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Metabolic dysfunction-associated steatotic liver disease (MASLD) is becoming a major 
health problem worldwide. Liver regeneration is crucial for restoring liver function, and is reg-
ulated by extraordinary complex process, involving numerous factors under both physiologic 
and pathologic conditions. Sphingosine-1-phosphate (S1P), a bioactive sphingolipid synthe-
sized by sphingosine kinase 1 (SphK1), plays an important role in liver function through S1P 
receptors (S1PRs)-expressing cells. In this study, we investigated the effect of lipid overload 
on hepatocyte proliferation in a mouse hepatic steatosis model induced by feeding a methio-
nine- and choline-deficient (MCD) diet. After 50% partial hepatectomy (PHx), liver tissues 
were sampled at various timepoints and then analyzed by immunohistochemistry, oil Red-O 
staining, quantitative-polymerase chain reaction (qPCR), and flow cytometry. In mice fed the 
MCD-diet, significantly exacerbated hepatic steatosis and accelerated liver regeneration 
were observed. After PHx, hepatocyte proliferation peaked at 48 and 36 hr in the liver of 
chow- and MCD-diet fed mice, respectively. By contrast, increased expression of S1PR2 
was observed in hepatic neutrophils and macrophages of MCD-diet fed mice. Flow cytome-
try and qPCR experiments demonstrated that levels of HGF and FGF2 released by neu-
trophils and macrophages were significantly higher in MCD-diet fed mice. In conclusion, 
hepatic lipid overload recruits Kupffer cells and neutrophils that release HGF and FGF2 via 
SphK1/S1PR2 activation to accelerate hepatocyte proliferation.
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I. Introduction
Metabolic dysfunction-associated steatotic liver dis-

ease (MASLD) formerly known as non-alcoholic fatty liver 
disease is the most common parenchymal liver condition 
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and becoming a major health problem worldwide. The pro-
gression of MASLD to non-alcoholic steatohepatitis is 
characterized by steatosis with hepatocellular injury and 
inflammation, and this condition is now known as 
metabolic dysfunction-associated steatohepatitis (MASH) 
[9, 38, 39, 48]. Histopathologically, the infiltration of 
steatosis is classified into three categories: an initial stage 
characterized by mild steatosis, a moderate stage in which 
30–60% of hepatocytes are affected, and severe steatosis 
(>60% of hepatocytes affected) [49]. Methionine- and 
choline-deficient (MCD) diet has been widely used to 
induce hepatic steatosis in experimental animals, which is 
relevant to mimic the histopathological features of human 
MASLD.

The liver has a unique ability to regenerate and 
recover from injury under both physiologic and pathologic 
conditions. A thorough understanding of the physiologic 
and pathologic features of liver regeneration in clinical 
practice is crucial in order to minimize surgical treatment-
related complications. Partial hepatectomy (PHx) and liver 
transplantation are curative treatment options for the hepa-
tocellular carcinoma (HCC) and some severe liver diseases 
[7, 25, 35, 52]. Transient regeneration-associated steatosis 
is a significant early physiologic change in liver regenerat-
ing after PHx. The accumulated lipid droplets (LD) become 
energy supply to promote liver regeneration. Moreover, 
fatty acids serve as lipid resources for the synthesis of 
daughter cell membranes [8, 14, 32, 37, 41]. PHx-induced 
liver regeneration is well known complex process consist-
ing of priming, proliferation and termination phases [33, 
35, 41]. However, the role of hepatic steatosis is still con-
troversial. In the priming phase, changes in innate immu-
nity and cytokine storm occurs; the recruitment of 
neutrophils and monocytes peaks within hours in response 
to tissue damage. The pro-inflammatory role of neutrophils 
has been extensively studied, and closely related to the 
development of MASH [3, 53]. On the other hand, neu-
trophils also play a crucial role in tissue repair and angio-
genesis by releasing various growth factors, including 
hepatocyte growth factor (HGF), fibroblast growth factor-2 
(FGF-2), and vascular endothelial growth factor [5]. How-
ever, the impact of neutrophils in liver regeneration remains 
largely unknown.

