
Li et al. Cell & Bioscience          (2023) 13:154  
https://doi.org/10.1186/s13578-023-01095-3

RESEARCH Open Access

© The Author(s) 2023. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/. The Creative Commons Public Domain Dedication waiver (http:// creat iveco 
mmons. org/ publi cdoma in/ zero/1. 0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Cell & Bioscience

Differential effects of PGAM5 knockout 
on high fat high fructose diet and methionine 
choline-deficient diet induced non-alcoholic 
steatohepatitis (NASH) in mice
Li Li1,5†, Chengcheng Guo1†, Yue Yu1, Lu Tie2, Guotao Lu3, Feng Liu4, Xueyao Han1, Linong Ji1* and 
Xiantong Zou1*   

Abstract 

Background Phosphoglycerate mutase 5 (PGAM5), a phosphatase involved in mitochondrial homeostasis, 
is reported to be closely related to the metabolic stress induced by high-fat diet (HFD) or cold. In this study, we aimed 
to investigate the effects of PGAM5 on hepatic steatosis, inflammation and fibrosis in nonalcoholic steatohepatitis 
(NASH).

Methods and results We generated PGAM5 global knockout (GKO) mice and their wildtype (WT) littermates using 
CRISPR/CAS9. The mice were fed with a high fat high fructose (HFHF) diet for 12 weeks or a methionine choline-
deficient (MCD) diet (methionine choline supplemented (MCS) as control) for 6 weeks. Hepatic PGAM5 expression 
was up-regulated in humans with NASH and WT mice fed with HFHF and MCS, and reduced in WT mice fed with MCD 
diet. In HFHF-fed mice, GKO had reduced body weight, hepatic triglyceride (TG) content and serum transaminase 
along with decreased hepatic pro-inflammatory and pro-fibrotic responses compared with their WT control. GKO 
had increased expression of antioxidative gene glutathione peroxidase-6 (GPX6) and activation of mammalian target 
of rapamycin (mTOR). In mice fed with MCS diet, GKO significantly increased serum TNF-α and IL-6 and decreased 
hepatic GPX6 mRNA expression. There was no difference in hepatic steatosis, inflammation or fibrosis between GKO 
and WT mice fed with MCD diet. We investigated the role of PGAM5 deficiency in a variety of cell types. In differenti-
ated THP-1 cells, PGAM5 silencing significantly increased pro-inflammatory cytokine secretion and decreased antioxi-
dative proteins, including nuclear factor erythroid 2- related factors (NRF2), heme oxygenase-1 (HO-1) and GPX6 with-
out affecting mTOR activity. In HepG2 cells with steatosis, PGAM5 knockdown reduced insulin sensitivity, increased 
mTOR phosphorylation and reduced the expression of NRF2, catalase (CAT), HO-1 and GPX6. Conversely, PGAM5 
knockdown reduced TG accumulation, increased insulin sensitivity, and increased antioxidative genes in 3T3-L1 cells, 
despite the up-regulation in mTOR phosphorylation.
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Conclusions PGAM5-KO relieved hepatic steatosis and inflammation in HFHF model, promoted inflammation 
in MCS-fed mice and had no effects on the MCD-fed model. The distinct effects may be owing to the different effects 
of PGAM5-KO on anti-oxidative pathways in energy-dependent, possible involves mTOR, and/or cell type-dependent 
manner. Our findings suggest that PGAM5 can be a potential therapeutic target for NASH.
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Background
Non-alcoholic fatty liver disease (NAFLD) is the most 
common chronic liver disease affecting around one quar-
ter of the world’s population [1]. NAFLD comprises a 
wide spectrum of conditions ranging from simple stea-
tosis to non-alcoholic steatohepatitis (NASH) and ulti-
mately fibrosis, cirrhosis and hepatocellular carcinoma 
[2]. NASH is one of the advanced stages of NAFLD 
which is characterized by histological inflammation and 
early fibrosis, and the progression from simple steatosis 
to NASH is highly heterogeneous. Metabolic disorders, 
insulin resistance, oxidative stress, mitochondrial dys-
function, and endoplasmic reticulum (ER) stress may 
contribute to triggering hepatic inflammation and stimu-
lating the progression to NASH [3]. Inflammatory cells 
such as macrophages play as a key ‘regulator’ in the pro-
cess of hepatic fibrosis progression or regression [4]. Cur-
rently, there is no drug approved by the FDA for NASH 
treatment [5], although evidence of some drugs impeding 
the progression of hepatic inflammation is accumulating. 
Searching for novel therapeutic targets for NASH is nec-
essary to satisfy the unmet clinical demand.

Among numerous targets investigated, mitochondrial 
proteins have gained substantial attention since they are 
related to energy metabolism and oxidative stress, which 
are key processes of NASH development [6]. Phospho-
glycerate mutase family member 5 (PGAM5) is a pro-
tein phosphatase that resides in the mitochondria and 
regulates many biological processes, including cell death, 
mitophagy, and immune responses [7, 8]. Recent stud-
ies reported that knockout of PGAM5 showed resist-
ance against cold and fasting-induced metabolic stress 
and high-fat-diet (HFD) -induced obesity, indicating 
PGAM5 may act as a metabolic regulator [9]. Recently, 
He et al. reported that PGAM5 may stimulate acute liver 
injury by mediating programmed hepatocyte death [10]. 
In other animal and cell models, PGAM5 seemed to 
stimulate pro-inflammatory process. Silencing PGAM5 
reduced NKT cell activation, impaired IL-1β secretion in 
bone marrow-derived macrophages (BMDMs) and sup-
pressed TNF-α induced-microglia inflammation [11–
13]. However, whether PGAM5 affects hepatic steatosis 
and NASH was unknown. In this study, we employed 
PGAM5 global-knockout (GKO) mice fed with a high 
fat high fructose (HFHF) diet and a methionine choline 

deficient (MCD) diet to investigate the effects of PGAM5 
on hepatic steatosis, inflammation and early fibrosis. 
Besides, we further elucidated the role of PGAM5 on 
pro-inflammatory  response in human and mouse mac-
rophages using in  vitro THP-1 and BMDM model, 
respectively.

