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Original Article

Myeloid peroxisome proliferator-activated receptor α deficiency 
accelerates liver regeneration via IL-6/STAT3 pathway after 2/3 
partial hepatectomy in mice
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Background: Liver regeneration is a fundamental process for sustained body homeostasis and liver 
function recovery after injury. Emerging evidence demonstrates that myeloid cells play a critical role in 
liver regeneration by secreting cytokines and growth factors. Peroxisome proliferator-activated receptor 
α (PPARα), the target of clinical lipid-lowering fibrate drugs, regulates cell metabolism, proliferation, and 
survival. However, the role of myeloid PPARα in partial hepatectomy (PHx)-induced liver regeneration 
remains unknown.
Methods: Myeloid-specific PPARa-deficient (PparaMye−/−) mice and the littermate controls (Pparafl/fl) were 
subjected to sham or 2/3 PHx to induce liver regeneration. Hepatocyte proliferation and mitosis were assessed 
by immunohistochemical (IHC) staining for 5-bromo-2'-deoxyuridine (BrdU) and Ki67 as well as hematoxylin 
and eosin (H&E) staining. Macrophage and neutrophil infiltration into livers were reflected by IHC staining 
for galectin-3 and myeloperoxidase (MPO) as well as flow cytometry analysis. Macrophage migration ability 
was evaluated by transwell assay. The mRNA levels for cell cycle or inflammation-related genes were measured 
by quantitative real-time RT-PCR (qPCR). The protein levels of cell proliferation related protein and 
phosphorylated signal transducer and activator of transcription 3 (STAT3) were detected by Western blotting. 
Results: PparaMye−/− mice showed enhanced hepatocyte proliferation and mitosis at 32 h after PHx 
compared with Pparafl/fl mice, which was consistent with increased proliferating cell nuclear antigen (Pcna) 
mRNA and cyclinD1 (CYCD1) protein levels in PparaMye−/− mice at 32 h after PHx, indicating an accelerated 
liver regeneration in PparaMye−/− mice. IHC staining showed that macrophages and neutrophils were increased 
in PparaMye−/− liver at 32 h after PHx. Livers of PparaMye−/− mice also showed an enhanced infiltration of M1 
macrophages at 32 h after PHx. In vitro, Ppara-deficient bone marrow-derived macrophages (BMDMs) 
exhibited markedly enhanced migratory capacity and upregulated M1 genes Il6 and Tnfa but downregulated 
M2 gene Arg1 expressions. Furthermore, the phosphorylation of STAT3, a key transcript factor mediating 
IL6-promoted hepatocyte survival and proliferation, was reinforced in the liver of PparaMye−/− mice after PHx.
Conclusions: This study provides evidence that myeloid PPARα deficiency accelerates PHx-induced liver 
regeneration via macrophage polarization and consequent IL-6/STAT3 activation, thus providing a potential 
target for manipulating liver regeneration. 
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Introduction

Liver is the only organ that maintains a remarkable capacity 
to regenerate through hepatocellular hypertrophy and 
hyperplasia, which is described in experimental models, 
such as two-thirds partial hepatectomy (PHx) in rodents (1). 
The regenerative capability protects the organism from 
parenchyma loss, which may be caused by hepatotoxins, 
chronic infection, PHx, and liver transplantation. Impaired 
regeneration exacerbates liver dysfunction during the above 
processes. Understanding the hepatic regenerative process 
is of great clinical significance as the effectiveness of many 
treatments for chronic liver diseases, such as donor liver 
transplantation and tumor resections, depends on efficient 
liver regeneration. Accordingly, it is necessary to explore 
new therapeutic targets for liver regeneration. 

Liver regeneration is a tightly controlled and compensatory 
process, in which multiple cell types and signaling molecules 
are involved. For instance, early after PHx, increased secretion 
and utility of growth factors [hepatocyte growth factor (HGF), 
epidermal growth factor (EGF)], hormones (norepinephrine, 
insulin, serotonin), and cytokines [interleukin 6 (IL-6), tumor 
necrosis factor α (TNF-α)] are initiated and consequently 
prime the activation of transcription factors [signal transducer 
and activator of transcription (STAT) 3; nuclear factor κB 
(NF-κB); β-catenin]. These early events guide the changes 
in transcriptome and the following cell cycle progression of 
quiescent hepatocytes. Subsequently, the parenchymal and 
nonparenchymal cells proliferate until the liver mass is restored 
(2-5). However, the source of the cytokines and growth factors 
have not been fully explored.

