) and RLKO (n ¼ 22 mice) mice after 2/3 PH. (D) LW/BW of Ctrl (green) and R-LKO mice at 24 and 48 hours after PH (4–6 mice per
group). (E) Analysis of serum glucose in Ctrl and R-LKO mice at the indicated time points after 2/3 PH (n ¼ 4 mice for each time
point). Immunohistochemistry slices were scanned and captured by Pannoramic MIDI (3D HISTECH, Ltd). Error bars represent
the means ± SD. *P < .05, ***P < .001.

incorporation assays (Figure 2A and B). Consistently, the
peak expression levels of proliferating cell nuclear antigen
(PCNA) were signiﬁcantly lower (P < .01 at 36 hours) in the
R-LKO livers in comparison with the corresponding levels in
the control group after PH (Figure 2C). In summary, these
results indicated that mTORC2 deﬁciency severely hampers
hepatocyte proliferation after PH and mTORC2 is essential
for liver regeneration.

Lipid Droplet Accumulation Increased in the
mTORC2-Deﬁcient Liver During Liver
Regeneration
The R-LKO liver manifests hypolipidemia owing to
decreased lipogenesis. However, more lipid droplets accumulated in the liver tissue of the R-LKO mice than in the liver
tissue of the mice in the control group, as indicated by H&E
and Oil Red O staining (Figure 3A and B). Accordingly, the
biochemical index showed that TG content in the R-LKO livers
was increased signiﬁcantly (P < .001) 36 hours after PH
(Figure 3C). FA levels also increased signiﬁcantly (P < .05) in
the R-LKO mice at 36 hours compared with the FA levels in
the control group (Figure 3D); in addition, the serum levels of
FA and TG remained similar to the corresponding serum

levels in the normal group (Figure 3E and F). Levels of
cholesterol, high-density lipoprotein cholesterol, especially
low-density lipoprotein cholesterol, were decreased in the
mTORC2 KO regenerated livers at 36 hours time point. (P <
.001) compared with the corresponding levels in the control
group (Figure 4). These data indicate that more TG and FAs
accumulate in R-LKO mice during liver regeneration.

Up-regulated Expression of Genes and Proteins
Associated With FA Transportation During Liver
Regeneration
To elucidate the cause of lipid droplet accumulation
during liver regeneration, we analyzed the mRNA expression of genes involved in FA metabolism in control mice.
During liver regeneration, the mRNA expression levels of de
novo FA synthesis genes, such as Srebp1c and Acly, were
decreased signiﬁcantly (P < .05) in the control livers at the
24-hour time point compared with the corresponding levels
before PH (0 h) (Figure 5A, green line). The transcriptional
levels of long-chain synthesis-relevant genes—Elovl5 and
Elovl6—also were decreased after PH (Figure 5B and Figure
5C). These results indicate that de novo FA synthesis was
inhibited in the ﬁrst 24 hours after PH.
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The messenger RNA (mRNA) expression levels of genes
responsible for FA import into hepatocytes, such as Cd36 (P
< .01) and Fabp4 (P ¼ .05), were increased signiﬁcantly in
the livers of control mice at the 24-hour time point
compared with the corresponding pre-PH (0 h) levels
(Figure 5D, green line). Expression of Scl27a2 and Scl27a5,
responsible for the transport of very long-chain FAs (VLFAs)
into hepatocytes, was activated in the control group at 36
hours after PH (Figure 5E, green line). The expression of reesteriﬁcation gene Dgat1 was up-regulated during liver
regeneration (Figure 5F). These data indicate that the FAs
are transported into hepatocytes and synthesized into TGs.
Furthermore, the expression level of genes responsible
for the export of FAs from hepatocytes, such as Mttp,21 was
increased 36 hours after PH compared with the level before
PH (Figure 5G, green line). Protein expression corroborated
with the transcriptional-level data (Figure 5H).
The expression of PPAR-a–mediated ketogenesis pathway
genes, including Cytb, Hmgcs2, and Hmgcl, was activated 24
hours after PH in the control group (Figure 6A, green line). The
mRNA expression of genes responsible for FA oxidation in the
mitochondria, such as Hadh, also was activated 36 hours after
PH (Figure 6B, green line). In addition, the expression of FA
oxidation–associated genes in the peroxisome, such as Acox1
and Acaa1, which respond to VLFA oxidation, also was activated during liver regeneration (Figure 6C, green line).
Compensatory changes in the mRNA expression of genes
associated with FA metabolism in the control group after PH
were concluded between the 0- and 36-hour time points
(Figure 6D). These results indicate that the generation of FA
metabolites during liver regeneration is well orchestrated. We
hypothesized that the source of lipid droplet accumulation was
increased in cell transport of FAs, and not de novo synthesis.

The PPAR-a Pathway Was Decreased in
mTORC2 KO Liver During Liver Regeneration

Figure 2. Decreased hepatocytes proliferation after PH
in R-LKO mice. (A) Representative immunohistochemistry
staining and quantiﬁcation of Ki-67–positive cells in liver
tissue of control (Ctrl) and R-LKO mice after 2/3 PH. The
dark nucleus indicates BrdU-positive samples. Three sections per mouse were examined (n ¼ 4 mice for each time
point). Scale bar: 20 mm. (B) Representative immunohistochemistry staining and quantiﬁcation of BrdU-positive cells
in livers of Ctrl and R-LKO mice after 2/3 PH. The dark
nucleus indicates BrdU-positive samples. Three sections
per mouse were examined (n ¼ 4 mice for each time point).
Scale bar: 20 mm. (C) Western blot analysis of hepatic
PCNA expression in Ctrl and R-LKO mice at the indicated
times after PH. Quantiﬁcations were normalized to b-tubulin
(n ¼ 5 mice at each time point). Immunohistochemistry
slices were scanned and captured by Pannoramic MIDI (3D
HISTECH, Ltd). Immunohistochemistry slices were scanned
and captured by Pannoramic MIDI (3D HISTECH, Ltd). The
VersaDoc Imaging System (Bio-Rad) and software were
used to visualize proteins. ImageJ was used to quantify the
band densities. Error bars represent the means ± SD. *P <
.05, **P < .01.