Results
PGAM5 was up‑regulated in NASH
In human livers with steatosis, we observed a trend of 
increase of PGAM5 expression especially around the 
site of cell ballooning (Fig.  1a, b). In participants with 
advanced stages of fibrosis, we did not observe any fur-
ther up-expression of PGAM5 (Fig.  1c, d). In wildtype 
(WT) C57/BL6 mice, hepatic PGAM5 protein expres-
sion was increased by HFD (Fig.  1e, f ), HFHF and 
methionine choline supplemented (MCS) feeding and 
reduced by MCD feeding (Fig.  1g, h). PGAM5 was pri-
marily expressed in hepatocytes in mice. The PGAM5 
expression in hepatocytes around the central vein was 
up-regulated in WT mice fed on HFHF and MCS diet 
and reduced in WT mice fed on MCD diet (Fig.  1i). 
Few PGAM5 expression was detected in Kupfer cells or 
hepatic satellite cells (HSCs) and the diets did not affect 
PGAM5 expression in these cells (Fig. 1j–k).

PGAM5‑KO alleviates HFHF‑induced obesity and NASH
PGAM5-GKO mice had significantly decreased weight 
gain, liver/body weight ratio, and liver triglyceride (TG) 
compared with WT mice fed with HFHF diet (Fig. 2a–c). 
Knockout of PGAM5 decreased serum ALT and AST 
levels (Fig.  2d) without affecting serum lipids, e.g. TG, 
total cholesterol (TC), high density lipoprotein (HDL) 
and low density lipoprotein (LDL) (Fig. 2e). Knockout of 
PGAM5 markedly improved hepatic NAS score primar-
ily by reducing hepatic steatosis (Fig. 2f, g).

GKO mice had significantly reduced hepatic neutro-
phil and similar macrophage infiltration and reduced 
α smooth muscle actin (α-SMA) staining with similar 
picrosirius red (PSR) and Collagen1A1 (COL1A1) stain-
ing compared with WT (Fig. 2h–j). Compared with WT 
group, serum TNF-α levels were significantly decreased 
despite IL-1, IL-6 and IL-10 were unchanged in GKO 
mice (Fi.2  k). We also found a significant reduction in 
α-SMA (Acta2) mRNA expression and a borderline 
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decrease in α-SMA protein level in the liver (Fig. 2l–n). 
Other fibrotic genes were unchanged except for a decline 
in Timp1 mRNA expressions in GKO mice (Fig. 2l).

PGAM5‑KO upregulated antioxidative genes in HFHF‑fed 
mice
To further elucidate the transcriptional changes induced 
by PGAM5, we performed RNA-seq on the liver tissues 
of HFHF-fed mice. The ingenuity pathway analysis (IPA) 
suggested an alteration on many canonical pathways 
including liver fibrosis pathway (Fig.  3a). A total of 112 
genes were differentially expressed between WT and 
GKO mice, of which 23 genes were upregulated and 89 
were downregulated (Padj < 0.05; Fig. 3b). Among the dif-
ferential expressed genes, we verified by real-time PCR 
that glutathione peroxidase-6 (GPX6), which is an anti-
oxidative gene, was significantly upregulated in GKO 
mice (Fig.  3c). We expanded our investigation on other 
antioxidative genes and results showed that protein levels 
of heme oxygenase-1 (HO-1) were significantly increased 

in GKO mice (Fig.  3d, e). Furthermore, we examined 
other known PGAM5-regulated pathways and found 
that PGAM5-GKO stimulated phosphorylation of mam-
malian  target of rapamycin (mTOR), reduced the phos-
phorylation of interferon regulatory factor 3 (IRF3), and 
increased interferon β (IFNβ) protein levels in the livers 
of GKO mice (Fig. 3f, g).