Abundance experimental evidence points that the innate 
and adaptive immune cells are necessary for normal liver 
regeneration after PHx (6-8). After acute liver injury, 
damaged hepatocyte releases danger-associated molecular 
patterns (DAMPs) activate Kupffer cells and hepatic stellate 
cells, resulting in the release of chemokines, such as CCL2 
and IL-8 (CXCL8), that recruit myeloid cells into local 

areas of inflammation (9). Gut-derived factors, such as 
lipopolysaccharide (LPS), activate hepatic Kupffer cells and 
promote them to produce TNF-α and IL-6. IL-6 binds to 
its receptor on hepatocytes, triggers activation of the Janus 
kinase (JAK)-STAT3 pathway, and ultimately promotes 
hepatocyte survival and proliferation (2,4,6,10). Hitherto 
the transcription factors regulating myeloid cell function 
during PHx are not completely understood.

Nuclear receptor peroxisome proliferator-activated 
receptor  α  (PPARα )  i s  the target  of  widely-used 
hypolipidemic fibrate drugs mainly via control of fatty 
acid metabolism (11). Short-term PPARα activation 
by its synthetic agonist fibrates and Wy-14643 induces 
hepa tomega ly,  and  long- term ac t i va t ion  causes 
hepatocarcinogenesis in a PPARα-dependent manner 
in rodents (12-15). Whole-body knockout of PPARα 
impairs PHx-induced liver regeneration (16,17), whereas 
hepatocyte-specific PPARα deficiency has a less extent of 
impairment in PHx-induced liver regeneration than the 
PPARα whole-body knockout (18), indicating that non-
parenchymal PPARα may also play a certain role in PHx-
induced liver regeneration. Recent studies suggested that 
PPARα activation is critical for the anti-inflammatory effects 
of myeloid cells (19,20). However, the role of myeloid PPARα 
in PHx-induced liver regeneration remains unknown.

In this study, the role of myeloid PPARα in PHx-induced 
liver regeneration was explored by genetic manipulation 
of PPARα in myeloid cells. Myeloid PPARα-deficient 
(PparaMye−/−) mice exhibited accelerated liver regeneration 
after PHx. Mechanistically, PPARα deficiency increased 
IL-6 expression in myeloid cells via promoting M1 
polarization and consequently activated STAT3 in the liver, 
thus providing a potential target for manipulating liver 
regenerative disease. We present the following article in 
accordance with the ARRIVE reporting checklist (available 
at https://hbsn.amegroups.com/article/view/10.21037/
hbsn-20-688/rc).

Keywords: Liver regeneration; peroxisome proliferator-activated receptor α (PPARα); myeloid cell; signal 

transducer and activator of transcription 3 (STAT3); interleukin 6 (IL-6)

Submitted Sep 01, 2020. Accepted for publication Jan 19, 2021.

doi: 10.21037/hbsn-20-688

View this article at: http://dx.doi.org/10.21037/hbsn-20-688

https://hbsn.amegroups.com/article/view/10.21037/hbsn-20-688/rc
https://hbsn.amegroups.com/article/view/10.21037/hbsn-20-688/rc


HepatoBiliary Surgery and Nutrition, Vol 11, No 2 April 2022 201

© HepatoBiliary Surgery and Nutrition. All rights reserved. HepatoBiliary Surg Nutr 2022;11(2):199-211 | http://dx.doi.org/10.21037/hbsn-20-688

Methods

Animal experiments

C57BL/6J wild-type mice were purchased from Charlies 
River Company (Beijing, China). Pparafl/fl and myeloid-
specific Ppara-deficient (Pparafl/fl;LysM-Cre, PparaMye−/−) mice 
were generated as described previously (20). All mice were 
housed and bred in the animal facilities at Capital Medical 
University according to Chinese guidelines. All animals 
were maintained on a 12-h light/12-h dark cycle and 
free access to food and water. Animal experiments were 
performed under a project license (AEEI-2018-127) granted 
by ethics board of Capital Medical University.