Sphingolipids are essential lipid components of the 
cellular membrane and function as signaling molecules in 
mammalian cells, which comprise a highly dynamic, 
diverse, and complex bioactive molecules [17, 18, 55]. 
Sphingosine-1-phosphate (S1P), as the active pro-survival 
product of sphingolipids, is synthesized by sphingosine 
kinase 1 (SphK1) and 2 (SphK2) through phosphorylation 
of sphingosine. S1P functions in both intra- and extracellu-
lar mechanisms that promote cell proliferation, differentia-
tion, survival, and migration. In addition, specific 
transporters translocate S1P outside the cell, where it binds 
to sphingosine-1-phosphate receptor type 1-5 (S1PR1-5) 
[15, 26, 27]. The SphK/S1P/S1PR axis plays an important 

role in a variety of physiologic hepatic processes, and dys-
regulation of S1P metabolism and signaling occurs in a 
number of pathologic conditions, including MASLD and 
HCC. However, the impact of S1P on hepatic function is 
controversial depending on the liver cell type and S1PR 
expression profile [26, 40]. Therefore, the role of S1P in 
liver regeneration is not fully understood.

In this study, we induced the accumulation of LDs by 
MCD-diet and then performed 50% PHx in C57BL/6 mice. 
Hepatocyte proliferation was examined by monitoring the 
expression of specific cell cycle markers using immunohis-
tochemistry. LD accumulation was examined using oil Red-
O (ORO) staining. MCD-diet induced hepatic lipid 
overload accelerated liver regeneration after PHx. This 
finding was related to increased expression of SphK1 and 
neutrophil migration that served to maintain inflammatory 
and regenerative functions. Our findings suggest that hep-
atic steatosis and inflammation affect liver regeneration via 
the SphK1/S1P/S1PR2 axis.

II. Materials and Methods
Chemicals and biochemicals

Paraformaldehyde (PFA) was purchased from Merck 
(Darmstadt, Germany). Bovine serum albumin (BSA), 3-
aminopropyl-triethoxysilane, tyramine hydrochloride, and 
Brij L23 were purchased from Sigma Chemical Co. (St 
Louis, MO, USA). Click-iT Cell Reaction Buffer kit, fluo-
rescein isothiocyanate (FITC) and rhodamine-succinimidyl 
esters were purchased from Invitrogen (California, USA). 
3,3'-Diaminobenzidine-4 HCl (DAB) was purchased 
from Dojindo Chemicals (Kumamoto, Japan) and 4',6-
diamidino-2-phenylindole (DAPI) was purchased from 
Thermo Fisher (USA). 5-Ethynyl-2'-deoxyuridine (EdU) 
was purchased from TCI Chemicals (Tokyo, Japan). The 
MCD-diet was purchased from Oriental Yeast Co., Ltd. 
(Tokyo, Japan). All other reagents used in this study were 
purchased from Fujifilm Wako Pure Chemicals (Osaka, 
Japan).

Animals and tissue preparation
Eight-week-old, male C57BL/6 WT mice weighing 

22–26 g were used in the present study. The mice were ran-
domly divided into two groups, one of which was fed stan-
dard chow-diet (control group) and the other the MCD-diet 
(hepatic steatosis model group) for 2 weeks. Food and 
water were provided ad libitum, and mice were kept under 
specific pathogen-free conditions with a constant 12 hr 
dark/light cycle. The experimental protocol was approved 
by the Animal Ethics Review Committee of the University 
of Miyazaki (2018-510-7), and all experiments were per-
formed according to the institutional guidelines of the Ani-
mal Experiment Committee.

After feeding for 2 weeks, mice were anesthetized by 
inhalation of isoflurane, and 50% PHx was performed by 
resection of the left posterior and right anterior segments 
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using a previously described technique [2, 4, 20, 52]. After 
PHx, mice were sacrificed at 0, 3, 6, 12, 24, 36, 48, 72, 
120, and 168 hr, for tissue sampling as described below. All 
mice were injected with EdU 2 hr before euthanasia. Col-
lected liver tissue was cut into several small pieces, some 
of which were snap frozen and kept at −80°C until 
quantitative-polymerase chain reaction (qPCR) or lipid 
extraction. Other pieces of liver tissue were embedded in 
OCT compound (Sakura Finetek, Tokyo, Japan) to prepare 
fresh frozen liver sections. The final remaining pieces of 
liver tissue were fixed overnight at room temperature in 4% 
PFA in phosphate-buffered saline (PBS) and subsequently 
embedded in paraffin using standard methods. Blood was 
collected via cardiac puncture and then centrifuged (2 min, 
12,000 rpm, 4°C) to prepare serum, which was then stored 
at −80°C. A total of 6 to 8 mice were used in each experi-
mental.