PGAM5‑KO increased pro‑inflammatory response 
and decreased antioxidative genes in MCS‑fed mice
We also used another NASH model to study the role 
of PGAM5 deletion. MCD diet resulted in signifi-
cantly decreased body and liver weight compared to 
MCS diet-fed mice, and in MCD-fed mice, knockout of 
PGAM5 significantly decreased body weight compared 
with its WT control at the first 4 weeks (Fig. 4a). How-
ever, no significant difference was found between WT 
and GKO mice in terms of liver TG and serum AST 
and ALT levels (Fig.  4b–d). GKO mice fed with MCS 
had significantly increased serum TNF-α and IL-6 
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Fig. 1 PGAM5 expression is altered in human and mice NASH models. a–d Identical IHC of PGAM5 in human liver sections with different stages 
of NASH (a healthy donor; b steatosis without fibrosis; c steatosis with fibrosis stage 1–2; d steatosis with fibrosis stage 3–4). Scale bars, 50 μm. e, 
f Hepatic PGAM5 protein levels in mice fed with CON and HFD for 20 weeks. *p < 0.05. N = 5. g, h Hepatic PGAM5 protein levels in wild type mice 
fed with CON for 20 weeks, HFHF for 12 weeks, MCS and MCD for 6 weeks. *p < 0.05 compared with CON, #p < 0.05 compared with HFHF, &p < 0.05 
compared with MCS. N = 5–12. i–k Representative pictures of hepatic double immunofluorescence staining for PGAM5 (red) and albumin (green)/
F4/80 (green) and α-SMA (green) in wildtype fed on CON, HFHF, MCS or MCD diet. Nuclei were stained by DAPI. IHC, immunohistochemistry; CON, 
control diet; HFD, high fat diet; HFHF, high fat high fructose; MCS, methionine choline supplemented; MCD, methionine choline deficient
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compared to their WT control, while no significant 
difference was observed in mice fed with MCD diet 
(Fig. 4 e–f ). MCD-fed mice had significantly increased 
hepatic steatosis and infiltration of inflammatory cells 
quantified by histology, however, the genotype dif-
ference was neglectable (Fig.  4g–k). GKO mice had 
similar hepatic fibrosis with WT mice on either diet 
(Fig. 4l, m). We also examined the expression of anti-
oxidative genes in MCS/MCD-fed mice and found that 
PGAM5 deletion significantly decreased protein levels 

of GPX6 and catalase (CAT) in MCS-fed mice rather 
than in MCD-fed mice (Fig. 4n–t).

PGAM5‑knockdown supressed antioxidative genes in vitro
We further investigated the role of PGAM5 silencing in 
NASH by studying critical human liver cells, including 
macrophages, hepatocytes, and HSCs in vitro. In human 
differentiated THP-1 cells (a human leukemia mono-
cytic cell line), knockdown of PGAM5 stimulated TNFα 
and IL-6 secretion in naïve macropahges and increased 
TNFα, IL-6 and IL-1β in macropahges treated with 

Fig. 2 Knockout of PGAM5 improves HFHF-induced obesity and suppresses hepatic inflammation and fibrosis in mice. WT and GKO mice were 
fed with HFHF for 12 weeks (N = 12–15). a Body weight from week 1 to week 12. b, c Ratio of liver/body weights (b) and liver TG content (c). 
d, e Biochemical measurement of serum ALT, AST and ALP (d), lipids and glucose (e) in mice. f–g Representative H&E staining of liver sections 
(f) and evaluation of NAS (including scores of steatosis, inflammation and ballooning injury) (g) in mice. The black arrow indicates scattered 
inflammation and the blue one indicates ballooning and MDB of hepatocytes. Scale bars, 25 μm. h–j Representative staining of LY6G and F4/80, 
PSR staining and IHC stainings for α-SMA and COL1A1 in liver sections and their statistics of positive cells density or positive area (%). Scale bars, 
50 μm. k Serum levels of pro-inflammatory cytokines (TNF-α, IL-1, IL-6, IL-10) in mice. l Hepatic mRNA expressions of pro-fibrotic genes in mice. 
m, n Relative hepatic protein levels of α-SMA, COL1A1 and COL3A1 measured byWestern blot. *p < 0.05, **p < 0.01 compared with the WT group. 
ns, no significance; NAS, NAFLD activity score; ALT, alanine aminotransferase; AST, aspartate aminotransferase; ALP, alkaline phosphatase; TG, 
triglyceride; TC, total cholesterol; HDL, high density lipoprotein; LDL, low density lipoprotein; MDB, Mallory-Denk body; PSR, picrosirius red; α-SMA 
(Acta2), α smooth muscle actin; COL, collagen; Mmp, matrix metalloproteases; Timp, tissue inhibitors of Mmps; WT, wild type; GKO, global knockout
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IL-4 and IL-13 (M2 macrophage). However, we did not 
observe any difference in pro-inflamamtory cytokines in 
LPS and IFN γ treated macrophage (M1 macrophage) 
(Fig. 5 a-d). The mRNA expressions of Timp1 and Mmp12 
declined in M1 macrophages and Mmp13 increased 
in M2 macrophages (Fig.  5f–h). PGAM5-knockdown 
reduced antioxidative proteins including HO-1,  GPX6 
and NRF2 in all macrophage subtypes (Fig. 5i–o), but did 
not affect mTOR phosphorylation (Fig.  5p, q). Further-
more, we tested BMDMs derived from WT and GKO 
mice, and observed enhanced mRNA expression of pro-
inflammatory cytokines (TNFα) and reduced protein lev-
els of GPX6 and CAT (Addtional file : Fig. S1).

In human HepG2 cells, PGAM5-knockdown had no 
effect on fat accumulation in fatty acid treated HepG2 

cells (Fig.  6a), but reduced insulin sensitivity (Fig.  6b, 
c) as well as antioxidative genes including NFR2, CAT, 
HO-1 and GPX6 (Fig. 6d, e). In TGFβ-stimulated LX-2 
cells, PGAM5-knockdown increased mRNA and pro-
tein expressions of α-SMA and Col and suppressed 
mRNA expressions of antioxidative genes including 
Nrf2, Ho-1, Cat and superoxide dismutase 1 (Sod1) 
(Additional file 1: Fig. S2).