It has been reported that under refeeding conditions,
genes involved in lipid synthesis are down-regulated
signiﬁcantly in the livers of R-LKO mice fed a high-fat
diet.18 Accordingly, during liver regeneration, although
more FAs and TG accumulated in the R-LKO regenerated
liver, the expression of FA de novo synthesis–related genes
was down-regulated in the R-LKO group (Figure 5A and H).
The trend for changes in the expression of VLFA
synthesis–related genes Elovl5 and Elovl6 overlapped with
that of controls (Figure 5B and Figure 5C).
The transcriptional changes in the expression of FA
transport genes (into the hepatocytes), such as Cd36 and
Fabp4, in R-LKO mice were similar to those in the control
group (Figure 5D and D), while the transcriptional levels of
genes of the fatty acid transport protein (FATP) family, such
as Scl27a2 and Scl27a5, were decreased signiﬁcantly in the
R-LKO group at 36 hours (P < .01) (Figure 5E). These
changes in gene expression may not be the sole cause of
lipid accumulation in the R-LKO liver. b-FA oxidation in the
mitochondria and peroxisomes produced no signiﬁcant
changes in comparison with the observations recorded in
the control group (Figure 6B and C).
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Figure 3. Lipid droplet accumulation increased in the mTORC2 KO liver during liver regeneration. (A) H&E staining from
control (Ctrl) and R-LKO mice at the indicated time points after 2/3 PH. Scale bar: 20 mm. (B) Analysis of lipids by Oil Red O
staining performed with frozen liver sections at the indicated time points after 2/3 PH. Scale bar: 20 mm. (C) Analysis of TG
contents in liver tissue isolated from Ctrl and R-LKO mice. Means ± SD, 4–12 mice per time point. (D) Analysis of FA contents
in liver tissue isolated from Ctrl and L-RKO mice. Means ± SD, 4–5 mice per time point. (E) Analysis of TG contents in serum
from Ctrl and L-RKO mice, 3–4 mice per time point. (F) Analysis of FA contents in serum from Ctrl and L-RKO mice. Means ±
SD, 3–6 mice per time point. H&E and Oil Red staining slices were scanned and captured by Pannoramic MIDI (3DHISTECH,
Ltd). *P < .05, ***P < .001.

Activation of the ketogenesis-related PPAR-a pathway
was decreased signiﬁcantly in R-LKO livers (Figure 6A).
Speciﬁcally, the mRNA expression levels of Ppara (P < .01)
and its downstream genes Cytb (P < .05), Hmgcs2 (P <
.001), and Hmgcl (P < .01) all were signiﬁcantly lower than
the corresponding levels in the control group, especially at
the 24-hour time point (Figure 6A, green and red lines).
Furthermore, the mRNA levels of genes responsible for
transporting FAs out of hepatocytes, such as Mttp, also were
decreased signiﬁcantly in R-LKO mice at the 36-hour time

point (P < .05) (Figure 5H and Figure 5G). Considering the
time-dependent changes in microsomal triglyceride transfer
protein expression after changes in PPAR-a pathway activity, we speculated that changes in microsomal triglyceride
transfer protein are concomitant rather than causative.

WY-14643 Ameliorated Lipid Accumulation in RLKO Mice
The transcriptional levels of lipid metabolism-related
genes showed that inactivation of the PPAR-a pathway is
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Figure 4. Decreased CHOL level in serum after PH in RLKO mice. Analysis of CHOL, HDL-c, and LDL-c in serum
from control (Ctrl) and R-LKO mice (4–8 mice for each time
point). Data are presented as means ± SD. ***P < .001.
CHOL, cholesterol; HDL-c, high-density lipoprotein cholesterol; LDL-c, low-density lipoprotein cholesterol.

responsible for the deposition of lipid droplets in the liver. To
test whether lipid deposition is a factor governing deﬁcient
liver regeneration, we treated control and R-LKO mice with
the PPAR-a agonist WY-14643.22 As anticipated, PPAR-a
expression was increased after WY-14643 treatment in the
livers of control and R-LKO mice (Figure 7A). The activation of
the PPAR-a pathway in the R-LKO mouse livers increased to
the same level as that in the control group livers after WY14643 treatment (Figure 7B). Remarkably, in contrast to
vehicle treatment, WY-14643 treatment completely abolished
the differences in TG and FA contents in the hepatic tissues
between control and R-LKO mice at 36 hours after PH and
showed the same levels in the serum (Figure 7C–G and Figure
8A–D). Furthermore, total cholesterol levels, including highdensity lipoprotein cholesterol and low-density lipoprotein
cholesterol levels, increased, reaching the levels observed in
the control group after WY-14643 treatment (Figure 8E–G).

WY-14643 Improved Liver Regeneration and
Survival Rate in R-LKO Mice
After WY-14643 treatment, the LW/BW in R-LKO mice
was increased signiﬁcantly (P < .05) (Figure 9A), and the
survival rates also were increased in R-LKO mice 48 hours
after PH (Figure 9B). The expression of PCNA (Figure 9C), as
well as BrdU- and Ki-67–positive staining (Figure 9D and E),
showed the same levels between R-LKO and the control
group after WY-14643 treatment. These results indicated
that WY-14643 could enhance liver regeneration and
ameliorate survival rates in R-LKO mice. Therefore, the
decreased liver regeneration observed in R-LKO mice was
caused by inactivation of the PPAR-a pathway.

Promotion of the Cell Cycle by Inhibiting the p53
Pathway Could Not Rescue Deﬁcient Liver
Regeneration in R-LKO Mice
We veriﬁed cell-cycle–related proteins in regenerated
R-LKO livers. The p53–p21 pathway activity tended to
increase in R-LKO–regenerated livers (Figure 10A). To test
whether the block in the cell cycle was the cause of
insufﬁcient lipid utilization and deﬁcient liver

regeneration in R-LKO mice, we promoted cell-cycle progression by treating cells with Piﬁthrin-a (PFT-a), an inhibitor of p53 target gene transcription. Expression of
p21 was inhibited by PFT-a treatment (Figure 10B); the
LW/BW and the survival rate in the R-LKO group
remained lower than those in the control group after
treatment (Figure 10C and D). There was a decrease in
the percentage of BrdU-positive cells (Figure 10E) and
down-regulated expression of PPAR-a pathway–related
genes (Figure 10F) in the R-LKO group, as in pretreatment conditions. These results showed that inhibition of
the p53–p21 pathway does not promote hepatocyte proliferation in mTORC2 KO livers without up-regulating FA
oxidation.

Inactivation of the PPAR-a Pathway in R-LKO
Mice Was Dependent on AKT Activation
During liver regeneration, AKT pathway activity was
decreased signiﬁcantly (P < .01) in mTORC2-deﬁcient mice
(Figure 11A and Figure 12A). To further test the role of AKT in
liver regeneration in mTORC2-deﬁcient mice, we treated
control and R-LKO mice with the AKT activator SC79. After
SC79 treatment, the AKT pathway was signiﬁcantly (P < .01)
activated (Figure 12A and Figure 11A and B). After SC79
treatment, the LW/BW ratio in R-LKO mice showed no difference from that in control group mice 36 hours after PH
(Figure 12B). The regenerative ability of R-LKO mice also
increased and was comparable with that of the mice in the
control group, as indicated by the increased expression of
PCNA (Figure 12A). Furthermore, SC79 rescued the survival
rate of the R-LKO mice after PH (Figure 12C). SC79 also activated the PPAR-a pathway and decreased TG and FA levels in
R-LKO mice (Figure 12D–F). These results suggest that downregulation of the PPAR-a pathway in R-LKO mice was
dependent on AKT pathway activity.