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

sections and placed onto silane-coated slide glasses. The 
sections were deparaffinized with toluene and rehydrated 
using a graded ethanol series, then autoclaved at 120°C for 
15 min in 10 mM citrate buffer (pH 6.0) [12, 16, 22, 30]. 
After inhibition of endogenous peroxidase activity by 
immersion in 0.3% H2O2 in methanol for 15 min, the sec-
tions were pre-incubated with 500 μg/mL normal goat IgG 
and 1% BSA in PBS for 1 hr to block non-specific binding 
of antibodies. The sections were then reacted with the fol-
lowing primary antibodies for 16–17 hr: anti-proliferating 
cell nuclear antigen (PCNA) (Dako, M0879), anti-FAT/
CD36 (Novus Biologicals, NB400-144), anti-S1PR2 
(Novus Biologicals, NBP2-26691), anti-HNF-4α (Abcam, 
ab181614), anti-F4/80 (Abcam, ab6640), and anti-Ly6G 
(Biolegend, #127605). After washing with 0.075% Brij L23 
in PBS, the sections were reacted with horseradish peroxi-
dase (HRP)-goat anti-rabbit IgG, HRP-goat anti-mouse 
IgG or HRP-goat anti-rat IgG for 1 hr. After washing in 
0.075% Brij/PBS, the HRP activity was visualized using 
DAB and H2O2 (brown) [47, 51]. For immunofluorescence, 
sections were treated with FITC-conjugated tyramide and 
then microwaved at 95°C for 15 min in 10 mM citrate 
buffer (pH 6.0). Then, next primary antibody was reacted 
for overnight and repeated its detection with rhodamine-
conjugated tyramide and then counterstained with DAPI [6, 
13, 45]. As a negative control in each experiment, normal 
mouse, rabbit, or rat IgG was used at the same concentra-
tion instead of the primary antibody. EdU was detected 
using a click-iT Cell Reaction Buffer kit, according to the 
manufacturer’s instructions. EdU-positive hepatocytes were 
defined as cells with large round nuclei in DAPI staining. 
Microphotographs were taken using a light microscope 
(Olympus BX53) and Keyence BZ-X700 microscope with 
DAPI (excitation 360 nm), FITC (excitation 470 nm), and 
tetramethylrhodamine–isothiocyanate (excitation 545 nm) 
filters.

Lipid analysis
Hepatic fat accumulation was determined by ORO 

staining. Briefly, liver cryosections (5-μm-thick) were fixed 
with 4% PFA in PBS for 20 min and incubated in freshly 
prepared ORO working solution (Fujifilm Wako Pure 
Chemical Corp., Osaka, Japan) for 10 min and counter-
stained with hematoxylin for 15 sec. Random images of 
each ORO-stained frozen liver tissue section (n = 4 per 
group) were captured at ×200 magnification. The relative 
area of steatosis, expressed as percent fat accumulation, 
was quantified by histomorphometry using ImageJ software 
(NIH, Bethesda, Maryland, USA). Moreover, total hepatic 
lipids were extracted from fresh frozen liver tissue using a 
lipid extraction kit (STA-612; Cell Biolabs, San Diego, CA, 
USA). Triglycerides, cholesterol, and fatty acids in the liver 
and serum were quantitated using colorimetric assay kits 
according to the manufacturer’s instructions (Fujifilm 
Wako) [44].

qPCR analysis
Total RNA was extracted from snap-frozen liver tis-

sues using Isogen II (Nippon Gene, Tokyo, Japan). Total 
RNA was also extracted from primary cells (macrophages 
and neutrophils) using Reliaprep RNA Cell Miniprep 
System kits according to the manufacturer’s instructions 
(Promega, USA), as reported previously [14]. RNA was 
reverse transcribed to cDNA using Moloney murine 
leukemia virus reverse transcriptase (Invitrogen). Tran-
script expression levels were determined using an ABI 
StepOne plus Real-Time PCR system (Applied Biosystems, 
Waltham, MA, USA) with Fast SYBR Green (Applied 
Biosystems). β-Actin was used for normalization, and 
relative gene expression in snap frozen liver tissues was 
calculated using the 2−ΔΔct method, but GAPDH was used 
for primary cells. The primer pairs used for qPCR analyses 
are listed in Supplementary Table S1.

PAS staining
For glycogen detection, periodic acid-Schiff (PAS) 

staining was performed after PCNA staining in liver sec-
tions by incubation in 0.5% periodic acid for 5 min fol-
lowed by staining with Schiff’s reagent for 15 min, 
followed by Mayer’s hematoxylin staining for 1 min. as 
described previously [14].