Eight- to 10-week-old male Pparafl/fl and PparaMye−/− 

mice were used in this study. Two-thirds PHx-induced 
liver regeneration models were performed as previously 
described (21,22). Mice were injected with 5-bromo-2'-
deoxyuridine (BrdU, 50 mg/kg body weight) 2 h before 
sacrificing at the indicated time points. Liver tissues were 
fixed in formalin, embedded in paraffin, or frozen in optimal 
cutting temperature compound (OCT) for cryosection, 
whereas the remaining liver tissue was snap-frozen for 
further analysis.

Hematoxylin and eosin (H&E) staining and 
immunohistochemistry staining 

Paraffin-embedded liver tissues were cut into sections  
(4-μm thick) for H&E and immunohistochemistry staining. 
H&E staining was performed following standard methods. 
Immunohistochemistry analysis was performed using 
antibodies against galectin-3 (Santa Cruz Biotechnology, 
California, USA), myeloperoxidase (MPO) (Abcam, 
Cambridge, UK) and Ki67 [Cell Signaling Technology 
(CST), Boston, USA] following standard instructions and 
antibodies against BrdU (BD Bioscience, San Jose, CA, 
USA), as previously described (23).

Liver macrophage isolation

Mouse liver macrophages were separated by gradient 
centrifugation as previous described (24). Briefly, mouse 
liver was perfused and digested with collagenase solution. 
Liver was further digested with Dulbecco’s Modified Eagle’s 
Medium (DMEM, Corning, New York, USA) containing 
1% collagenase Ⅳ in a 37 ℃ water bath for 30 min  
in vitro. After filtering the liver cell suspension, cells were 
centrifuged twice at 50 g for 2 min to remove hepatocytes. 

Hepatic nonparenchymal cells were further centrifuged 
at 400 g for 10 min. Cell pellets were resuspended with 
Percoll gradient (25%+50%) solution and centrifuged at 
1,600 g for 17 min without a break. macrophage layers 
(between 25% and 50% Percoll gradient) were collected, 
washed with PBS, and resuspended in DMEM containing 
10% fetal bovine serum (FBS) and 100 U/mL of penicillin/
streptomycin. Cells were cultured in a six‐well plate at  
37 ℃. After 4 h, nonadherent cells were removed by aspiration 
and macrophages were washed with PBS 3 times. 

Bone marrow-derived macrophages (BMDMs) isolation 
and treatment

Bone marrow-derived cells were isolated from the 
femurs and tibias of adult Pparafl/fl and PparaMye−/− mice as 
previously described (25). Cells were planted in DMEM 
complete medium (10% FBS and 100 U/mL of penicillin/
streptomycin) and stimulated with murine macrophage 
colony stimulating factor (50 ng/mL) for 3 days to allow 
the differentiation into macrophages. For cell experiment, 
the BMDMs were stimulated with vehicle and LPS  
(100 ng/mL) for 3 h to simulate inflammation response.

Flow cytometry

Liver non-parenchymal cells were isolated and single-cell 
suspensions were treated with Fc block, washed, and stained 
with CD45 percpCy5.5 (557235, BD, USA), CD11b FITC 
(557396, BD, USA), F4/80 BV421 (565411, BD, USA), 
Ly6G APC (560599, BD, USA), CD206 PE (141706, BD, 
USA), and their homologous isotype-matched negative 
controls (BD, Franklin Lakes, NJ, USA). In the basis of a live 
gate, events were acquired on a Fortessa flow cytometer (BD, 
USA) and analyzed by FlowJo V10 software (BD, USA).

Transwell migration assay

BMDMs were seeded at a density of 2×106 cells/mL in a 
5-μm pore-size transwell chamber (Corning, New York, 
USA) with DMEM containing 1% FBS and 100 U/mL 
of penicillin/streptomycin. DMEM containing 10% FBS 
were added in the bottom of each well as a chemoattractant. 
After incubation at 37 ℃ for 24 h, chambers were removed 
and washed by PBS, fixed with 4% paraformaldehyde 
for 20 min, stained with 0.25% crystal violet (DZ0059, 
Leagene, Beijing, China) for 20 min and cells in the upper 
chamber were depleted. The average value of migrated cells 
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was counted in five fields per membrane to determine the 
migration ability.