Thus, PGAM5 deficiency in hepatocyte ’pheno-cop-
ied’ MCS-model rather than the HFHF-model. Since 
the systemic obesity and fat accumulation were the pri-
mary distinctions between these two animal models, we 
employed PGAM5 silencing in adipocytes—differenti-
ated 3T3L1 cells. And PGAM5-knockdown resulted in 
reduced TG accumulation, improved insulin sensitiv-
ity, enhanced phosphorylation of mTOR and increased 

Fig. 3 Knockout of PGAM5 promotes expressions of hepatic antioxidative genes and mTOR activation in mice fed with HFHF. a IPA analysis 
was carried out and the top canonical pathways enriched in liver tissues in GKO mice compared with WT were shown. b The differentially expressed 
genes analyzed by volcano plot in GKO v.s WT mice. Red and blue dots represent up-regulated and down-regulated genes, respectively (N = 5). 
c Relative hepatic mRNA expressions of Gpx6 verified by real-time PCR. d, e Relative hepatic protein levels of antioxidative genes (GPX6, HO-1, 
CAT, SOD1, NRF2 and NRF1) measured by Western blot. f, g Relative hepatic protein levels of PGAM5 and known PGAM5 regulated pathways 
including IFNβ, p-IRF3/t-IRF3 and p-mTOR/t-mTOR measured by Western blot. N = 12–15; *p < 0.05, **p < 0.01 compared with the WT group. IPA, 
ingenuity pathway analysis; GPX6, glutathione peroxidase 6; HO-1, heme oxygenase-1; CAT, catalase; SOD1, superoxide dismutase 1; NRF2, nuclear 
factor erythroid 2- related factors; NRF1, nuclear respiratory factor 1; IFNβ, interferon β; IRF3: interferon regulatory factor 3; mTOR, mammalian target 
of rapamycin; WT, wild type; GKO, global knockout
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expressions of antioxidative genes such as NRF2, CAT, 
HO-1 and GPX6 (Additional file 1: Fig. S3).

Discussion
Our study demonstrated that PGAM5-KO protected 
mice from HFHF-diet induced NASH in terms of 
reduced steatosis, liver injury, inflammation and pro-
fibrotic genes. However, PGAM5-KO stimulated pro-
inflammatory response in mice fed with MCS and had 
no effect in mice fed with MCD diet. PGAM5 deficiency 
increased secretions of pro-inflammatory cytokines in 
human differentiated macrophages (THP-1 cell line) and 
mouse BMDMs, reduced insulin sensitivity in HepG2 
cells and stimulated activation of LX2 cells. PGAM5-KO 
was found to increase mTOR phosphorylation in certain 
models, while the expression pattern of antioxidative 
genes was inversely related to the changes in inflamma-
tory markers across all models.

The major finding of our study was the differential 
effects of PGAM5 on two NASH models: PGAM5-KO 

relieved NASH in the HFHF diet model but had no 
effect in MCD induced NASH. HFHF and MCD are 
both common diets inducing NASH, but their mecha-
nisms are totally different. In our study, HFHF diet had 
stronger fat-accumulating effects in the liver, while MCD 
diet showed stronger pro-inflammatory and pro-fibrotic 
effects, which was similar to other studies [14]. The 
HFHF-induced model recapitulated the natural history 
of human NAFLD because hepatic steatosis was largely 
owing to excessive energy intake, whereas MCD model 
had the disadvantage of drastic weight loss due to energy 
depletion. In fact, these two diets regulated hepatic 
PGAM5 expression in opposite ways (Fig. 1), suggesting 
possible differential roles of PGAM5 on these two mod-
els. A previous study already demonstrated that PGAM5-
KO may alleviate obesity-related metabolic disorders 
(e.g. glucose intolerance) [9]. In this study, we found that 
knockout of PGAM5 could improve liver inflammation 
induced by HFHF diet, which is a key process of NASH. 
Previous studies suggested that PGAM5 deficiency 

Fig. 4 Knockout of PGAM5 shows no protective effect in mice fed with MCS or MCD diet. a–f Body weight (a), liver TG (b), serum AST (c) and ALT 
(d), serum levels of TNF-α (e) and IL-6 (f) were examined in mice fed with MCS or MCD diet for six weeks. g–k Representative H&E staining of liver 
sections and evaluation of NAS (including scores of steatosis, inflammation and ballooning injury). Scale bars, 100 μm. l, m Representative PSR 
staining of fibrosis in liver sections and its statistics of positive area (%). Scale bars, 50 μm n, t Relative hepatic protein levels of antioxidative 
genes including GPX6 (o), HO-1 (p), CAT (q), NRF2 (r), SOD1 (s) and NRF1 (t) measured by Western blot. N = 9–11; *p < 0.05, **p < 0.01, statistical 
differences between WT and GKO group. #p < 0.05, ##p < 0.01, ####p < 0.0001, statistical differences between diets, genotypes or their interactions. TG, 
triglyceride; ALT, alanine aminotransferase; AST, aspartate aminotransferase; GPX6, glutathione peroxidase 6; HO-1, heme oxygenase-1; CAT, catalase; 
SOD1, superoxide dismutase 1; NRF2, nuclear factor erythroid 2- related factors; NRF1, nuclear respiratory factor 1; MCS, methionine choline 
supplemented; MCD, methionine choline deficient; WT, wild type; GKO, global knockout
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protected mice from ConA-induced hepatocellular death 
and thus showed a robust effect in reducing serum ami-
notransferase [10]. The resolving of hepatic injury in 
conA-induced acute hepatitis model was largely result-
ing from the regulative effect of PGAM5 on programmed 
cell death [7, 10, 15]. Our data suggested that the role of 
PGAM5 on NASH was only prominent with the presence 
of obesity since PGAM5 deletion only alleviated NASH 
in the HFHF model with excessive energy intake and 
systemic fat accumulation. This aligns with the phenom-
enon that certain mitochondrial proteins may respond 
to overabundance or scarcity of nutrients in unique or 
even opposing manners, in order to maintain a balance 
between energy expenditure and supply [16].

