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ABSTRACT
Objective  Follistatin-like protein 1 (FSTL1) is widely 
recognised as a secreted glycoprotein, but its role in 
modulating macrophage-related inflammation during 
liver fibrosis has not been documented. Herein, we aimed 
to characterise the roles of macrophage FSTL1 in the 
development of liver fibrosis.
Design  Expression analysis was conducted with human 
liver samples obtained from 33 patients with liver fibrosis 
and 18 individuals without fibrosis serving as controls. 
Myeloid-specific FSTL1-knockout (FSTL1M-KO) mice were 
constructed to explore the function and mechanism of 
macrophage FSTL1 in 3 murine models of liver fibrosis 
induced by carbon tetrachloride injection, bile duct 
ligation or a methionine-deficient and choline-deficient 
diet.
Results  FSTL1 expression was significantly elevated 
in macrophages from fibrotic livers of both humans 
and mice. Myeloid-specific FSTL1 deficiency effectively 
attenuated the progression of liver fibrosis. In FSTL1M-

KO mice, the microenvironment that developed during 
liver fibrosis showed relatively less inflammation, as 
demonstrated by attenuated infiltration of monocytes/
macrophages and neutrophils and decreased expression 
of proinflammatory factors. FSTL1M-KO macrophages 
exhibited suppressed proinflammatory M1 polarisation 
and nuclear factor kappa B pathway activation in 
vivo and in vitro. Furthermore, this study showed 
that, through its FK domain, FSTL1 bound directly 
to the pyruvate kinase M2 (PKM2). Interestingly, 
FSTL1 promoted PKM2 phosphorylation and nuclear 
translocation, reduced PKM2 ubiquitination to 
enhance PKM2-dependent glycolysis and increased 
M1 polarisation. Pharmacological activation of PKM2 
(DASA-58) partially countered FSTL1-mediated glycolysis 
and inflammation.
Conclusion  Macrophage FSTL1 promotes the 
progression of liver fibrosis by inducing M1 polarisation 
and inflammation based on the intracellular PKM2 
reprogramming function of macrophages.

INTRODUCTION
Liver fibrosis is the most common consequence 
of chronic liver diseases, and it causes >1 million 
deaths worldwide every year.1 Advanced liver 
fibrosis, especially its end-stage form, cirrhosis, is 

generally regarded as an incurable disease, and liver 
transplantation is the sole and definitive treatment 
option.2 Various aetiologies, such as viral hepatitis, 
alcohol abuse, cholestasis or, as recently discovered, 
non-alcoholic steatohepatitis (NASH), can cause 
chronic liver injury and subsequent liver fibrosis.3 
However, this mechanism of precise regulation is 

Significance of this study

What is already known on this subject?
	⇒ Macrophage has been identified as key 
regulators of the liver inflammation, which is 
critical for the progression or resolution of liver 
fibrosis.

	⇒ Follistatin-like protein 1 (FSTL1) is widely 
regarded as a secreted glycoprotein with 
regulatory functions in many diseases.

	⇒ Secreted/Circulatory FSTL1 has been proposed 
as a promoting protein in inflammation 
or fibrosis-related diseases in a secretion-
dependent manner.

What are the new findings?
	⇒ FSTL1 expression in macrophages is increased 
and is positively correlated with histological 
stages of liver fibrosis in humans and mice.

	⇒ Myeloid FSTL1 deficiency suppresses M1 
polarisation, reduces proinflammatory mediator 
expression and macrophage/neutrophil 
recruitment and alleviates liver fibrosis.

	⇒ FSTL1 directly binds to pyruvate kinase 
M2 (PKM2), inhibits ubiquitin-mediated 
degradation, enhances the stability of 
cytoplasmic PKM2 and promotes PKM2 
phosphorylation and nuclear translocation in 
macrophages.

	⇒ PKM2 is critical for FSTL1-mediated M1 
polarisation, inflammation and glycolysis in 
macrophages.

How might it impact on clinical practice in the 
foreseeable future?