Flow cytometry
To prepare single-cell suspensions, liver tissue sam-

ples were digested with collagenase type III (Worthington 
Biochemical, NJ, USA) at 37°C for 30 min and then 
disrupted using a 100-μm cell strainer (BD Biosciences, 
CA, USA). Single-cell suspensions of liver cells were 
obtained by forcing through a 40-μm cell strainer (BD 
Biosciences). Macrophages and neutrophils were stained 
with fluorescence-conjugated monoclonal antibodies 
against mouse F4/80 (clone BM8, Biolegend, CA, USA) 
and Ly6G (clone 1A8, Biolegend) after Fc blocking with 
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mAb to CD16/CD32 (clone 2.4G2, BD Biosciences). 
S1PR2-expressing cells were stained with rabbit polyclonal 
antibody against S1PR2 (Novus Biologicals) followed by 
treatment with Alexa-633 conjugated goat anti-Rabbit IgG. 
Intracellular staining was performed using a fixation and 
permeabilization kit (eBiosciences, CA, USA). Cells were 
sorted with high purity (each >99%) using a FACSAria II 
cell sorter (BD Biosciences), and collected cells were used 
for further analysis.

Quantitative analysis
The number of proliferating and S1PR2-positive cells 

was counted in 10 random high-magnification fields per 
mouse using ImageJ software (NIH), as reported previously 
[52]. Briefly, proliferating cells are hepatocytes, and were 
defined as cells with large round nuclei among PCNA-
positive and EdU-positive cells.

Statistical analysis
All data are expressed as the mean ± standard error of 

the mean (SEM). Statistical significance was assessed using 
Student’s t-test. p < 0.05 was considered indicative of sta-
tistical significance. All analyses were performed using the 
Statistical Package for Social Sciences (version 20; IBM 
Corp., Armonk, NY, USA).

III. Results
Morphological changes in the liver of MCD-diet fed mice

The hepatic steatosis and liver regeneration model is 
illustrated in Figure 1A. In chow-diet fed mice, body 

weight increased slightly over 2 weeks. However, body 
weight decreased significantly in MCD-diet fed mice (Fig. 
1B). After 50% PHx, the liver/body weight ratio was evalu-
ated and results demonstrated that significant decrease in 
MCD-diet fed mice comparing to control mice at all time-
points. Both chow- and MCD-diet fed mice exhibited a 
restoration of liver weight at 168 hr after PHx (Fig. 1C).

Acceleration of hepatocyte proliferation in the liver of MCD-
diet fed mice

The hepatocyte proliferation, differentiation, and 
apoptosis are crucial for liver regeneration. We examined 
cell proliferation by immunohistochemistry using specific 
cell cycle markers. Peak expression of PCNA, a marker of 
the G1/S phase, was observed at 48 hr after PHx in chow-
diet fed mice livers. Interestingly, in MCD-diet fed mice, 
hepatocyte proliferation was accelerated, and PCNA 
expression was strong and peaked at 36 hr after PHx (Fig. 
2A). The results of PCNA-positive cells revealed that hepa-
tocyte proliferation initiated at 36 hr after PHx in the liver 
of chow-diet fed mice, but at 12 hr in the liver of MCD-
diet fed mice. Moreover, the number of PCNA-positive 
cells was significantly higher at 12–72 hr in MCD-diet fed 
mice compared with control mice (Fig. 2B). To confirm 
these findings, EdU staining was performed, and the results 
were reproducible (Fig. 2C, D).

Increased hepatic lipid accumulation in the liver of MCD-
diet fed mice

The impact of the MCD-diet on hepatic lipid accumu-
lation during liver regeneration was examined using ORO 

Morphological changes in the liver. (A) Schematic illustration of the hepatic steatosis model and liver regeneration. (B) Body weight of chow- 
and MCD-diet fed mice. (C) Liver/body weight ratio of chow- and MCD-diet fed mice at different timepoints after PHx. Data represent the mean ± 
SEM for 6–8 mice. Asterisks indicate statistically significant differences (*p < 0.05, **p < 0.01 and ***p < 0.001).

Fig. 1. 
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Hepatocyte proliferation in mouse liver during liver regeneration. (A) Immunohistochemistry analysis of PCNA (brown) in the liver of chow- and 
MCD-diet fed mice after PHx. Bar = 20 μm; 40× objective lenses were used. Number of PCNA-positive cells (B) and EdU-positive cells (D) in the liver 
of chow- and MCD-diet fed mice. (C) Immunofluorescence analysis of EdU (green) and DAPI (blue) in mouse liver after PHx. Bar = 20 μm. Data 
represent the mean ± SEM for 6–8 mice per group. Asterisks indicate statistically significant differences (*p < 0.05, **p < 0.01 and ***p < 0.001).