GluCer Directly Activated PPAR-a and Restored
Cell Proliferation in the mTORC2 KO Mouse Liver
To further investigate the lipid content in regenerated RLKO livers, we analyzed the lipid content of tissue samples
using mass spectrometry at the 24-hour time point. The mostly
altered lipid species were FA and conjugates, glycerolipids, in
particular, TGs, glycerophospholipids, and sphingolipids (SPs)
(Supplementary Table 1). In accordance with our previous
results, FA, as well as its conjugates, and TG contents were
increased in the mTORC2-deﬁcient liver sample (Figure 13A
and B). The altered 37 glycerophospholipids were divided into
2 parts: 18 of 37 lipids such as phosphatidic acid (PA) were
increased, and the rest 19 of 37 were decreased (Figure 13C).
Speciﬁcally, all of the altered SP contents were decreased
signiﬁcantly (P < .05, .01), and the majority were GluCer
(Figure 13D and Figure 13E). SPs are synthesized by FAs and
ultimately used as signaling molecules or membrane-building
blocks. GluCer, a target of mTORC2 in promoting hepatic
tumorigenesis,19 was mostly decreased (Figure 13D). To
further test the role of SPs in liver regeneration in mTORC2deﬁcient mice, we treated the control and R-LKO mice with
GluCer. Exogenous GluCer treatment increased hepatic GluCer
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Figure 6. The PPAR-a
pathway was decreased in
mTORC2 KO liver during
liver regeneration. (A)
Relative mRNA expression
levels
of
ketogenesisassociated genes at the
indicated time points in Ctrl
(green line) or R-LKO liver
(red line). The expression of
PPAR-a, Cytb, Hmgcs2,
and Hmgcl were normalized
to the levels of control hepatocytes before PH (0 h).
Means ± SD, 4 mice per
time point. (D) Fatty acid
metabolic model in the
normal liver between 0 and
36 hours after PH. The VersaDoc Imaging System (BioRad) and software was used
to visualize proteins. ImageJ
was used to quantify the
band densities. *P < .05,
**P < .01 and ***P < .001.

levels in most of the examined animals (4 of 5) (Figure 13F)
and eliminated the differences in the LW/BW ratio, Ki-67
positivity, and PCNA, TG, and FA levels between the control

and R-LKO groups (Figure 14A and B and Figure 14C–E).
Myriocin, an inhibitor of serine palmitoyltransferase (SPT),
inhibits de novo SP synthesis. Mice were treated with myriocin

Figure 5. (See previous page). The transportation of lipids was upregulated during liver regeneration. (A) Relative mRNA
expression levels of de novo lipid synthesis genes in Ctrl (green line) or R-LKO mouse liver. The mRNA expression of sterol
regulatory element-binding transcription factor 1c (SREBP1c), fatty acid synthase (Fasn), and adenosine triphosphate–citrate
lyase; Acox1, acyl-CoA oxidase 1 (Acly) were normalized to the levels of control hepatocytes before PH (0 h). Means ± SD, 4
mice per time point. (B) Relative mRNA expression levels of very long chain fatty acid synthesis at the indicated time points in Ctrl
(green line) or R-LKO mouse liver. The expression of Elvol5 is normalized to the levels of control hepatocytes before PH (0 h).
Means ± SD, 3–4 mice per time point. (C) Relative mRNA expression levels of very long chain fatty acids transported into hepatocyte genes at the indicated time points in Ctrl (green line) or R-LKO liver. mRNA expression levels of slc27a2 and slc27a5 are
normalized to the levels of control hepatocytes before PH (0 hours) (3–4 mice for each time point). (D) Relative mRNA expression
levels of lipid transfer into hepatocytes at the indicated time points in Ctrl (green line) or R-LKO mouse liver. The expression of
CD36 and FABP4 were normalized to the levels of control hepatocytes before PH (0 h). Means ± SD, 3–4 mice per time point. (E)
Relative mRNA expression levels of triglyceride (TG) synthesis gene DGAT1 at the indicated time points in Ctrl (green line) or R-LKO
liver. mRNA expression levels of DGAT1 are normalized to the levels of control hepatocytes before PH (0 hours) (3–4 mice for each
time point). (E) Relative mRNA expression levels of lipids transported out of hepatocyte genes at the indicated time points in Ctrl
(green line) or R-LKO liver. mRNA expression levels of microsomal triglyceride transfer protein (MTTP) are normalized to the levels
of control hepatocytes before PH (0 hours) (3–4 mice for each time point). (F) Relative mRNA expression levels of hydroxyacyl-CoA
dehydrogenase (Hadh) at the indicated time points in Ctrl (green line) or R-LKO liver. mRNA expression levels are normalized to the
levels of control hepatocytes before PH (0 hours) (4 mice for each time point). (G) Relative mRNA expression levels of fatty acid boxidation genes in peroxisome at the indicated time points in Ctrl (green line) or R-LKO liver. mRNA expression levels of Acyl-CoA
Oxidase 1 (Acox) and acetyl-CoA acyltransferase 1 (Acaa1) are normalized to the levels of control hepatocytes before PH (0 hours)
(4 mice for each time point). (H) Western blot analysis of lipid synthesis (Fasn, ACLY), secretion (microsomal triglyceride transfer
protein [MTTP]), re-esteriﬁcation (diacylglycerol acyltransferase 1 [DGAT1]), and uptake (cluster of differentiation 36 [CD36]) before
(0 h) and after PH.
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Figure 7. PPARa agonist equilibrates lipids contents during regeneration in mTORC2 absent liver. (A) mRNA relative
expression of PPARa in WY-14643– or vehicle-treated mice 24 hours after PH. Green, control; red, R-LKO. Means ± SD, 4
mice per time point. ***P < .001. (B) Relative mRNA expression levels of hepatic ketogenesis genes at the indicated time points
after WY-14643 treatment. The expression of peroxisome proliferator-activated receptor alpha (PPARa), cytochrome b (Cytb),
3-Hydroxy-3-Methylglutaryl-CoA Synthase 2, (Hmgcs2), and 3-Hydroxy-3-Methylglutaryl-CoA Lyase (Hmgcl) were normalized
to the levels of control hepatocytes before PH (0 hours) (3–4 mice for each time point). (C) Analysis of lipids by Oil Red O
staining performed with frozen liver sections 36 hours after PH. Scale bar: 20 mm (right). (D) Hepatic content of TGs from
vehicle and WY-14643–treated control (Ctrl) and R-LKO mice 36 hours after PH. Means ± SD, 4–8 mice per time point. *P <
.05. (E) Hepatic content of FAs in liver tissue isolated from vehicle and WY-14643–treated Ctrl and R-LKO mice 36 hours after
PH. Means ± SD, 3–5 mice per time point. *P < .05. (F) Analysis of TG contents in serum from vehicle and WY-14643–treated
Ctrl and R-LKO mice 36 hours after PH. Means ± SD, 3–5 mice per time point. (G) Analysis of FA contents in serum from
vehicle and WY-14643–treated Ctrl and R-LKO mice 36 hours after PH. Means ± SD, 3–5 mice per time point. Oil Red staining
slices were scanned and captured by Pannoramic MIDI (3DHISTECH, Ltd).