	⇒ Our findings provide a rationale for novel 
therapeutic strategies to ameliorate 
macrophage-mediated liver inflammation and 
fibrosis.
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problematic and uncontrollable, especially when liver injury 
persists. Currently, liver fibrosis is widely recognised as a 
dynamic cascade fuelled by persistent and excessive activation 
of hepatic inflammation that develops in response to repetitive 
or chronic hepatocyte injury irrespective of aetiology.4 5 Uncon-
trolled chronic inflammation is a non-negligible driving force 
transforming self-limited tissue repair processes into a vicious 
cycle that boosts the progression of liver fibrosis.6

Immune cells, especially liver-residing Kupffer cells and 
recruited macrophages, have been identified as key regulators of 
the liver inflammation that are key to the progression or reso-
lution of liver fibrosis.7 Damaged hepatocytes release danger-
associated molecular patterns (DAMPs) to activate Kupffer cells 
and infiltrated macrophages. Activated macrophages release 
various cytokines, causing direct damage to liver parenchymal 
cells, enhancing inflammatory cell infiltration and activating 
hepatic stellate cells (HSCs).8 9 Hepatic macrophages have 
reportedly promoted liver fibrosis by increasing the survival of 
activated HSCs in an nuclear factor kappa B (NF-κB)-dependent 
manner.10 In addition, macrophage-derived transforming growth 
factor (TGF)-β has been recognised as a key molecule initiating 
HSC activation.11 Furthermore, several studies have indicated 
that toll-like receptor (TLR)-4 and TLR-9 signalling pathways 
mediate crosstalk between inflammatory and fibrotic factors.12 13 
Thus, a deeper understanding of the underlying mechanisms 
involved in macrophage-orchestrated chronic liver inflamma-
tion can provide valuable information that may help to halt and 
effectively reverse ongoing liver fibrosis.

Follistatin-like protein 1 (FSTL1) is widely known as a 
secreted glycoprotein with regulatory functions in many 
diseases and is indispensable during embryogenesis.14 FSTL1-
deficient mice suffer from postnatal death as a result of respi-
ratory failure, while hypomorphic mice develop spontaneous 
emphysema.15 16 In addition to its regulatory functions seen in 
embryonic development, the role of FSTL1 in inflammation has 
been widely studied in the past decade.17 18 However, whether 
FSTL1 plays a proinflammatory role is still debated.17–21 FSTL1 
is widely regarded as a fibrosis-promoting protein both outside 
and inside the liver, but previous studies have mainly focused on 
the profibrotic functions of FSTL1 in mesenchymal cells such as 
fibroblasts, not in inflammatory cells such as macrophages.22–24 
Pyruvate kinase M2 (PKM2) is directly involved in the meta-
bolic reprogramming (aerobic glycolysis) associated with cancer 
and the inflammatory response.25 26 Importantly, PKM2 has 
been shown to control macrophage metabolic remodelling in 
inflammation. PKM2 interacts with hypoxia-inducible factor 1α 
(HIF-1α) and activates the HIF-1α-dependent transcription of 
enzymes necessary for aerobic glycolysis in macrophages.26

Herein, we aimed to characterise the roles and mechanisms 
of macrophage FSTL1 during liver fibrosis. First, macrophage 
FSTL1 expression was assessed in patients and mice with liver 
fibrosis/cirrhosis. Second, we created a myeloid-specific FSTL1-
knockout (FSTL1M-KO) mouse to study the function of macro-
phage FSTL1 in different mouse models of liver fibrosis. Third, 
the functional effects and underlying mechanisms of FSTL1 on 
macrophage-related inflammation were thoroughly analysed in 
vivo and in vitro.