Fig. 2. 
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staining. During liver regeneration, transient lipid accumu-
lation was observed between 12–36 hr in chow-diet fed 
mice, but it was continuously detected in MCD-diet fed 
mice (Fig. 3A). Quantitative analysis revealed that the liver 
of MCD-diet fed mice exhibited significantly greater lipid 
accumulation at all timepoints than chow-diet fed mice. In 
contrast, changes in LDs were observed in two cycles in 
MCD diet-fed mice, with the first cycle occurring between 
12–36 hr, and after S-phase, the second cycle was initiated 
at 48 hr (Fig. 3B). On the other hand, hepatic glycogen 

deposition or depletion is an important metabolic factor 
affecting hepatocyte proliferation during liver regeneration 
[14]. PAS and PCNA staining were performed to investi-
gate glycogen deposition and cell proliferation, respec-
tively. Notably, glycogen-depleted cells expressed PCNA. 
Additionally, the cycle of hepatic glycogen deposition and 
depletion alternated with the changes in lipid accumulation 
in the early stage of liver regeneration (Supplementary Fig. 
S1).

Next, we examined the quantitative analysis of lipid 

Lipid accumulation in mouse liver at different timepoints after PHx. (A) Lipid accumulation in hepatocytes following PHx in chow- and MCD-
diet fed mice was examined by ORO staining. Magnification 200×. Bar = 50 μm. (B) Quantitative analysis of fat deposition as a percentage of red-
stained area compared with the total section area in ORO-stained liver tissue sections. Levels of (C, D) triglycerides and (E, F) cholesterol in liver and 
serum, respectively, during liver regeneration were assessed using enzymatic assays. Data represent the mean ± SEM for 6–8 mice per group. Asterisks 
indicate statistically significant differences (*p < 0.05, **p < 0.01 and ***p < 0.001).

Fig. 3. 
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components in livers and serum. Triglycerides levels were 
significantly elevated in both the liver and serum at all 
timepoints in MCD-diet fed mice compared to control 
mice, but which was decreased only in the serum before 
PHx (Fig. 3C, D). Cholesterol levels in the liver of MCD-
diet fed mice were significantly higher than in chow-diet 
fed mice livers, particularly at 0, 36, 48, 72, 120 and 168 hr 
(Fig. 3E). However, serum cholesterol levels were signifi-
cantly lower in MCD-diet fed mice during liver regenera-
tion (Fig. 3F).

Analysis of fatty acids after PHx
FAT/CD36 is a major fatty acid transporter protein 

expressed in hepatocytes. Therefore, we analyzed the 
expression of FAT/CD36 using immunohistochemistry and 
qPCR. In the liver of MCD-diet fed mice, the intensity of 
FAT/CD36 staining was slightly higher compared with the 
liver of chow-diet fed mice (Fig. 4A). qPCR analysis 
revealed significantly higher expression of FAT/CD36 
mRNA in liver of MCD-diet fed mice during liver regen-
eration (Fig. 4B). To confirm these findings, fatty acid 
levels were evaluated in the liver and serum. Fatty acid 
levels in both the liver and serum were significantly higher 
in MCD-diet fed mice than in chow-diet fed mice 
(Fig. 4C, D).

SphK1/S1P signaling in the liver of MCD-diet fed mice after 
PHx

SphK1/S1P/S1PR signaling plays a critical role in cell 
proliferation, differentiation and survival [26]. We therefore 
analyzed the expression of SphK1 and Sphk2 mRNA in 
liver using qPCR. Expression of SphK1 mRNA was upreg-
ulated in the liver of MCD-diet fed mice compared with 
chow-diet fed mice, particularly significant differences 
observed at 12, 24, 36 and 72 hr. In the normal state at 0 hr, 
MCD-diet fed mice expressed higher levels of SphK1 
mRNA than chow-diet fed mice. Moreover, the expression 
of SphK1 mRNA was 3-fold higher in the liver of MCD-
diet fed mice compared with control mice at 12 hr after 
PHx (Fig. 5A). Interestingly, SphK2 mRNA expression was 
downregulated in the liver of both MCD- and chow-diet 
fed mice after PHx (Fig. 5B). Therefore, we examined 
expression of S1PR2, is one of the S1P receptor using 
immunofluorescence analysis. In the normal state, no 
S1PR2 expression was detected in the liver of either MCD- 
or chow-diet fed mice, but expression was observed begin-
ning at 12 hr after PHx. In addition, S1PR2 staining inten‐
sity was stronger in the liver of MCD-diet fed mice at 12 hr 
after PHx and gradually declined between 12 and 36 hr 
before peaking at 72 hr (Fig. 5E). Quantitative analysis 
demonstrated that the number of S1PR2-positive cells was 
significantly higher in the liver of MCD-diet fed mice at 
12, 48 and 72 hr compared with chow-diet fed mice (Fig. 
5F). However, qPCR results indicated a decrease in expres-
sion of the S1PR3 and ABCC1 genes in the liver of MCD-
diet fed mice during early stage of hepatectomy-induced 