RNA extraction and real-time quantitative PCR

Total RNA was extracted from the liver tissues, BMDMs, 
or liver macrophages of Pparafl/fl and PparaMye−/− mice using 
TRIzol reagent (Life Technologies, Carlsbad, CA, USA). 
One μg of total RNA was reverse-transcribed into cDNA 
with GoScript Reverse Transcriptase (Promega, Madison, 
USA) and subjected to quantitative real-time RT-PCR 
(qPCR) analysis with SYBR Green premix (TaKaRa, 
Nojihigashi, Kusatsu, Shiga, Japan) on CFX Connect Real-
Time System (Bio-Rad, Hercules, CA, USA). Relative 
expression of target genes was calculated by 2−ΔΔCt method 
and normalized to that of the housekeeping gene Actb 
mRNA. The primers are listed in Table S1.

Western blot

Whole-cell lysate was extracted using tissue protein 
extraction reagent (Thermo Scientific, Waltham, MA, 
USA). The protein concentration was measured using the 
bicinchoninic acid protein assay kit (Thermo Scientific). 
Specific primary antibodies used were as follows: antibodies 
against pSTAT3 (CST, Boston, USA), STAT3α (CST, 
Boston, USA), pSTAT1 (CST, Boston, USA), STAT1 
(CST, Boston, USA), ACTB (Proteintech, Chicago, USA). 
The dilutions were 1:1,000 in 5% bovine serum albumin. 
After incubating with horseradish peroxidase-conjugated 
secondary antibody (MilliporeSigma, Darmstadt, Germany), 
the immunocomplexes were visualized with FluorChem-R 
(ProteinSimple, San Jose, CA, USA). Total protein levels 
were normalized to ACTB.

Statistical analysis

The mean ± standard deviation (SD) was calculated and 
plotted using GraphPad Prism 7 software (GraphPad 
Software, San Diego, California, USA). Comparisons 
between two groups were performed using two-tailed 
unpaired Student’s t-test. Differences between multiple 
groups with one variable were determined using one-
way analysis of variance (one-way ANOVA) followed by 
Bonferroni’s post-hoc test. To compare multiple groups with 
more than one variable, two-way ANOVA followed by 
Bonferroni’s post-hoc test was used. P<0.05 was considered 
statistically significant.

Results

Deficiency of myeloid PPARα accelerates PHx-induced 
liver regeneration

To explore the role of myeloid PPARα in PHx-induced 
hepatocyte proliferation, Pparafl/fl mice were crossed with 
transgenic mice expressing Cre recombinase under control 
of lysozyme 2 (LysMCre) promoters to generate myeloid-
specific Ppara knockout (PparaMye−/−) mice as previous 
described (20). PCR analyses demonstrated Cre allele and 
Ppara homogenous alleles in PparaMye−/− genomic DNA 
(Figure 1A,1B). qPCR analysis showed that Ppara mRNA 
level was specifically decreased in BMDMs from PparaMye−/− 
mice but not from Pparafl/fl mice (Figure 1C), indicating a 
successful construction of myeloid-specific Ppara-deficient 
mice. 

The Pparafl/fl and PparaMye−/− mice were subjected to 2/3 
PHx operation. H&E staining showed a raised number 
of mitotic cells in PparaMye−/− liver at 32 h (Figure 2A). 
Immunohistochemical staining demonstrated an increase of 
BrdU+ (Figure 2B,2C) and Ki67+ (Figure 2D,2E) hepatocytes 
at 32 h but dropdown at 40 h after PHx in PparaMye−/− mice 
compared with Pparafl/fl mice. Consistently, the liver-to-
body weight of PparaMye−/− mice was increased at 32 h than 
that of Pparafl/fl mice (Figure 2F). Taken together, these 
results indicate an accelerated liver regeneration in myeloid 
PPARα-deficient mice after PHx. 