We tried to illucidate the cellular mechanism by 
supressing PGAM5 expression in all major hepatic cells 
involved in NASH. None of the three hepatic cell types 
recapitulated the ‘protective’ phenotype of PGAM5-KO 

in HFHF model. With PGAM5 knockdown, insulin 
resistance was increased in HepG2 cells, pro-inflamma-
tory cytokines secretion was enhanced in THP-1 and 
BMDM cells, and pro-fibrotic genes were up-regulated 
in LX2 cells. The phenotype in macrophages recapitu-
lated the profile of inflammatory markers in MCS mouse 
model, in which serum TNF-α and IL-6 were increased in 
PGAM5-KO group. A recent study reported that knock-
out of PGAM5 showed a trend of increase in mRNA 
expressions of IL-6 in BMDMs treated with LPS [12]. 
However, the effects of PGAM5 on BMDM may be com-
plicated. Knockout of PGAM5 significantly decreased 
expression and secretion of IL-1 in BMDMs treated with 
LPS plus inflammasome agonists [12]. Besides, other 
studies showed that PGAM5 is needed for the activation 
of NKT cells or inflammatory factors [11, 17]. These sug-
gest the regulation of macrophage and inflammatory cells 
by PGAM5 varied among different models. The in  vivo 

Fig. 5 PGAM5 silencing stimulated pro-inflammatory cytokine excretion and down-regulated antioxidative proteins in macrophages. Differentiated 
THP-1 cells were stimulated with LPS + IFNγ or IL-4 + IL-13 and treated with NC or PGAM5-siRNA for 24–48 h. a–d Levels of TNF-α (a), IL-1β (b), IL-6 
(c) and IL-10 (d) secreted in cultural medium. e–h Relative mRNA expressions of PGAM5 (e) and pro-fibrotic genes including Timp1 (f), Mmp12 (g) 
and Mmp13 (h) measured by Real-time PCR. i–o Relative protein levels of PGAM5 (j) and antioxidative proteins including CAT (k), HO-1 (l), GPX6 (m), 
SOD1 (n) and NRF2 (o) measured by Western blot. p, q Relative protein levels of p-mTOR/t-mTOR measured by Western blot. *p < 0.05 between NC 
and siPGAM5 group. #p < 0.05, ##p < 0.01, ###p < 0.001, statistical differences between treatment, genotypes or their interactions. ns, no significance; 
LPS, lipopolysaccharide; IFNγ, interferon γ; Mmp, matrix metalloproteases; Timp, tissue inhibitors of Mmps; GPX6, glutathione peroxidase 6; HO-1, 
heme oxygenase-1; CAT, catalase; SOD1, superoxide dismutase 1; NRF2, nuclear factor erythroid 2- related factors; mTOR, mammalian target 
of rapamycin; NC, negative control; siPGAM5, PGAM5-knockdown
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effects of PGAM5-KO in the HFHF model were only 
replicated in 3T3L1 cells, where PGAM5 silencing led 
to a decrease in TG accumulation and improved insulin 
sensitivity. This may be due to roles of PGAM5 plays in 
adipose tissue, as its reduction could result in decreased 
adiposity, leading to reduced systemic inflammation and 
subsequent improvement in NASH.

We tried to dissect the role of PGAM5 by testing known 
intrinsic pathways associated with PGAM5 and explore 
other possible pathways by RNAseq. It is reported that 
PGAM5 deletion could result in activation of mTORs and 
IRF3/IFNβ pathyways which were involved in cell senes-
cence process [18]. However, in our HFHF model, we did 
not observe an upregulation of the IRF3/IFNβ pathway. 
Although IFNβ expression was increased in PGAM5-KO 

mice fed with HFHF, IRF3 phosphorylation was reduced. 
The IRF3/IFNβ pathway plays a role in innate immune 
response and hepatic inflammation [19]. Studies showed 
that IFNβ may limit HSC activation [20] and reduction in 
IRF3 activation may lead to hepatic insulin resistance and 
steatosis [21], which contradicted with the phenotype of 
our HFHF model. It is possible that IFNβ was regulated 
by other transcriptional factors, e.g. NFkB, rather than 
IRF3 [19]. Therefore, we speculate that IRF3 pathway 
may be not the key component involved in the relation-
ship between PGAM5 and NASH, so we did not further 
test this pathway in our cell models.

mTOR is a key nutrient-sensing molecule that regu-
lates various signaling pathways related to ’growth’ dur-
ing energy oversupply [22]. It is repoted that dietary 