MATERIALS AND METHODS
Human liver samples
Liver samples were obtained from patients who underwent 
hepatectomy or percutaneous liver biopsy. Liver samples 
were collected from 18 patients with benign liver diseases 

(postoperative pathological diagnosis showed hemangioma with 
no liver fibrosis or obvious steatosis; 18 liquid nitrogen-frozen 
samples and 6 paraffin-embedded samples) and 33 patients with 
pathologically diagnosed liver fibrosis (33 liquid nitrogen-frozen 
samples and 16 paraffin-embedded slides). The control individ-
uals that were included had no history of diabetes, alcohol abuse 
or viral hepatitis. Control samples were taken from normal 
liver tissues at the edge of resected hemangioma. Pathological 
diagnosis of liver fibrosis was determined by senior pathologists 
based on H&E and Masson’s staining. Samples from patients 
with liver fibrosis were graded according to the fibrosis scoring 
systems by two senior pathologists (online supplemental tables 
1–4).

Animal experiments
All mice were housed in an SPF level animal facility with 
controlled temperature and humidity on a 12–12 hour light-dark 
cycle with food and water supplied ad libitum. For the carbon 
tetrachloride (CCl4) injection-induced liver fibrosis, male mice 
aged 6–8 weeks were randomly assigned to receive intraperito-
neal injection of olive oil or CCl4 (10% v/v dissolved in olive 
oil, 2 mL/kg) twice per week for 8 weeks. For bile duct ligation 
(BDL)-induced liver fibrosis, male mice aged 6–8 weeks were 
subjected to surgical intervention. Briefly, mice were anaesthe-
tised by isoflurane inhalation. After skin disinfection, a midline 
abdominal incision was made. The common bile ducts were 
exposed and ligated using 5–0 non-absorbable sutures. Samples 
were collected 4 weeks after surgery. To induce liver fibrosis by 
methionine-deficient and choline-deficient (MCD) diet, male 
mice aged 8–10 weeks were fed a normal chow (NC) or MCD 
diet (A02082002BR, Research Diets) for an indicated duration 
of up to 8 weeks.

Statistical analysis
Unpaired Student’s t-test or Mann-Whitney U test were 
performed in group comparisons by using GraphPad Prism 
(V.8.0, GraphPad Software). P values <0.05 were considered to 
be statistically significant.

For detailed methods and materials, please refer to online 
supplemental materials.

RESULTS
FSTL1 expression is increased in macrophages in fibrotic liver 
tissues
First, we aimed to characterise FSTL1 expression among 
fibrotic liver samples. We collected 51 human liver samples 
including normal and fibrosis liver tissues (online supplemental 
tables 1–4). As indicated by H&E staining, Masson’s staining 
and messenger RNA (mRNA) expression of tissue inhibitor of 
metalloproteinase 1 (TIMP-1) and collagen 1A1 (COL1A1), 
our liver samples showed different histological stages of fibrosis 
with fair between-group comparability (online supplemental 
figure 1A,B). Interestingly, the mRNA and protein expression 
of FSTL1 was markedly elevated in fibrotic livers compared 
with normal control livers (figure 1A,B). Next, we determined 
whether FSTL1 expression was mainly elevated in liver macro-
phages. Dual immunofluorescence staining showed that FSTL1 
was primarily expressed on macrophages in human fibrotic livers 
(figure 1C and online supplemental figure 1C). Then, we used 
publicly available omics data on patient samples to validate these 
results. Virus-mediated and NASH-induced liver fibrosis are 
common pathological processes in liver fibrosis worldwide. By 
reanalysing a published dataset, we found that FSTL1 expression 
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was significantly elevated in HCV-induced or NASH-induced 
liver fibrosis (figure 1D).27 28

To confirm these findings, we explored FSTL1 expression in 
three widely recognised animal models of liver fibrosis, namely, 
CCl4 injection-induced, BDL-induced and the MCD diet-
induced fibrosis. FSTL1 expression was significantly increased 
in liver tissues obtained from all models (figure  1E,F). These 
results were validated using three publicly available omics data-
sets (online supplemental figure 1D).29–31 Then, we isolated 
liver macrophages from fibrotic livers of mice. Consistently, 
FSTL1 mRNA expression levels were significantly increased 
in macrophages isolated from fibrotic livers (figure  1G). 
Dual-immunofluorescence staining furthermore showed 
FSTL1+CD68+ macrophages were significantly more in fibrotic 
livers than control livers (figure 1H). In addition, we revealed 
FSTL1 was higher expression on macrophages, lower expression 
on HSCs and non-expression on hepatocytes in liver fibrosis 
tissues (online supplemental figure 2A,B). Taken together, these 
findings demonstrate that FSTL1 expression is significantly 

increased in liver tissues, especially in macrophages of fibrotic 
livers.