PPARα disruption in myeloid cells promotes cell cycle 
progression after PHx

To further confirm whether myeloid PPARα deficiency 
accelerates PHx-induced liver regeneration, the cell 
cycle-related genes, such as Pcna, Ccnd1, Ccna2 and Ccne1 
were measured by qPCR analysis. As shown in Figure 3, 
Ccnd1 and Pcna mRNA were increased at 32 h after PHx  
(Figure 3A,3B) in PparaMye−/− mouse liver compared to Pparafl/fl  

mice, indicating an advanced G1–S progression after 
myeloid PPARα deficiency. However, Ccna2 and Ccne1 
expression was comparable between these two groups 
(Figure 3C,3D). Western blot analyses also confirmed 
an enhanced CYCD1 expression at 32 h after PHx in 
PparaMye−/− mice compared to Pparafl/fl mice (Figure 3E,3F). 
However, the PCNA protein expression was comparable 
in Ppara f l/f l and PparaMye−/− mice at 32 h after PHx  
(Figure 3E,3G). It is reported that mitogenic growth 
factors HGF and EGF involved in regulating liver  
regeneration (26). Therefore, the expression Hgf and Egf 

https://cdn.amegroups.cn/static/public/HBSN-20-688-supplementary.pdf
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Figure 1 Identification of myeloid PPARα-deficient mice. (A,B) PCR analyses for Cre and Ppara allele in genomic DNA from Pparafl/fl and 
PparaMye−/− mice. (C) qPCR analysis for Ppara mRNA levels in macrophages or tissues from Pparafl/fl and PparaMye−/− mice (n=3–5). Data are 
expressed as means ± SD, n=3–5. ***, P<0.001. MEH, musculus epoxide hydrolase 1; WT, wild type; Mac, macrophage; WAT, white adipose 
tissue; BAT, brown adipose tissue; qPCR, quantitative real-time RT-PCR.

was measured, no difference was found between Pparafl/fl and 
PparaMye−/− mice at 32 h after PHx (data not shown). These 
results indicating that Hgf and Egf may not be the main 
genes regulated by myeloid PPARα in liver regeneration. 
These results confirm an accelerated G1–S progression in 
PparaMye−/− mice after PHx.

Myeloid PPARα deficiency promotes M1 phenotype 
macrophage infiltration to the liver at 32 h after PHx

It is well established that inflammatory cells infiltrate 
into the liver after acute PHx operation and promotes 
liver regeneration (7). To investigate the influence of 
myeloid PPARα in inflammatory cells infiltration to liver, 
immunohistochemical staining for MPO (Figure 4A,4B) 
and galectin-3 (Figure 4C,4D) was performed. There was a 
marked increase of neutrophil and macrophage infiltration 
to the liver at 32 h after PHx in PparaMye−/− mice compared 
with Pparafl/fl mice. To deeply understanding the relationship 
between myeloid PPARα and liver regeneration, the flow 
cytometry assay was performed. PPARα deficiency in 

myeloid cells dramatically increased the infiltration of 
M1 (CD45+CD11b+F4/80+LY6G−CD206−) macrophages 
at 32 h after PHx (Figure 4E,4F). In vitro, the Ppara-
deficient BMDMs exhibited markedly enhanced migratory 
capacity as reflected by modified Boyden chamber assay  
(Figure 4G,4H). Taken together, myeloid PPARα deficiency 
promotes liver macrophage infiltration by promoting 
macrophage migration at 32 h after PHx. 