Fig. 6 PGAM5 silencing suppressed antioxidative genes in HepG2 cells. HepG2 cells were stimulated with oleic acid (OA) and palmitic acid (PA) 
and treated with NC or PGAM5-siRNA for 24–48 h. a TG levels measured in HepG2 cells. b, c Relative protein levels of p-mTOR/t-mTOR, p-InsR/t-InsR 
and p-AKT/t-AKT measured by Western blot. d, e Relative protein levels of antioxidative proteins including NRF2, CAT, HO-1, GPX6 and SOD1 
measured by Western blot. *p < 0.05, statistical differences between NC and siPGAM5 group. ns, no significance; mTOR, mammalian target 
of rapamycin; InsR, insulin receptor; AKT, protein kinase B; NRF2, nuclear factor erythroid 2- related factors; CAT, catalase; HO-1, heme oxygenase-1; 
GPX6, glutathione peroxidase 6; SOD1, superoxide dismutase 1; NC, negative control; siPGAM5, PGAM5-knockdown
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restriction, which mimics MCD treatment, can reduce 
mTOR activity [23], and this suggests that mTOR could 
potentially mediate the effect of PGAM5. We found that 
PGAM5 silencing increased mTOR phosphorylation in 
livers of HFHF-fed mice, and in vitro HepG2 and 3T3L1 
cells, which are all constructed nutrient-oversupply mod-
els. In addtion, mTOR phosphorylation was unchanged 
in THP-1 cells, which represent balanced nutrition state. 
While the upregulation of mTOR by PGAM5 silenc-
ing may be energy-dependent, it cannot fully explain 
the opposite effects on insulin sensitivity in HepG2 and 
3T3L1 cells, despite similar increases in mTOR activity. 
Other mechanisms beyond energy-dependent responses 
may be involved in the regulation of PGAM5-KO in 
NASH.

By RNA sequencing, we confirmed that GPX6 was 
increased in PGAM5-KO mice fed with HFHF and we 
found that expressions of GPX6 and other antioxidative 
genes showed an opposite pattern with hepatic inflam-
mation in all models. This highlights the role of PGAM5 
on oxidative stress and inflammation. Likewise, another 
study showed that HO-1 protected the liver against 
ischemia/reperfusion via PGAM5 dependent pathway, 
suggesting the interplay between PGAM5 and antioxida-
tive proteins [24]. Besides, it is reported that apoptosis 
inducing factor (AIF), which has a role in maintaining 
mitochondrial energy homeostasis, binds to PGAM5 
and can reduce the ability of PGAM5 to control anti-
oxidant responses [25], which indicates that the differ-
ential effects of PGAM5-KO on the antioxidant process 
and inflammation may also rely on the different energy 
status of the models, possibly through the regulation of 
NRF2. Similarly, previous study suggested that the role 
of PGAM5-KO on NRF2 was age dependent [18]. Alg-
houth NRF2 was not regulated in our in  vivo models, 
it was significantly changed in our in  vitro models and 
showed opposing trend with pro-inflammatory response. 
As a result, we proposed that the possible mechanism of 
PGAM5 deletion on NASH may result from the differ-
ential effects on antioxidative genes, leading to identical 
inflammatory and metabolic phenotypes (Fig.  7). How-
ever, the energy-dependent and/or cell-type-depend-
ent manner that triggers the different effect of PGAM5 
on NRF2 and the subsequent inflammatory response 
requires further validation.

To our knowledge, this is the first study to investigate 
the role of PGAM5 in chronic metabolic liver disease 
using global knockout mouse models. Also, our study 
highlighted the possibility of PGAM5 inhibitors as a 
novel therapeutic target for obesity and NASH. How-
ever, we have the following limitations: (1) although 
we used two models as NASH, both were not ideal. 
HFHF recapitulated the human natural process, but the 

inflammation and fibrosis were mild in the liver. MCD 
induced advanced inflammation and fibrosis in the 
liver, but it represented nutrient undersupply status and 
might affect the effects of PGAM5 deletion; (2) we can-
not establish the causal relationship between PGAM5, 
antioxidative proteins and hepatic inflammation since we 
cannot manipulate antioxidative proteins in our models; 
and (3) we did not find an ideal cell model to recapitulate 
in vivo status due to the difficulty of manipulating energy 
supply in inflammatory cells.

Conclusions
In conclusion, there were distinct effects of PGAM5 dele-
tion on steatosis, inflammation and fibrosis in NASH 
models induced by HFHF and MCD (MCS as control) 
diets. The distinct effects on inflammatory response in 
NASH may be owing to the different effects of PGAM5-
KO on antioxidative pathways in an energy dependent 
and/or cell-type dependent manner. Our study supports 
PGAM5 as a novel therapeutic target for obesity and 
NASH.

Methods
Human samples
In this study, four liver tissue samples from three biopsy-
proven steatosis or NASH patients and one healthy 

Fig. 7 Proposed model for PGAM5 suppression in NASH. PGAM5 
played differential roles in different NASH models. We found 
the expression of antioxidative genes were differentially regulated 
in mice fed with HFHF, MCS or MCD diets, and in a variety of in vitro 
models, which further triggered different consequences of obesity, 
hepatic steatosis, inflammation and fibrosis. The reason that what 
triggers this change was still unclear. One possibility that this 
difference was energy dependent and the regulations of PGAM5 
on energy sensing gene mTOR may be involved. Another possibility 
that the differential role of PGAM5 in antioxidative response may be 
energy dependent or cell type dependent
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donor were obtained from the Department of Pathology 
at Peking University People’s Hospital. Staging of NASH 
were conducted and confirmed by experienced patholo-
gists. Informed consent forms were obtained from all 
participants.