Myeloid FSTL1 deficiency alleviates liver fibrosis
To test the function of FSTL1+ macrophages in liver fibrosis, 
we used the Cre-LoxP system to create myeloid-specific FSTL1-
deficient (FSTL1M-KO) mice. Then, liver fibrosis was induced in 
FSTL1FL/FL and FSTL1M-KO mice with CCl4 injection, BDL or 
a MCD diet. Figure 2A shows that liver fibrosis was markedly 
lower in the FSTL1M-KO mice than in the FSTL1FL/FL mice, as 
revealed by Masson’s, Sirius Red and alfa-smooth muscle actin 
(α-SMA) staining. In addition, lower serum alanine aminotrans-
ferase and aspartate aminotransferase levels postchallenge were 
detected in FSTL1M-KO mice (figure 2B). Moreover, expressions 
of TGF-β, TIMP-1 and collagen I were markedly lower in liver 
tissues from the FSTLM-KO mice than that in their littermate 
controls (figure 2C). Western blot (WB) analysis further showed 
FSTL1 deficiency reduced the expression of collagen I, α-SMA 
and TIMP-1 in fibrotic liver tissues compared with that in the 

Figure 1  Follistatin-like protein 1 (FSTL1) expression is increased in macrophage of liver fibrosis tissues. Human dada (A–D) and mice data (E–H): 
(A) FSTL1 messenger RNA (mRNA) expression and (B) protein expression in human liver samples; (C) dual-immunofluorescence staining of FSTL1 
and CD68 in liver samples; (D) liver FSTL1 expression among patients with HCV or non-alcoholic steatohepatitis (NASH)-induced liver fibrosis as 
determined by microarray data; (E) FSTL1 mRNA expression and (F) protein expression in murine livers; (G) FSTL1 mRNA expression in isolated mice 
liver macrophages; (H) dual-immunofluorescence staining of FSTL1 and CD68 in murine livers. Human samples: control (n=18), mild fibrosis (n=20), 
advanced fibrosis (n=13); mice samples (n=6–8 per group). Data were presented as mean±SEM; scale bars, 50 µm; **p<0.01, ***p<0.001. BDL, bile 
duct ligation; CCl4, carbon tetrachloride; MCD, methionine-deficient and choline-deficient diet.
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control tissues (figure  2D). Our results suggest that myeloid 
FSTL1 deficiency attenuates hepatic fibrosis in mice.

Myeloid FSTL1 deficiency attenuates inflammation and 
macrophage/neutrophil recruitment in fibrotic livers
Next, we examined the impact of FSTL1+ macrophages on local 
inflammation in fibrotic liver tissues. Figure  3A shows lower 
expression of tumour necrosis factor (TNF)-α and interleukin 
(IL)-1β, and higher expression of IL-10 in fibrotic livers obtained 
from FSTL1M-KO mice than controls. Consistently, serum levels 
of TNF-α and IL-1β were lower, while IL-10 was higher in 
FSTL1M-KO mice than their littermates (figure 3B). Furthermore, 

we evaluated the accumulation of hepatic inflammatory cells by 
F4/80 and CD11b (macrophage markers) and Ly6G (a neutro-
phil marker) staining in fibrotic liver tissues. Compared with the 
FSTL1FL/FL mouse, myeloid-specific FSTL1 deficiency markedly 
decreased macrophage and neutrophil infiltration in fibrotic 
liver tissues (figure 3C–E).