7 days before PH, and hepatocyte proliferation as indicated by
PCNA (P < .05), LW/BW (P < .01), and Ki-67 (P < .05) was
inhibited signiﬁcantly 36 hours after PH (Figure 14F and
Figure 14G and Figure 15A). The TG and FA contents in
myriocin-treated livers showed a tendency to increase, without

signiﬁcant differences (Figure 15B and C). These data indicate
that GluCer is essential for hepatocyte proliferation during liver
regeneration. After GluCer treatment, the mRNA expression
levels of PPAR-a pathway genes, Ppara, Hmgcl, Hmgcs2, and
Cytb, were increased in the R-LKO mice at 36 hours after PH
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Figure 8. PPARa agonist
equilibrates lipids contents during regeneration
in mTORC2 absent liver.
(A) Representative hematoxylin staining of hepatocytes in WY-14643–treated
Ctrl and R-LKO mice liver
at the indicated time points
after PH. Scale bar: 20 mm.
(B) Hepatic content of TGs
from
WY-14643–treated
Ctrl and R-LKO mice at the
indicated time points after
PH (4–6 mice for each time
point). (C) Analysis of TG
contents in serum from
WY-14643–treated
Ctrl
and R-LKO mice at the
indicated time points after
PH (4–6 mice for each time
point). (D) Analysis of FA
contents in serum from
WY-14643–treated
Ctrl
and R-LKO mice at the
indicated time points after
PH (4–6 mice for each time
point). (E–G) Analysis of
cholesterol (CHOL), high
density liptein cholesterol
(HDLC), and low density
liptein cholesterol (LDLC)
in serum from WY-14643–
treated Ctrl and R-LKO
mice 36 hours after PH (3–
9 mice for each time point).
The hematoxylin and eosin
stain (HE) slices were
scanned and captured by
Pannoramic MIDI (3D HISTECH, Ltd, budapest,
Hungary).

(Figure 15D). The ﬂuorescence intensity of the PPAR-a luciferase reporter also was increased after GluCer treatment
(Figure 15E), with an increase in PPAR-a mRNA expression
after treatment (Figure 15F).

Discussion
The role and source of accumulated lipid droplets during
liver regeneration are controversial.7,13,23 mTORC2 plays an
important role in de novo lipid synthesis. The TG content in
the livers of R-LKO mice was decreased signiﬁcantly under
normal conditions.18 However, we found that during liver
regeneration, TG and FA contents in the R-LKO mouse livers
were increased signiﬁcantly after PH. Xu et al20 also showed
an accumulation of lipid droplets after 3 days. Furthermore,

the delayed lipid accumulation was estimated by Oil Red O
staining, similar to our study, in which we have used the
same technique to evaluate the accumulation tendency and
reconﬁrmed it by 2 other methods, namely, biochemical
analyses and lipidomics using liquid chromatography. Liverspeciﬁc KO of AKT1/2 results in an antisteatotic effect
leading to increased lethality,24 resembling the downstream
effects of mTORC2 KO. However, AKT1/AKT2 KO24 might
differ from mTORC2 KO in terms of AKT activity. For
example, in AKT1/AKT2 KO mice, the activity of both AKT
phosphorylated site at serine 473 (pSer473) and AKT
phosphorylated site at threonine 308 (pThr308) is lost,
whereas in mTORC2 KO mice, only AKT pSer473 activity is
almost lost. In line with this notion, only AKT (Ser473) was
reported to rescue fatty acid synthesis in R-LKO mice. AKT
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Figure
9. WY-14643
improved liver regeneration and survival rate in
R-LKO mice. (A) LW/BW
of WY-14643– or vehicletreated mice at the indicated time points after PH.
Means ± SD, 4–5 mice per
time point. (B) Survival
curves from WY-14643–
treated control (Ctrl) and RLKO mice after PH. The
survival curves representing the Ctrl (n ¼ 8) and the
R-LKO (n ¼ 10) mice were
compared using the logrank test. (C) Western blot
analysis of hepatic PCNA
expression in WY-14643–
treated Ctrl and R-LKO
mice at 36 hours after PH.
Quantiﬁcations
were
normalized to b-tubulin (n
¼ 5). Means ± SD, 5 mice
per time point. (D) Representative
immunohistochemistry
images
for
BrdU-positive cells in WY14643–treated Ctrl and RLKO mice after PH. Right:
Graph shows the quantiﬁcation of BrdU-positive
cells/total cells at the indicated time points after PH.
Means ± SD, 3–4 mice per
time point. (E) Representative immunohistochemistry
images for the Ki-67–positive cells in WY-14643–
treated Ctrl and R-LKO
mice after PH. Right:
Graph shows the quantiﬁcation of Ki-67–positive
cells/total cells at the indicated time points after PH.
Means ± SD, 3–5 mice per
time point. Immunohistochemistry
slices
were
scanned and captured by
Pannoramic MIDI (3DHISTECH Ltd). *P < .05.

Thr308 activated by pyruvate dehydrogenase kinase 1
(PDK1). PDK1 could phosphorylate ribosomal protein S6
kinase (S6K) and mTORC1,25 inhibit which could strongly
provoke PPAR-a ketogenesis pathway,26,27 which might be a
main cause of antisteatotic effect.28