Animals
Wildtype (WT) C57BL/6J mice were fed with control 
diet (Research Diets D12450J) and HFD (Research Diets 
D12492) for 20  weeks. Livers were harvested to detect 
the changes of PGAM5 protein. PGAM5-GKO C57BL/6J 
mice were constructed by CRISPR/Cas 9 at Cyagen com-
pany (China). Mice were housed in the specific path-
ogen-free (SPF) facility. PGAM5-GKO mice and their 
WT littermates were fed with high-fat diet (60% fat) and 
high-fructose (10%) drinking water (TROPHIC, Nan-
tong, China) for 12  weeks or fed with MCD diet (MCS 
diet as control) (TROPHIC, Nantong, China) for 6 weeks 
to induce NAFLD/NASH. Male mice aged 8–14  weeks 
were used. And mice were fasted for 6 h before they were 
euthanized. N = 9–15/group. All of the animal experi-
ments were approved by the Animal Research Commit-
tee of the Peking University People’s Hospital.

Blood tests
Blood biochemistry including alanine aminotransferase 
(ALT), aspartate aminotransferase (AST), high-density 
lipoprotein (HDL), low-density lipoprotein (LDL), tri-
glyceride (TG), total cholesterol (TC), glucose and alka-
line phosphatase (ALP) were measured by Roche analyzer 
(Roche, Basle, Switzerland). Serum pro-inflammatory 
cytokines including IL-1, IL-6, IL-10 and TNF-α were 
measured by Cytometric Bead Array (CBA, BD, New Jer-
sey, USA) according to the manufacturer’s protocol.

Liver histopathology, immunohistochemistry (IHC) 
and immunofluorescence (IF)
Livers were perfused with PBS through the portal vein 
before they were dissected. Isolated livers were fixed in 
4% paraformaldehyde to make paraffin-embedded blocks 
and each section was stained with hematoxylin and eosin 
(H&E). Two investigators were blinded and evaluated the 
sections using NAFLD activity score (NAS) in 200× mag-
nification. Antibodies of LY6G and F4/80 (Invitrogen, 
Waltham, USA) were used to detect hepatic neutro-
phils and macrophages, respectively. Liver sections were 
stained with picrosirius red (PSR, Servicebio, Wuhan, 
China) to examine fibrosis. IHC including α-SMA 
(Abcam, Cambridge, UK) and COL1A1 (CST, Danvers, 
USA) for mouse liver sections and PGAM5 (Abcam, 
Cambridge, UK) for human liver sections with different 
stages of NASH were also conducted. Double IF used 
PGAM5 (Proteintech, Wuhan, China) with secondary 

antibody attached with Cyanine Dye 3 (CY3) and albu-
min (Abcam, Cambridge, UK), F4/80 (Proteintech, 
Wuhan, China) or α-SMA (Abcam, Cambridge, UK) with 
secondary antibody attached with fluorescein isothio-
cyanate (FITC). Nuclei were stained by 4′,6-diamidino-
2-phenylindole (DAPI). For density quantification, 20 to 
30 high-power fields per section were randomly selected 
for each slide by an assessor blind to genotype and were 
analyzed using Halo (Indica labs, New Mexico, USA) for 
positively stained pixels and normalized to the total num-
ber of pixels of this section.

Cell culture
Human monocytic cell line (THP-1) and human hepa-
tocarcinoma (HepG2) cell line were obtained from the 
American Type Culture Collection (ATCC). HepG2 
were cultured in low glucose complete DMEM medium 
(1.0 g/L glucose, 10% FBS and 1% penicillin/streptomycin 
(P/S)), and THP-1 were cultured in RPMI 1640 (Gibco, 
USA) containing 10% FBS and 1% P/S at 37  °C with 5% 
CO2.

Treatment of THP‑1
THP-1 monocytes were cultured in 12-well plates treated 
with 100 nmol/L phorbol 12-myristate 13-acetate (PMA; 
MedChemExpress, USA) for 24  h to transform into 
adherent M0 macrophages. To obtain M1-polarized 
macrophages, THP-1 cells were treated with 100 ng/mL 
lipopolysaccharide (LPS; Merck, USA) plus 20  ng/mL 
interferon γ (IFNγ, MedChemExpress, USA). To induce 
M2-polarized macrophages, THP-1 cells were treated 
with 20 ng/mL IL-4 (PEPROTECH, USA) plus 20 ng/mL 
IL-13 (MedChemExpress, USA). During polarization, 
THP-1 cells were transfected with 50  nmol/L PGAM5-
siRNA (siPGAM5) or negative control (NC) using jet-
Prime (Polyplus, France) according to the manufacturer’s 
instructions. RNA was harvested after 24  h treatment 
and cultural medium and proteins were obtained after 
48 h treatment.

Treatment of HepG2
To establish an in vitro model of hepatic steatosis, HepG2 
cells were cultured in complete medium supplemented 
with 200  μM oleic acid (OA; Sigma-Aldrich, USA) and 
100  μM palmitic acid (PA; Sigma-Aldrich, USA), and 
transfected with 50 nmol/L siPGAM5 or NC. RNA and 
protein were obtained after 24 h or 48–72 h treatement, 
respectively.

The sequences of mouse siPGAM5 were 5′-GGA GAA 
GAC GAG UUG ACA UTT-3′ (forward) and 5′-AUG UCA 
ACU CGU CUU CUC CTT-3′ (reverse). The sequences 
of human siPGAM5 were 5′- CAC UGU CUC UGA UCA 
ACG UTT-3′ (forward) and 5′- ACG UUG AUC AGA 
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GAC AGU GTT-3′ (reverse). A scrambled siRNA was 
used as NC. All siRNAs were designed by Genepharma 
(Jiangsu, China).