Myeloid FSTL1 deficiency suppresses M1 polarisation and NF-
κB pathway activation in fibrotic livers
As mentioned above, myeloid-specific FSTL1 deficiency allevi-
ated liver inflammation, suggesting that FSTL1 may promote 
M1 polarisation. First, we analysed the quantification of M1 

Figure 2  Myeloid follistatin-like protein 1 (FSTL1) deficiency alleviates mice liver fibrosis. (A) The degree of fibrosis was evaluated by H&E, 
Masson’s, Sirius Red and alfa-smooth muscle actin (α-SMA) immunobiological staining; (B) serum alanine aminotransferase (ALT) and aspartate 
aminotransferase (AST) was measured. (C) Messenger RNA (mRNA) expression of transforming growth factor (TGF)-β, tissue inhibitor of 
metalloproteinase 1 (TIMP-1) and collagen I was quantified by quantitative reverse transcription-PCR and (D) protein expression of collagen I, α-SMA 
and TIMP-1 was analysed by western blot (WB) analysis in liver samples. Data were presented as mean±SEM; n=6–8 per group; scale bars, 50 µm; 
**p<0.01. BDL, bile duct ligation; CCl4, carbon tetrachloride; MCD, methionine-deficient and choline-deficient diet.
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macrophages in liver slices, and the results showed that fewer 
iNOS+CD68+ macrophages were observed in the FSTL1M-KO 
mice than in the FSTL1FL/FL mice (figure 4A). In addition, in the 
FSTL1M-KO mice, the mRNA expression of inducible nitric oxide 
synthase (iNOS) was downregulated but Arg1 was upregulated in 
the fibrotic livers (figure 4B). WB analysis showed that myeloid 
FSTL1-deficient mice exhibited decreased expression of iNOS 
and p-STAT1 and increased expression of p-STAT6 in fibrotic 
livers compared with the control livers (figure 4C). The TLR-4/
NF-κB pathway is a well-characterised regulatory pathway 
intensively involved in macrophage-orchestrated acute/chronic 
liver inflammation.10 Herein, immunostaining and WB analysis 
of fibrotic livers also revealed that FSTL1M-KO mice exhibited 
depressed TLR-4/NF-κB pathway activation (figure 4D,E).

FSTL1 directly binds with PKM2 and enhances the stability of 
PKM2 in macrophages
To further investigate the mechanism underlying the regulatory 
role of macrophage FSTL1 during liver fibrosis, immunoprecip-
itation (IP) assays and LC-MS/MS screening were performed to 
explore FSTL1 binding to potential proteins in macrophages. 
We were particularly interested in determining whether PKM2 
directly interacts with FSTL1 in macrophages (figure  5A,B). 
Therefore, cell lysates were immunoprecipitated using anti-
FSTL1 or anti-PKM2 antibodies, and the Co-IP complex was 
then immunoblotted. The results showed that FSTL1 bound 
to PKM2 in macrophages (figure  5C). In addition, confocal 
immunofluorescence analysis revealed that FSTL1 colocalised 

with PKM2 in the cytoplasm and nucleus (figure  5D). Next, 
we analysed the domains critical for the FSTL1-PKM2 interac-
tion. According to the previously reported structural features 
of FSTL1 and PKM2, plasmids encoding four truncated frag-
ments of FSTL1 each with ahemagglutinin (HA) tag and three 
truncated fragments of PKM2 each with a FLAG tag were 
constructed and transfected into 293 T cells (figure 5E).32 33 Cell 
lysates were subjected to IP with an anti-HA antibody and immu-
noblotting with an anti-FLAG antibody. Our data showed that 
the FK domain of FSTL1 was critical for the interaction with the 
N-terminus or C-terminus of PKM2 (figure 5F). These results 
reveal that FSTL1 directly interacts with PKM2 through the FK 
domain of FSTL1 and the N-terminus or C-terminus of PKM2. 
Upregulation of the PKM2 protein in tissues was previously 
achieved by promoting transcription, inhibiting proteasome 
degradation or enhancing mRNA translation.34 However, in this 
study, there were no significant differences in the PKM2 mRNA 
levels in the FSTL1-knockout or FSTL1-overexpressing cells 
(online supplemental figure 3). Thus, we speculated that FSTL1 
might regulate the protein stability of PKM2. The results from a 
cycloheximide chase assay demonstrated that PKM2 in FSTL1-
downregulated cells had a shorter half-life, while the half-life of 
PKM2 was much longer in the FSTL1-overexpressing cells than 
in the control cells (figure 5G). These results suggest that FSTL1 
might regulate PKM2 stability by inhibiting proteasome degra-
dation. Notably, we observed that the reduction in protein level 
of PKM2 accompanied by FSTL1 downregulation was recovered 
by the addition of MG-132 to the FSTL1M-KO and FSTL1o/e bone 