Our data also showed that mRNA expression levels of de
novo FA synthesis genes, such as Fasn, Acly, and Srebp1c, were
decreased signiﬁcantly in regenerated R-LKO livers 36 hours
after PH, which is the same time point at which lipid accumulation also occurred. We concluded that de novo FA
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Figure 10. The p53 inhibitor could not improve liver proliferation during regeneration. (A) Western blot analysis of hepatic
p-p53 (Ser15), p53, p21, mdm2, p-CDK2, Phospho-Adenosine 5’-monophosphate (AMP)-activated protein kinase (p-AMPK
[Thr172]), p-mTOR (Ser 2448), mTOR, expression in control (Ctrl) and R-LKO mice 24 hours after PH. (B) Western blot analysis of
hepatic p21, p-p53 (Ser15) expression in vehicle and p53 inhibitor Piﬁthrina (PTFa)–treated mice 36 hours after PH (3 mice for
each time point). Quantiﬁcations were normalized to b-tubulin. Green line, control group; red line, R-LKO group. (C) LW/BW of
p53 inhibitor PTF-a–treated Ctrl and R-LKO mice 36 hours after PH (3–4 mice for each time point). (D) Survival curves of p53
inhibitor PTF-a–treated Ctrl (n ¼ 9) and R-LKO (n ¼ 9) mice after PH. (E) Representative immunohistochemistry pictures for the
BrdU-positive cells in PTF-a–treated Ctrl and R-LKO mice after PH. Right graph: frequency of positive BrdU cells 36 hours after
PH (3 mice for each time point). (F) Relative mRNA expression levels of hepatic ketogenesis genes of PTF-a–treated Ctrl and RLKO mice at the indicated time points. The expression of PPARa, Cytb, Hmgcs2, and Hmgcl are normalized to the levels of
control hepatocytes before PH (3–4 mice for each time point). Immunohistochemistry slices were scanned and captured by
Pannoramic MIDI (3D HISTECH, Ltd). The VersaDoc Imaging System (Bio-Rad) and software were used to visualize proteins.
ImageJ was used to quantify the band densities. Data are presented as means ± SD. *P < .05. DMSO, dimethyl sulfoxide.

synthesis did not correlate with TG accumulation. These results are consistent with normal liver regeneration in Fasn KO
mice.13 Furthermore, the expression of the lipid transportrelated genes Cd36 and Fabp4 peaked at 24 hours after PH.
To ensure the effective use of lipid droplets, the PPAR-a–FA
oxidation pathway also peaked at 24 hours. However, lipid
overloading delays DNA replication in hepatocytes.9 To
overcome this side effect, lipid export-related genes such as
Mttp21 also showed a peak in expression after lipid oxidation
to remove extra fat after supplying energy. This removal

might be downstream of the PPAR-a pathway and not the
signal derived from lipid overload. As in R-LKO mice, despite
lipid overloading, the Mttp genes remained silent, similar to
PPAR-a pathway genes. Moreover, in the control group, the
genes responsible for hepatocyte transport were up-regulated
after activation of the PPAR-a pathway. Consequently, it can
be concluded that lipid metabolism is a ﬁne-tuned process
during liver regeneration. Overall, TGs and FAs are transported into hepatocytes, and the PPAR-a pathway metabolizes
FAs to provide energy for hepatocyte proliferation. These

2022

Figure 11. SC79 could activate AKT pathway in regenerated liver. (A) Western blot analysis of hepatic p-AKT (Ser473),
p-AKT (Thr308), AKT, FoxO1, p-FoxO3a (Ser253), p-FoxO3a
(Ser318/S321), and FoxO3a expression in control (Ctrl) and RLKO mice at 36 hours after PH. (B) Western blot analysis of
SC79-treated hepatic p-AKT (Ser473), p27, p-FoxO3a (Ser318/
S321), and PCNA expression in Ctrl and R-LKO mice at 36
hours after PH. The VersaDoc Imaging System (Bio-Rad) and
software were used to visualize proteins.

results are consistent with previously obtained ﬁndings that
cluster of differentiation 36 contributes to the enhancement of
transient regeneration-associated steatosis.16 Hepatocytes are
selected to increase lipid transport rather than synthesis,
which requires more energy and raw materials, as a survival
mode in emergencies such as PH.
Liver regeneration is a highly precise and efﬁcient
process.29 Hepatocyte size starts increasing after PH,
reaches a peak value at 36 hours, and then returns to
normal 96 hours after PH.30 The hepatocyte population
also increases from 36 hours onward after PH and is
sustained until the end of liver regeneration.30 Reconstruction requires high bioenergy to ensure liver cell
repopulation. However, the mechanism of metabolic
pattern transformation during different stages of liver
regeneration remains unclear. Glucose levels decreased
signiﬁcantly during liver regeneration after PH, similar to
the results of previous studies.30 Oxidative phosphorylation levels have been reported to decrease after PH31;
accordingly, during liver regeneration, increased cell size
is accompanied by down-regulation of mitochondrial and
lipid biosynthesis-related genes. Furthermore, the glycolysis rate increases with cell size.30,32,33 For lipid
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metabolism, lipid droplets started to accumulate 12 hours
after PH, reaching a peak value at 36 hours, and were
reduced to the basal level during the advanced stage of
liver regeneration. Systemic knockdown of PPAR-a causes
a 12- to 24-hour lag at the G1/S checkpoint,14 whereas
liver-speciﬁc deletion of PPAR-a signiﬁcantly reduces hepatocyte proliferation at 32 hours.15 Acceleration of lipid
metabolism by a PPAR-a agonist before PH accelerates
liver regeneration.34 In accordance with previous ﬁndings,
the PPAR-a activator WY14643 signiﬁcantly increased
liver size and proliferation during liver regeneration.35 In
summary, we hypothesized that glycolysis is a pivotal
energy source for the early cell size growth phase, and FA
oxidation is a major energy source for the increase in both
hepatocyte size and proliferation.
Fatty acid oxidation is an essential factor that promotes
cell proliferation during liver regeneration. PFT-a treatment
every 48 hours after PH only inhibited p53 expression in the
nucleus and had no effect on p21 expression.36 Conversely,
daily pretreatment of mice with the p53 inhibitor PFT-a 1
week before PH signiﬁcantly reduced the levels of p21
protein in hepatocytes.37 However, acceleration of the cell
cycle by p21 inhibition did not promote FA oxidation and
could not drive hepatocyte proliferation and liver regeneration. Consistently, it did not rescue the survival rate of the
R-LKO mice. In turn, the PPAR-a agonist increased the
oxidation of accumulated lipids in the mTORC2-deﬁcient
liver during liver regeneration. Finally, improvement in
lipid oxidation promoted hepatocyte proliferation and
rescued survival rate.
Previous studies have shown that FAs and their metabolites
are activators of the PPAR-a signaling pathway. Considering the
accumulated FA and TG contents and depressed PPAR-a activation in R-LKO livers after PH, a lipidomics analysis was
performed to screen for potential activators of PPAR-a. The
most down-regulated SPs were considered. SPT is a key
enzyme in SP synthesis, and liver-speciﬁc SPT KO mice show
disrupted liver regeneration after PH.38 However, the role of
GluCer (one of the terminal products of SP synthesis) during
liver regeneration remains unclear because the GluCer content
showed no change in SPT-deﬁcient livers. GluCer is a key factor
for mTORC2 that induces tumorigenesis.19 Furthermore, the
SPT inhibitor myriocin signiﬁcantly decreased GluCer levels in
hepatic tumors19 and inhibited hepatocyte cell proliferation. In
addition, our study showed that GluCer could activate the
PPAR-a pathway and signiﬁcantly rescue the controlled proliferation in the mTORC2-deﬁcient livers after PH.
mTORC2 regulates glucose and lipid metabolism through
AKT.18 In turn, AKT has been reported to facilitate hepatocyte
proliferation by inhibiting Forkhead box O1 expression24;
however, its relationship with PPAR-a currently is unknown.
We showed that after SC79 (an AKT activator) treatment in RLKO mice, the PPAR-a pathway also was activated, possibly
because of the promotion of GluCer synthesis by SC79, which
is supported by evidence from human liver biopsy specimens
showing that AKT (Ser473) activity is correlated positively
with GluCer level.19 Therefore, we speculated that the downregulation of the PPAR-a pathway in the R-LKO liver is
dependent on AKT activation.
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Figure 12. AKT agonist restores the PPAR-a pathway and cell proliferation in mTORC2 absent mice liver. (A) Western
blot analysis of hepatic phosphorylated protein kinase B [p-AKT (Ser473)], p27, phospho-Forkhead box O3a (p-FoxO3a)
(Ser318/S321), FoxO3a, and PCNA expression in vehicle and AKT activator SC79-treated control (Ctrl) and R-LKO mice 36
hours after PH. Quantiﬁcations were normalized to b-tubulin. Means ± SD, 3–7 mice per time point. (B) Index of liver to body
weight (ILBW) of AKT activator SC79-treated Ctrl and L-RKO mice 36 hours after PH. Means ± SD, 3–4 mice per time point. (C)
Survival curves of AKT activator SC79-treated Ctrl (n ¼ 3) and L-RKO (n ¼ 6) mice after PH. (D) Relative mRNA expression
levels of hepatic ketogenesis genes of AKT activator SC79-treated Ctrl and L-RKO mice at the indicated time points. The
expression of PPARa, Cytb, Hmgcs2, and Hmgcl were normalized to the levels of the control group. Means ± SD, 3–4 mice per
group. (E) Analysis of TG contents in serum of AKT activator SC79-treated Ctrl and R-LKO mice 36 hours after PH. Means ±
SD, 3 mice per group. (F) Analysis of FA contents in liver of AKT activator SC79-treated Ctrl and R-LKO mice 36 hours after PH.
Means ± SD, 3–4 mice per group. The VersaDoc Imaging System (Bio-Rad) and software was used to visualize proteins.
ImageJ was used to quantify the band densities.