Western blot (WB)
Proteins were isolated from liver tissues or cells using 
RIPA lysis buffer (Invitrogen) supplemented with pro-
tease inhibitors (Thermo Scientific, Waltham, USA). 
Proteins were separated using tris–glycine gel (APPLY-
GEN, Beijing, China) and transferred from the gel to a 
PVDF transfer membrane (Merck Millipore, Boston, 
USA). After blocking with 10% skim milk (BD), mem-
branes were probed with the following primary antibod-
ies (details can be found in Additional file  1: Table  S1): 
PGAM5, α-SMA, COL1A1, COL3A1, GPX6, CAT, 
HO-1, SOD1, nuclear respiratory factor 1 (NRF1), NRF2, 
phosphor-mTOR (p-mTOR), mTOR, phosphor-insulin 
receptor β (p-InsRβ), InsRβ, protein kinase B (PKB/
AKT), phospho-AKT (p-AKT), glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) and β-actin. Horseradish 
peroxidase (HRP)-linked anti-rabbit, anti-rat and anti-
mouse were used as secondary antibodies. The protein 
bands were visualized by enhanced chemiluminescence 
detection reagents (APPLYGEN). Pixels were quantified 
in image J software (NIH, USA). Protein levels were cor-
rected for β-actin or GAPDH levels.

RNA preparation and real‑time PCR analysis
Total RNA was extracted using RNA extraction kit 
(TaKaRa, Shiga, Japan). cDNA was synthesized using 
RT reagent kit (TaKaRa) and analyzed by real-time PCR 
using SYBR Green Master Mix (Applied Biosystems, 
Waltham, USA). Experimental values were normalized to 
expressions of the housekeeping gene β-actin. Sequences 
of tested genes were shown in Additional file 1: Table S2.

RNA sequencing and data analysis
RNA extraction, RNA-seq and data analysis were per-
formed at Shanghai Biotechnology Corporation (Shang-
hai, China). Total RNA was extracted using RNAiso Plus 
Total RNA extraction reagent (TaKaRa) following the 
manufacturer’ s instructions and checked for a RIN num-
ber to inspect RNA integrity by an Agilent 2100 Bioana-
lyzer (Agilent technologies, USA). Qualified total RNA 
was further purified by RNAClean XP Kit (Beckman) and 
RNase-Free DNase Set (QIAGEN, Germany). Purified 
libraries were quantified by Qubit® 2.0 Fluorometer (Life 
Technologies, USA) and validated by Agilent 2100 bioan-
alyzer (Agilent Technologies, USA) to confirm the insert 
size and calculate the mole concentration. A cluster was 
generated by cBot with the library diluted to 10 pM and 
then sequenced on the Illumina HiSeq Xten (Illumina, 
USA). Differentially expressed genes were identified 

using edgeR. The p-value significance threshold in mul-
tiple tests was set by the false discovery rate (FDR). The 
fold changes were also estimated according to the FPKM 
in each sample. The differentially expressed genes were 
selected using the following filter criteria: FDR ≤ 0.05 
and fold-change ≥ 2. These differentially expressed genes, 
containing gene identifiers and corresponding expression 
values, were uploaded into the ingenuity pathway analy-
sis (IPA) software (Qiagen, German). The ’core analysis’ 
function included in the software was used to interpret 
the differentially expressed data, which included biologi-
cal processes, canonical pathways, upstream transcrip-
tional regulators, and gene networks. Each gene identifier 
was mapped to its corresponding gene object in the Inge-
nuity Pathway Knowledge Base (IPKB). Volcano plot 
were made in R package.

ELISA
Cell culture supernatants were collected after 48 h of cul-
ture and IL-1β, IL-6, IL-10 and TNF-α were measured by 
ELISA kit (Dakewe, Guangdong, China) following man-
ufacturer’s instructions. Detailed cataloge information 
were presented in Additional file 1: Table S3.

TG assessment
TG concentrations in cell and tissue lysates were deter-
mined using commercial assay kits under the guidance 
of the manufacturer’s instructions (Nanjingjiancheng, 
China). The results were normalized by total protein con-
tent measured using a BCA Protein Assay Kit (Thermo 
Scientific, USA).

Statistical analysis
Data are expressed as the mean ± SEM. For HFHF experi-
ment, two groups were compared using unpaired two-
tailed Student’s t-test. For other experiments, multiple 
groups were compared using two-way analysis of vari-
ance (two-way ANOVA) followed by the Tukey post hoc 
analysis. p < 0.05 was considered statistical significance. 
All statistical data were calculated with GraphPad Prism 
9 (San Diego, CA, USA).

Abbreviations
PGAM5  Phosphoglycerate mutase 5
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NASH  Nonalcoholic steatohepatitis
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HFHF  High fat high fructose diet
MCD  Methionine choline-deficient
MCS  Methionine choline supplemented
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α-SMA  α Smooth muscle actin
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Mmp  Matrix metalloproteinase
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Timp1  Tissue inhibitors of Mmps
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HO-1  Heme oxygenase-1
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SOD1  Superoxide dismutase 1
NRF2  Nuclear factor erythroid 2- related factors
mTOR  Mammalian target of rapamycin
IFNβ  Interferon β
IRF3  Interferon regulatory factor 3
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