Myeloid PPARα deficiency enhances BMDMs polarization 
to M1 phenotype

IL-6 pathways are essential for most of the immediate 
early gene expression to lead quiescent hepatocytes into 
a proliferative state after PHx operation (27-29) and M1 
macrophages secreting IL-6 and TNF-α (30). To further 
understating the role of myeloid PPARα in macrophage 
polarization and liver regeneration, the mRNA level of 
Il6 and Tnfa in liver tissues was measured. qPCR analysis 
showed enhanced expression of Il6 and Tnfa at 32 h in 
livers of PparaMye−/− mice after PHx compared with Pparafl/fl 
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Figure 2 Myeloid PPARα deficiency mice show accelerated liver regeneration after PHx. (A) Representative H&E staining for Pparafl/fl and 
PparaMye−/− livers at 24, 32, 40, and 48 h after PHx. The arrows refer to mitotic hepatocytes. (B) Representative IHC staining for BrdU in 
Pparafl/fl and PparaMye−/− livers at 24, 32, 40, and 48 h after PHx. (C) BrdU+ hepatocyte/total hepatocyte ratios at indicated time points. (D) 
Representative IHC staining for Ki67 in Pparafl/fl and PparaMye−/− livers at 32 and 40 h after PHx. (E) Ki67+ hepatocyte/total hepatocyte ratios 
at indicated time points. (F) The ratio of LW/BW at indicated time points. Data are expressed as means ± SD, n=5–11. *, P<0.05; **, P<0.01; 
***, P<0.001. PHx, partial hepatectomy; LW/BW, liver weight/body weight.
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Figure 3 Myeloid PPARα deficiency mice show increased cell cycle-related gene expression at 32 h after PHx. (A-D) qPCR analysis for 
mRNA levels of cell cycle related gene Pcna, Ccnd1, Ccna2, and Ccne1 in Pparafl/fl and PparaMye−/− liver at 0, 24, 32, 40, and 48 h after PHx (n=5). 
(E-G) Western blot analysis of CYCD1 and PCNA protein levels in Pparafl/fl and PparaMye−/− liver at 32 and 40 h after PHx (n=3). Data are 
expressed as means ± SD. *, P<0.05; **, P<0.01. PHx, partial hepatectomy; qPCR, quantitative real-time RT-PCR.

mice (Figure 5A,5B). In vitro, the liver macrophages were 
isolated to measuring macrophage polarization related gene 
expression. The results showed increased M1 macrophage 
marker Il6, Tnfa expression and decreased M2 macrophage 

marker, Arg1, expression in liver macrophages at 32 h 
after PHx (Figure 5C). To further explore the role of 
myeloid PPARα in macrophage polarization, the BMDMs 
were treated with vehicle or LPS for 3 h, as PHx leads to 
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Figure 4 Myeloid PPARα deficiency promotes M1 phenotype macrophages infiltration to the liver at 32 h after PHx. (A,B) Representative 
IHC staining for MPO in Pparafl/fl and PparaMye−/− livers at 24, 32, 40, and 48 h after PHx (A) and quantification of MPO+ cells (B) (n=5). 
(C,D) Representative IHC staining for galectin-3 in Pparafl/fl and PparaMye−/− livers at 24, 32, 40, and 48 h after PHx (C) and quantification of 
galectin-3+ cells (D) (n=5). (E,F) Flow cytometry analysis of CD45+CD11b+F4/80+LY6G−CD206−cell subtype in the Pparafl/fl and PparaMye−/− 
livers at 32 h after PHx and quantification (n=4). (G,H) Representative images of macrophage migration upon vehicle or 10% FBS 
stimulation by transwell assay (G) and quantification (H) (n=6). Data are expressed as means ± SD. *, P<0.05; **, P<0.01; ***, P<0.001. PHx, 
partial hepatectomy; MPO, myeloperoxidase; SSC, side scatter.

elevation of serum levels of LPS, qPCR analysis showed 
increased M1 macrophage marker Il6, Tnfa expression 
and decreased M2 macrophage marker, Arg1, expression 
in BMDMs of PparaMye−/− mice (Figure 5D-5F). However, 
no difference was found in Cd206 expression of BMDMs 

from Pparafl/fl and PparaMye−/− mice after LPS stimulation  
(Figure 5G). In all, these results indicate that myeloid 
PPARα promotes macrophage polarization into pro-
inflammatory M1 phenotype, thus accelerates the process of 
liver regeneration.
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Figure 5 Myeloid PPARα deficiency enhances BMDMs polarization to M1 phenotype. (A,B) qPCR analysis of Il6 and Tnfa mRNA 
expression in livers of Pparafl/fl and PparaMye−/− mice at indicated time points (n=3–6). (C) qPCR analysis of Il6, Tnfa, Arg1 and Cd206 mRNA 
levels in liver macrophages of Pparafl/fl and PparaMye−/− mice at 32 h after PHx (n=4–5). (D-G) qPCR analysis of Il6, Tnfa, Arg1 and Cd206 
mRNA levels in BMDMs of Pparafl/fl and PparaMye−/− mice treated with vehicle or LPS (100 ng/mL) for 3 h (n=6). Data are expressed as means 
± SD. *, P<0.05; **, P<0.01; ***, P<0.001. BMDMs, bone marrow-derived macrophages; PHx, partial hepatectomy; LPS, lipopolysaccharide.