Therefore, using R-LKO mice in the present study, we
elucidated the mechanisms involved in lipid metabolism and
function during liver regeneration. Furthermore, we showed
that the generalized lipid accumulation observed in the
mTORC2-deﬁcient liver during regeneration after PH was
associated with down-regulation of the PPAR-a pathway.
Conversely, we showed that enhanced lipid metabolism by
GluCer through the activation of the PPAR-a pathway can
improve liver regeneration, and that GluCer may be a key
factor associated with the activation of mTORC2 and PPARa during liver regeneration.

Materials and Methods
Animals

Generation of Rictor conditional KO (Rictorﬂox/ﬂox) mice
has been described previously.18 Rictorﬂox/ﬂox mice were
crossed with albumin-Cre (provided by Lu Zhongjie) mice to
generate LKO mice with the genotype Rictorﬂox/
ﬂox
–albumin-Cre mice (R-LKO). Rictorﬂox/ﬂox mice were used
as the littermate control. All animals received humane care
according to the Animal Research: Reporting of In Vivo
Experiments guidelines, and all animal experiments were
approved by the Animal Care and Ethics Committee of Jinan
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Figure 13. Decreased SPs in regenerated liver of R-LKO mice. (A) The lipid mass spectrum analysis results of FA and
conjugates in regenerated liver of control (Ctrl) and R-LKO mice 24 hours after PH (3–4 mice for each time point). (B) The
lipid mass spectrum analysis results of TG contents in regenerated liver of Ctrl and R-LKO mice 24 hours after PH (3–4 mice
for each time point). (C) The lipid mass spectrum analysis results of sphingolipids in regenerated liver of Ctrl and R-LKO
mice 24 hours after PH (3–4 mice for each time point). (D) The lipid spectrum ﬁgure of regenerated liver in control (Ctrl) and
R-LKO mice 24 hours after PH. GluCer is the most decreased in content (R-LKO vs Ctrl). (E) The lipid mass spectrum
analysis results of glycerophospholipids (GPL) contents in regenerated liver of Ctrl and R-LKO mice 24 hours after PH (3–4
mice for each time point). (F) The lipid mass spectrum analysis results of GluCer (16:0_18:2) contents in regenerated liver of
Ctrl and R-LKO mice 24 hours after PH (2–3 mice for each time point). *P < .05, **P < .01 and ***P < .001.

University. Animals used for the experiments were 8- to 12week-old males or females. All mice had a C57 background.
Both male and female mice were used indistinctively. Two

thirds of the PH procedures were performed according to a
previously described method, the left and median lobes
were resected for detail.39,40 The PPAR-a activator WY-

1326

Zhang et al

Cellular and Molecular Gastroenterology and Hepatology Vol. 14, No. 6

Figure
14. Supplying
GluCer restores cell proliferation in mTORC2 KO
mice liver. (A) Representative immunohistochemistry images for the Ki-67–
positive cells in GluCertreated Ctrl and R-LKO
mice after PH. Right:
Graph shows the quantiﬁcation of Ki-67–positive
cells/total cells at the indicated time points after PH.
Means ± SD, 5 mice per
group. (B) Western blot
analysis of hepatic PCNA
expression in GluCertreated Ctrl and R-LKO
mice at 36 hours after PH.
Quantiﬁcations
were
normalized to b-tubulin.
Means ± SD, 4 mice per
group. (C) LW/BW of
GluCer-treated
control
(Ctrl) and R-LKO mice 36
hours after PH (3–4 mice
for each time point). (D)
Triglyceride
levels
in
GluCer-treated Ctrl and RLKO mice liver 36 hours
after PH (3–4 mice for each
time point). (E) FA levels in
GluCer-treated Ctrl and RLKO mice liver 36 hours
after PH (3 mice for each
time point). (F) Western
blot analysis of hepatic
PCNA
expression
in
myriocin-treated Ctrl and
R-LKO mice at 36 hours
after PH. Quantiﬁcations
were normalized to btubulin. Means ± SD, 3
mice per group. (G) LW/
BW of vehicle and myriocin-treated
mice
36
hours after PH (4–5 mice
for each time point).