liver regeneration. (Fig. 5C, D).
We then examined the relationship between the 

SphK1/S1PR2 axis and liver expression of growth factors, 
such as HGF and FGF2. As expected, the expression of 
HGF mRNA was significantly upregulated in the liver of 
MCD-diet fed mice at 0, 12, 36, 48 and 72 hr compared 
with control mice. Surprisingly, SphK1/S1PR2 axis and 
expression of HGF and FGF2 mRNAs were significantly 
upregulated in MCD-diet fed mice at 12 hr after PHx 
(Fig. 6A, C). In the liver of MCD-diet fed mice, c-Met 
mRNA expression declined during the early stage of cell 
proliferation (Fig. 6B).

Expression of S1PR2 in mouse liver after PHx
The presence of S1PR2 was examined using double 

immunofluorescence together with parenchymal and non-
parenchymal cell markers. In the liver of MCD-diet fed 
mice, S1PR2 co-localized with F4/80 (Kupffer cells) and 
Ly6G (neutrophils), but not with HNF-4α (hepatocytes). 
Interestingly, all Ly6G-positive cells were co-localized with 
S1PR2, whereas Kupffer cells partially expressed S1PR2. 
These results indicate that S1PR2 is expressed in non-
parenchymal cells but not in parenchymal tissues (Fig. 7). 
In addition, S1PR2 did not co-localize with other non-
parenchymal cells, such as desmin (quiescent hepatic stel-
late cells), α-SMA (activated hepatic stellate cells), Pax5 (B 
cells), or CD3 (T-cells) (data not shown).

S1PR2-positive cells produce growth factors during early 
liver regeneration

For more-detailed analyses, S1PR2-positive cells were 
isolated using fluorescence-activated cell sorting (FACS). 
PCNA-positive cells were detected as early as 12 hr after 
PHx in MCD-diet fed mice (Fig. 2A). Therefore, we 
obtained mouse liver specimens at 0, 6, and 12 hr for FACS 
analysis. The liver of MCD-diet fed mice contained higher 
numbers of neutrophils and macrophages after PHx than 
chow-diet fed mice (Fig. 8A). Indeed, there was no differ-
ence in the percentage of macrophages between groups at 0 
hr, but the percentage of macrophages was increased in the 
liver of MCD-diet fed mice at 12 hr compared with chow-
diet fed mice. Additionally, PHx-induced macrophage infil-
tration of the livers not observed in both groups (Fig. 8B). 
In the normal state 0 hr, the percentage of neutrophils in the 
liver was 4-fold higher in MCD-diet fed mice than control 
mice. Moreover, PHx-induced neutrophil infiltration of the 
liver was higher in MCD-diet fed mice (Fig. 8C).

Next, we analyzed the expression of genes encoding 
regenerative growth factors in macrophages and neutrophils 
using qPCR. The results demonstrated that expression of 
HGF and FGF2 mRNA was significantly upregulated in 
macrophages isolated from the liver of MCD-diet fed mice 
in the normal state. Moreover, peak expression of HGF 
mRNA was observed at 6 hr with a significant difference at 
each timepoint (Fig. 8D), whereas FGF2 mRNA level was 
significantly elevated at 12 hr compared with macrophages 
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isolated from the liver of chow-diet fed mice (Fig. 8F). 
Neutrophils initiated to secrete growth factors at 6 hr after 
PHx. HGF mRNA expression was upregulated 7-fold in 
neutrophils isolated from the liver of MCD-diet fed mice at 
6 hr after PHx, and expression was significantly higher at 
all timepoints (Fig. 8E). Similarly, expression of FGF2 

mRNA was 9-fold higher and significantly different in neu-
trophils isolated from the liver of MCD-diet fed mice at 6 
hr comparing to control mice (Fig. 8G). In addition, no 
changes in mRNA levels of other factors (e.g., TNFα, 
PDGF, and IL-6) were observed in macrophages and neu-
trophils during early liver regeneration (data not shown). 