Myeloid PPARα deficiency increases STAT3 
phosphorylation in liver at 32 h after PHx

It is widely known that STAT3, a key transcript factor, 
mediating the effect of IL-6 on hepatocyte survival and 
proliferation after PHx (6), while STAT1 activation 
plays a role in inhibiting liver regeneration (31,32). To 
exploring the molecular mechanism for the accelerated 
liver regeneration in PparaMye−/− mice, STAT3 and STAT1 
phosphorylation was assessed by Western blot. An increase 
of phosphorylated STAT3 in PparaMye−/− mice was observed 
at 32 h after PHx, although phosphorylation of STAT3 
was decreased at 40 h after PHx (Figure 6A,6B), which 
was consistent with accelerated hepatocyte proliferation. 

However, no difference of phosphorylation of STAT1 
expression was found between Pparafl/fl and PparaMye−/− 
liver at 32 or 40 h after PHx (Figure 6A,6C). These 
results suggesting that myeloid PPARα may delay liver 
regeneration via IL-6/STAT3 signaling. 

Discussion

In the current study, myeloid disruption of PPARα led 
to accelerated liver regeneration after PHx. In addition, 
myeloid PPARα deficiency markedly increased intrahepatic 
neutrophils and macrophages, especially M1 macrophages 
infiltration, as well as the expression of inflammatory 
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Figure 6 Myeloid PPARα deficiency increases STAT3 phosphorylation in liver at 32 h after partial hepatectomy (PHx). (A) Western 
blot analysis of phosphorylated and total protein of STAT3, and STAT1 in Pparafl/fl and PparaMye−/− livers at 32 and 40 h after PHx. (B,C) 
Quantification of phosphorylated STAT3 (B) and STAT1 (C). Data are expressed as means ± SD, n=3. *, P<0.05. 

factors, such as IL-6 and TNF-α, which are essential for 
efficient liver regeneration (33,34). As a result, STAT3, a 
central component in the inflammatory signaling cascade 
mediating the mitogenic responses of hepatocytes to 
inflammatory factors after PHx (6,35), was significantly 
activated. Accordingly, enhanced cyclin D1 induction in 
regenerating livers of PparaMye−/− mice was observed. These 
results demonstrate that liver regeneration is modulated by 
intrahepatic immune microenvironment but not hepatic 
parenchymal cells alone.

PPARα is a ligand-inducible nuclear receptor of clinical 
interest as fibrate drug target via controlling fatty acid 
metabolism in various metabolic disorders (36). Short-term 
PPARα agonist treatment was shown to induce hepatocyte 
proliferation and hepatomegaly in rodents (15,37,38), which 
is mainly hepatocyte PPARα dependent, as either whole-
body or hepatocyte-specific PPARα knockout completely 
abolished this hepatic proliferation (18,20). Sustained 
PPARα activation contributed to hepatocarcinoma in 
rodents (13,14,39). It was proposed that the underlying 
mechanism is PPARα-dependent downregulation of 
microRNA Let7c, which in turn released the repression of 
oncogene c-Myc (40,41). All the above findings emphasized 

a critical role of PPARα in peroxisome proliferator-induced 
hepatocyte proliferation. In the context of PHx, whole-body 
PPARα-deficient mice exhibited a significant impairment 
of liver regeneration, which was associated with altered 
expression of genes involved in cell cycle control, cytokine 
signaling, and fat metabolism (16). However, compared to 
whole-body PPARα-knockout mice, hepatocyte-specific 
PPARα-deficient mice showed a less extent of delay in 
PHx-induced liver regeneration by inhibiting cell cycle 
progression and lipid metabolism, indicating an intrinsic 
compensative or restrictive mechanism for PPARα from 
other cell types. In this study, a significant increase of 
hepatocyte proliferation as well as cell cycle gene Ccnd1 
mRNA and protein levels was observed in PparaMye−/− mice 
at 32 h post PHx, which suggests that myeloid PPARα 
deficiency accelerates PHx-induced liver regeneration, 
thus indicating that myeloid PPARα might serve as an 
endogenous restrictive mechanism for the proliferative 
effects of hepatocyte PPARα activation. 