14643 (S8029; Selleck) was administered at 50 mg/kg/d 2
weeks before PH. For GluCer (131304P; Sigma-Aldrich)
administration, animals received daily intraperitoneal injections of 1.5 mg/dose for 3 days before PH.41 Animals were
injected with the p53 inhibitor, piﬁthrin-a (S2929, 2.2 mg/
kg; Selleck), or control vehicle, dimethyl sulfoxide, dissolved

in physiological saline 3 times per week for 2 weeks before
PH. SC79 (S7863; Selleck) was applied via intraperitoneal
injection at a concentration of 0.04 mg/g of body weight,
and dimethyl sulfoxide was used as a control vehicle. Myriocin (HY-N6798; Med Chem Express) was administered
intraperitoneally to 8-week-old R-LKO and control mice at a
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Figure 15. Supplying GluCer activated PPARa pathway in mTORC2 KO mice liver. (A) Ki-67 staining in vehicle and
myriocin-treated mice liver 36 hours after PH (5 mice for each time point). (B) TG levels in vehicle and myriocin mice liver 36
hours after PH (4–5 mice for each time point). (C) FA levels in vehicle and myriocin mice liver 36 hours after PH. (D) Relative
mRNA expression levels of hepatic ketogenesis genes of GluCer-treated Ctrl and R-LKO mice at the indicated time points. The
expression of PPAR-a, Cytb, Hmgcs2, and Hmgcl were normalized to the levels of control hepatocytes before PH. Means ±
SD, 3–4 mice per group. (E) Luciferase reporter assays were performed in GluCer-treated H293T cells, transfected with PPREluc and pSG5 PPAR-a. Means ± SD, 3 repeats each group. Immunohistochemistry slices were scanned and captured by
Pannoramic MIDI (3DHISTECH Ltd). The VersaDoc Imaging System (Bio-Rad) and software was used to visualize proteins.
ImageJ was used to quantify the band densities. (F) Relative PPARa mRNA expression in different concentrations in GluCertreated H293T cells. H293T cells were transfected with the plasmids of peroxisome proliferator activated receptor-response
element-luciferase reporter (PPRE-luc) and pSG5 PPARa. Immunohistochemistry slices were scanned and captured by Pannoramic MIDI (3D HISTECH, Ltd). Data are presented as means ± SEM.

dosage of 0.3 mg/kg, every alternate day for 2 weeks. All
animals were injected intraperitoneally with 100 mg/kg
body weight BrdU (B9285; Sigma-Aldrich) every day, along
with 0.8 mg/mL BrdU water before PH until 2 hours before
they were killed. Liver remnants were removed, weighed,
snap-frozen in liquid nitrogen, or immediately processed for
histologic analysis.

Real-Time Quantitative Polymerase Chain
Reaction Analysis
Total RNA was isolated from liver samples using TRIzol
(15596-026; Invitrogen), reverse-transcribed, and analyzed
using real-time quantitative polymerase chain reaction with
the SYBR Green master mix (1725272; Bio-Rad) and targetspeciﬁc primers (Table 1) on a Bio-Rad CFX96 Touch. Liver

complementary DNA samples were pooled from 3 mice per
group at 24 and 36 hours after PH.

Liver Histology and Immunohistochemical
Analyses
Liver tissues were ﬁxed in 0.01 mol/L phosphatebuffered saline (pH 7.4) containing 10% formalin,
embedded in parafﬁn, sectioned, and stained with H&E for
histologic examination. Immunohistochemistry was performed with mouse anti-BrdU (B2531; Sigma-Aldrich) and
Ki-67 (9129S; CST) antibodies at 1:1500 dilution. For Oil
Red O staining, the freshly isolated tissues were ﬁxed in
optimal cutting temperature compound and sliced at 20 C.
Frozen sections were ﬁxed in cold methanol, rinsed with
60% isopropanol, and stained for 20 minutes with Oil Red O
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solution (E607319; Sangon Biotech) at 37 C. After 2 rinses
with distilled water, the slides were stained with hematoxylin for 1 minute, rinsed with distilled water, and mounted.
Ten ﬁelds per section from 3 sections per mouse were
randomly chosen and examined.

Table 1.Primer Table
Gene
SREBPIc

Western Blot Analysis

For the serum samples, reagents for biochemical analyses were purchased from DiaSys Diagnostic Systems
GmbH (Holzheim, Germany). Serum samples were tested on
a HITACHI Clinical Analyzer 7180 according to the manufacturer’s protocol. For liver tissue, the extraction and tests
were performed using Biovision-free fatty acid (K612-100)
and triglyceride (K622-100) quantiﬁcation kits. Liver tissues (100 mg) were homogenized in 1 mL solution containing 5% Nonidet P-40 in water, slowly heated in a water
bath at 80 C–100 C until the liquid became cloudy, followed
by cooling. This process was repeated 2 or 3 times. The
samples then were centrifuged at 15,000  g for 2 minutes,
and the supernatant was collected.

F: 5’-TGGTGGTGTGGACATGGTCACAGA-3’
R: 5’-CCGAAGCTGGGGGTCCATTGTGTG-3’

Elovl5

F: 5’-GAACATTTCGATGCGTCACTCA-3’
R: 5’-GGAGGAACCATCCTTTGACTCTT-3’

FABP4

F: 5’-AAGGTGAAGAGCATCATAACCCT-3’
R: 5’-TCACGCCTTTCATAACACATTCC-3’

MTTP

F: 5’-GAGCGGCTATACAAGCTCACGTAC-3’
R: 5’-TCACCATCAGGATTCCTCCACAGT-3’

Actin

F: 5’-GAC ATGGAGAAGATCTGGCA-3’
R: 5’-GGTCTCAAACATGATCTGGGT-3’

Acaca

F: 5’-GGATGACAGGCTTGCAGCTAT-3’
R: 5’-TTTGTGCAACTAGGAACGTAAGTCG-3’

Acox1

F: 5’-CTGCCAAGGGACTCCAGAGCAGCT-3’
R: 5’-GACATGGACACATCCACCATGCAG-3’

PPARɑ

F: 5’-TCTCCACGTTCCAGCCCTTCCTCA-3’
R: 5’-TTCACATGCGTGAACTCCGTAGTG-3’

CytB

F: 5’-ATTCCTTCATGTCGGACGAG-3’
R: 5’-ACTGAGAAGCCCCCTCAAAT-3’

Hmgcs2

F: 5’-AGAGAGCGATGCAGGAAACTT-3’
R: 5’-AAGGATGCCCACATCI I I IGG-3’

Hmgcl

F: 5’-CCGGCATCAACTACCCAGTC-3’
R: 5’-GCGCTGGAAACTCTCCTCTAT-3’

Dgat2

Measurement of Triglycerides and Free Fatty
Acid in the Serum and Liver Tissue

F: 5’-GGAGCCATGGATTGCACATT-3’
R: 5’-GGCCCGGGAAGTCACTGT-3’