Analysis of fatty acids in mouse liver following PHx. (A) Immunohistochemistry analysis of FAT/CD36 (brown) in the liver of chow- and MCD-
diet fed mice during liver regeneration. Bar = 20 μm; 40× objective lenses were used. (B) qPCR analysis of FAT/CD36 expression in mouse liver after 
PHx. (C, D) Levels of fatty acids in liver and serum during liver regeneration were assessed using enzymatic assays. Data represent the mean ± SEM for 
6–8 mice per group. Asterisks indicate statistically significant differences (*p < 0.05, **p < 0.01 and ***p < 0.001).

Fig. 4. 
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SphK1/S1P signaling in mouse liver during regeneration. qPCR analysis of (A) SphK1, (B) SphK2, (C) S1PR3, and (D) ABCC1 mRNA 
expression in the liver of chow- and MCD-diet fed mice after PHx. (E) Immunofluorescence analysis of S1PR2 (green) and DAPI (blue) in mouse liver 
after PHx. Bar = 20 μm; 40× objective lenses were used. (F) Quantitative analysis of S1PR2-positive cells in the liver of chow- and MCD-diet fed mice 
after PHx. Data represent the mean ± SEM for 6–8 mice per group. Asterisks indicate statistically significant differences (*p < 0.05, **p < 0.01 and 
***p < 0.001).

Fig. 5. 
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Taken together, all these results demonstrated that hepatic 
lipid overload promotes expression of HGF and FGF2 
secreted by macrophages and neutrophils via the SphK1/
S1PR2 axis to accelerate hepatocyte proliferation during 
liver regeneration.

IV. Discussion

The major finding of this study is that hepatic lipid 
accumulation accelerates liver regeneration after PHx. Our 
study provides the following findings: (1) accumulation of 

Expression of regenerative growth factors in mouse liver after PHx. (A) HGF, (B) c-Met, and (C) FGF2 mRNA expression levels were 
determined using qPCR in the liver of chow- and MCD-diet fed mice after PHx. Data represent the mean ± SEM for 6–8 mice per group. Asterisks 
indicate statistically significant differences (*p < 0.05, **p < 0.01 and ***p < 0.001).

Fig. 6. 

Expression of S1PR2 in mouse liver. Double immunofluorescence analysis of S1PR2 (green) and HNF-4α (red staining in upper panel), F4/80 
(red staining in middle panel), Ly6G (red staining in lower panel), and DAPI (blue) in the liver of MCD-diet fed mice at 12hr after PHx. Arrows 
indicate double-positive cells. Bar = 20 μm.

Fig. 7. 
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LDs is correlated with the proliferative activity of hepato-
cytes; (2) the SphK1/S1P/S1PR2 signaling pathway is acti-
vated in neutrophils and macrophages during early liver 
regeneration; and (3) HGF and FGF2 are secreted by neu-
trophils and macrophages.

Both body weight and the liver/body weight ratio were 
significantly decreased in MCD-diet fed mice in the 
present study. Our results confirmed that hepatocyte lipid 
accumulation and early inflammation exhibit in MCD-diet 
fed animals within 2 weeks, and pericellular, perisinusoidal 
fibrosis in 8 – 10 weeks, whereas 40% weight loss in 8–10 
weeks feeding [8, 29, 36, 49]. Additionally, the MCD-diet 
model closely simulates the histopathologic features of 
human MASH within a comparably shorter time than other 
dietary models of MASH, which has the advantage of 
effectively and reproducibly introducing hepatic steatosis 
and inflammation in animals [19, 29].

After PHx, the remnant liver exhibits different sur-
vival action depending on the extent of surgery; both cell 
proliferation and hypertrophy appear after 70% PHx, 
whereas only hypertrophy observed after 30% PHx [31, 
50]. Activation of G0/G1 transition recruits 95% account of 
hepatocytes to initiate the cell cycle and become ready for 
mitosis during the priming phase [32, 35]. Our results of 

the proliferative activity of hepatocytes revealed signifi-
cantly accelerated liver regeneration in MCD-diet fed 
mice, suggesting that accelerated hepatocyte proliferation is 
correlated with hepatic steatosis. Zou et al. demonstrated 
that four waves of hepatocyte proliferation are coupled to 
three waves of hepatic fat accumulation during liver regen-
eration after PHx [56]. In our previous and current studies, 
we found that expression of FAT/CD36, a key fatty acid 
transporter, is closely related to active hepatocyte prolifera-
tion [14, 44]. Indeed, in the present study, the lipid contents 
of the liver and serum were significantly higher in MCD-
diet fed mice at all timepoints after PHx, whereas 
glycogen-depleted areas were observed in proliferating 
hepatocytes during liver regeneration. Inconsistent results 
were reported previously, such as many studies linked with 
mild hepatic steatosis being improved or not impaired for 
liver regeneration in experimental animals [11, 41, 46]. 
Despite these findings, severe steatosis was shown to 
induce hepatocellular injury and impaired liver regenera-
tion in a MASLD/MASH model [23, 49]. The differences 
between these results might be due to differences in factors 
such as the severity of hepatic steatosis, the volume of rem-
nant liver, and the type of food used to induce steatosis.