Emerging evidence support the crucial role of myeloid 
cells in PHx-induced liver regeneration (4,42-44). Myeloid 
cells secret proinflammatory cytokines, such as IL-6 and 
TNF-α, which are known to activate quiescent hepatocytes 
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enter cell cycle (29). In this study, myeloid PPARα deficiency 
significantly increased the infiltration of macrophages and 
neutrophils into the livers, especially M1 macrophages, 
which is consistent with the anti-inflammatory properties 
of PPARα in macrophages and other cell types, such as 
endothelial cells (11,45). In addition, chemotaxis mediators, 
such as osteopontin, monocyte chemoattractant protein 
1 (MCP-1), and intercellular adhesion molecule-1  
(ICAM-1) recruit macrophages to liver tissues after 
PHx (10,46-48), myeloid PPARα deficiency significantly 
enhanced the migratory compacity at 32 h after PHx, which 
may account for increased macrophage infiltration to liver 
tissues. Although further studies are still needed for the 
precise mechanism for how PPARα activation yields an anti-
inflammatory profile, a possible hypothesis is that PPARα 
negatively inferences with proinflammatory transcription 
factors, such as NF-κB and AP1 (11). 

Genetic manipulation or pharmacological inhibitors 
illustrate that IL-6/STAT3 pathway is necessary for the 
initiation of hepatocyte mitogenesis and proliferation (23), 
while STAT1 activation plays a role in inhibiting liver 
regeneration (31,32). As a downstream of IL-6, STAT3 
also play an anti-inflammatory role in macrophage (49). 
On the contrary, STAT1 serve as a pro-inflammatory 
transcription factors in macrophage (49). In this study, 
myeloid PPARα deficiency enhanced the phosphorylation 
of STAT3 in liver at 32 h after PHx, but have no influence 
on the phosphorylation of STAT1. Although STAT3 
serve as a marker of M2 macrophage, hepatocytes IL-6/
STAT3 pathway activation is very important for efficient 
liver regeneration after PHx. These results confirmed 
the key role of IL-6/STAT3 pathway in accelerated liver 
regeneration in myeloid Ppara-deficient mice.

In conclusion, this study indicates that myeloid PPARα  
restricts PHx-induced liver regeneration via inhibiting 
IL-6/STAT3 pathway, thus providing a potential target for 
manipulating liver regeneration under the conditions of 
liver injury or liver transplantation.
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Supplementary

Table S1 Primers for qPCR 

Gene Primer sequence (5’-3’)

Ppara F: CTGCCTTCCCTGTGAACTGA

R: ACAGAGCGCTAAGCTGTGAT

Ccna2 F: TCGCTGCATCAGGAAGACC

R: CTTAAGAGGAGCAACCCGTCG

Ccnd1 F: TCAAGTGTGACCCGGACTGC

R: CCTTGGGGTCGACGTTCTG

Ccne1 F: ACTTCCCGTCTTGAATTGGGG

R: AGGATGACGCTGCAGAAAGT

Pcna F: TCGTCTCACGTCTCCTTGGT

R: TTTTGGACATGCTGGTGAGGT

Tnfa F: CCACCACGCTCTTCTGTCTAC

R: AGGGTCTGGGCCATAGAACT

Il6 F: TGATGCACTTGCAGAAAACA 

R: ACCAGAGGAAATTTTCAATAGGC

Arg1 F: GTAGACCCTGGGGAACACTAT

R: ATCACCTTGCCAATCCCCAG

Cd206 F: TTCAGCTATTGGACGCGAGG

R: GAATCTGACACCCAGCGGAA