Fasn

Liver tissues were homogenized and lysed in radio
immunoprecipitation assay buffer (P0013B; Beyotime, Co)
containing protease and phosphatase inhibitors. The liver
tissue homogenate was centrifuged at 15,000  g at 4 C,
and the supernatant was collected. Protein concentration
was measured using the bicinchoninic acid method. Proteins were separated on 8% and 12% sodium dodecyl
sulfate–polyacrylamide gels and transferred to 0.2-mm
nitrocellulose membranes for 100 minutes at 4 C. The
antibodies used are listed in Table 2 and were incubated
overnight at 4 C. This was followed by incubation with the
secondary goat anti-rabbit- (Ultra Sensitive Chemiluminescent Immunoassay Substrate) horseradish-peroxidase
antibody at a 1:3000 dilution in 5% bovine serum
albumin in Tris buffered saline Tween (TBST) and developed with enhanced chemiluminescence Western chemiluminescent horseradish-peroxidase substrate. The BioRad VersaDoc imaging system and software were
used to visualize the proteins. Signal intensities were
quantiﬁed and normalized to tubulin levels using the
ImageJ Pro Plus software (National Institutes of Health,
Bethesda, MD).

Primer sequence, position on mRNA

F: 5’-AGTGGCAATGCTATCATCATCGT-3’
R: 5’-AAGGAATAAGTGGGAACCAGA-3’

CD36

F: 5’-GCCAAGCTATTGCGACATGAT-3’
R: 5’-CAGATCCGAACACAGCGTAGA-3’

Slc27a2

F: 5’-ATCGTGGTTGGGGCTACTTTAG-3’
R: 5’-TTTGGTTTCTGCGGTGTGTTG-3’

Slc27a5

F: 5’-GAGGGCAATGTGGGCTTAATG-3’
R: 5’-AGGCTCTGCTGTCTCTATGTC-3’

Acc1

F: 5’-AAGGCTATGTGAAGGATG-3’
R: 5’-CTGTCTGAAGAGGTTAGG-3’

Acc2

F: 5’-CTTGCTTCTCTTTCTGACTTG-3’
R: 5’-GGCTTCCACCTTACTGTTG-3’

Acly

F: 5’-TGTTCTTGGTCAGCTTTGTAGC-3’
R: 5’-AGGCTGTGGGTCTTGTTTAGG-3’

F, forward; mRNA, messenger RNA; R, reverse.

Liquid Chromatography Analysis for Lipidomics
Samples were injected onto a C18 Charged Surface Hybrid
column (100 mm  2.1 mm, 1.7 mm; Waters, Manchester, UK)
using a 20-minute linear gradient at a ﬂow rate of 0.4 mL/
min. The column temperature was set to 60 C. The mobile
phase buffer A was constitute by 60% water and 40%
acetonitrile, whereas buffer B was constitute by 10% acetonitrile isopropanol (1/9), with 10 mmol/L ammonium
formate and 0.1% formic acid in each solution. The solvent
gradient was set as follows: 40% B, initial; 43% B, 2 minutes;
50% B, 2.1 minutes; 54% B, 12 minutes; 70% B, 12.1 minutes;

99% B, 18 minutes; and re-equilibration for 2 minutes at 40%
B. After separation using ultra performance liquid chromatography, mass spectrometry (MS) was performed using a
Xevo G2-S Q-TOF instrument with an electrospray ionization
source (Waters). Dynamic range enhancement was implemented in the MS method using Xevo G2-S Q-TOF to improve
isotopic distribution and mass accuracy and reduce high ion
intensities. In the positive-ion mode, MS parameters were as
follows: capillary voltage, 2.5 kV; cone voltage, 24 V; source
temperature, 100 C; desolvation temperature, 400 C;
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Table 2.Antibodies Used in Western Blot
Antibody

Dilution

Source

Catalog number

PCNA

1:2000

Cell Signaling Technology

13110

FASN

1:1000

Cell Signaling Technology

3180

DGAT1

1:500

BOSTER Biological Technology

PB0419

ACLY

1:1000

Cell Signaling Technology

13390

CD36

1:500

Proteintech

18836-1-AP

MTTP

1:1000

Santa Cruz

sc-135994
sc-6246

p21

1:500

Santa Cruz

p-p53 (Ser 15)

1:1000

Cell Signaling Technology

9284

Mdm2

1:1000

Cell Signaling Technology

51541

P-CDK2

1:1000

Cell Signaling Technology

2561

p-AMPK (Thrl72)

1:1000

Cell Signaling Technology

8208

p-AKT (Ser473)

1:1000

Cell Signaling Technology

4046

p-AKT (Thr308)

1:1000

Cell Signaling Technology

13038

p-mTOR (Ser2448)

1:1000

Cell Signaling Technology

5536

mTOR

1:1000

Cell Signaling Technology

2983

b-tubulin

1:5000

Cell Signaling Technology

2148

FoxO1

1:1000

Cell Signaling Technology

2880

P-Fox03a (S253)

1:1000

Cell Signaling Technology

9466

P-Fox03a (S318/S321)

1:1000

Cell Signaling Technology

9465

p27

1:500

Santa Cruz

sc-1641

desolvation gas ﬂow, 800 L/h; and cone gas ﬂow, 50 L/h.
Acquisition was performed from 100 to 1500 daltons. In the
negative-ion mode, MS parameters were as follows: capillary
voltage, 2.5 kV; cone voltage, 25 V; source temperature,
100 C; desolvation temperature, 500 C; desolvation gas ﬂow,
600 L/h; and cone gas ﬂow, 10 L/h. Acquisition was performed from 100 to 1500 daltons (Novogene Co., Ltd). The
raw data were imported to Progenesis QI (Waters) for peak
alignment to obtain a peak list containing the retention time,
mass-to-charge ratio (m/z), and the peak area of each sample.

Transactivation Assays
We co-transfected the PPRE X3-TK-luc (1015; Addgene)
and pSG5 PPAR-a (22751; Addgene) plasmid using
Lipo8000 (C0533; Beyotime) into HEK293T cells according
to the Lipo8000 protocol; then, we added appropriate concentrations of GluCer (131304P; Sigma-Aldrich). We used a
dual-luciferase reporter assay system (E1910; Promega)
and a MIX Microtiter plate luminometer (Thermo Scientiﬁc)
to determine luciferase activity in cell lysates.

Statistical Analyses
Statistical signiﬁcance analyses were performed using the
Student t test, the Wilcoxon test, and the log-rang test. Differences with calculated P values less than .05 were considered
statistically signiﬁcant. For Western blot, we used the Image
Pro-Plus software to analyze the density of the bands, which
were obtained from the Western blot (WB) experiments.
All authors had access to the study data and have
reviewed and approved the ﬁnal manuscript.
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