Fatty acids, particularly palmitate, serve as a primary 

HGF and FGF2 mRNA expression in S1PR2-positive cells after PHx. (A) Macrophages (F4/80) and neutrophils (Ly6G) were isolated from the 
liver of chow- and MCD-diet fed mice at 0, 6, and 12 hr after PHx. The percentage of macrophages (B) and neutrophils (C) in the liver of chow- and 
MCD-diet fed mice. HGF and FGF2 mRNA expression levels in (D, F) macrophages and (E, G) neutrophils isolated from the liver of chow- and 
MCD-diet fed mice at 0, 6 and 12 hr after PHx. Data represent the mean ± SEM for 3 mice per group. Asterisks indicate statistically significant 
differences (*p < 0.05, **p < 0.01 and ***p < 0.001).

Fig. 8. 
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source of bioactive sphingolipids, with elevated levels in 
the liver and serum observed during MASLD progression 
[1, 55]. Numerous studies have reported that hepatic 
expression of SphK1 is elevated in both MASLD and 
advanced-grade HCC, which directly indicates increased 
production of S1P [28, 42]. In addition, Chen et al. 
revealed that deletion of SphK1 inhibits the proliferation of 
liver cancer cells, as examined based on expression levels 
of PCNA and cyclin D1 [10]. In our study, the SphK1/S1P/
S1PR2 signaling pathway was significantly upregulated in 
the liver of MCD-diet fed mice after PHx. Collectively, 
these findings suggest that the SphK1/S1P/S1PR2 signaling 
pathway promotes hepatocyte proliferation during liver 
regeneration in steatotic liver. In contrast, upregulation of 
the SphK1/S1PR2 axis does not affect liver regeneration 
but instead triggers matrix remodeling during hepatic 
wound healing induced by acute liver injury [43]. Despite 
these findings, Ikeda et al. reported enhanced liver regener-
ation in S1PR2-knockout mice after liver injury, with an 
increase in the number of PCNA-positive hepatocytes, 
whereas decrease in PCNA-positive non-parenchymal cells 
[21]. These differing phenomena may be the result of sev-
eral factors, including the liver regeneration models used, 
the time period examined in the models, and the use of spe-
cific gene-knockout mice.

Furthermore, according to results the S1PR2 was 
expressed in non-parenchymal cells, such as neutrophils 
and Kupffer cells in regenerating liver of MCD-diet fed 
mice. Indeed, S1PR2-mediated neutrophil activation plays 
an important role in liver injury during the early stage of 
MASLD [53]. However, activation of non-parenchymal 
cells to initiate the liver regeneration after PHx, and the 
resulting cellular interactions are regulated by the release of 
various growth factors and cytokines [24, 35]. Neutrophils 
release growth factors such as HGF and FGF2 [5]. HGF is 
a key growth factor secreted by mesenchymal cells, and it 
is expressed in two stages, a depletion phase from 0–3 hr 
and a production phase from 3–48 hr after PHx [54]. In 
addition, FGF2 stimulates a moderate amount of DNA syn-
thesis in rat hepatocyte culture [33]. Similar to the above 
facts, our results revealed that significant increases in HGF 
and FGF2 expression in the liver of MCD-diet fed mice 
during early regeneration.

Our S1PR2-positive cell isolation experiment con-
firmed that HGF and FGF2 expression was significantly 
upregulated in neutrophils and macrophages isolated from 
the liver of MCD-diet fed mice. Nachmany et al. demon-
strated that Ly6G-positive cells promote early liver regen-
eration in a murine model of major hepatectomy [34]. A 
similar study reported that neutrophil-released factors sup-
port hepatocytes with a pro-regenerative potential after 
PHx [5].

In conclusion, the present study demonstrated that 
hepatic steatosis accelerates liver regeneration after PHx 
and induces the recruitment of neutrophils and 
macrophages with regenerative potential to release HGF 

and FGF2 via the SphK1/S1PR2 signaling pathway. Our 
findings might contribute to the understanding of promot-
ing regeneration in the steatotic liver.
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