Figure 3  Myeloid follistatin-like protein 1 (FSTL1) deficiency attenuates inflammation in mice fibrotic livers. (A) Messenger RNA (mRNA) expression 
of tumour necrosis factor (TNF)-α, interleukin (IL)-1β and IL-10 was quantified in liver tissues; (B) serum TNF-α, IL-1β and IL-10 were measured by 
ELISA. (C) F4/80, (D) CD11b and (E) Ly6G were detected by immunofluorescence, and quantified as numbers of positive cells per high power field 
(HPF). Data were presented as mean±SEM; n=6–8 per group; scale bars, 50 µm; *p<0.05, **p<0.01, ***p<0.001. BDL, bile duct ligation; CCl4, carbon 
tetrachloride; MCD, methionine-deficient and choline-deficient diet.
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marrow-derived macrophages (BMDMs) cultures (figure  5H). 
Then, using an in vitro ubiquitination assay, we tested whether 
FSTL1 was involved in ubiquitin-mediated PKM2 degradation. 
Downregulation of FSTL1 increased the ubiquitination level 
of PKM2 protein in the FSTL1M-KO BMDMs. The ubiquitin-
mediated degradation effect of PKM2 was significantly abro-
gated in FSTL1-overexpressing BMDMs (figure  5I). PKM2 
ubiquitination is a critical step in PKM2 phosphorylation and 
nuclear translocation.

FSTL1 promotes PKM2 phosphorylation and nuclear 
translocation in macrophages of fibrotic liver tissues
To explore the role of PKM2 in FSTL1-mediated macro-
phage proinflammatory phenotype switching, we first exam-
ined whether PKM2 expression was altered in macrophages 
of fibrotic livers. Immunofluorescence staining showed that 
fibrotic livers had more FSTL1+ macrophages (figure  6A, 
upper panel) and PKM2+ macrophages (figure  6A, down 

panel) than control livers. Then, we analysed the protein 
expression of PKM2 and FSTL1 in the cytoplasm and nucleus 
of human liver samples, which showed the expression of 
PKM2 and FSTL1 was markedly increased in both the cyto-
plasm and nucleus of the fibrotic liver tissues (figure 6B and 
online supplemental figure 4). Immunofluorescence staining 
also displayed nuclear translocation of PKM2 and FSTL1 was 
significantly increased in the macrophages from patient livers 
compared with control livers (figure  6A, purple area). The 
results for the human fibrotic livers were similar to those for 
the mouse fibrotic livers. In contrast, disruption of myeloid 
FSTL1 clearly reduced PKM2+ macrophages and hindered the 
nuclear import of PKM2 in liver macrophages compared with 
the FSTL1FL/FL mice (figure 6C). PKM2 phosphorylation was 
previously shown to be an indicator of monomer or dimer 
configuration, which can be translocated into the nucleus.33 35 
Therefore, we analysed the protein expression of total PKM2 
and p-PKM2 in the cytoplasm and total PKM2 in the nucleus of 

Figure 4  Myeloid follistatin-like protein 1 (FSTL1) deficiency suppresses M1 polarisation and nuclear factor kappa B (NF-κB) pathway activation 
in mice fibrotic livers. (A) Dual-immunofluorescence staining of inducible nitric oxide synthase (iNOS) and CD68 in liver tissues; (B) messenger RNA 
(mRNA) expression of iNOS and Arg1 was quantified in liver tissues; (C) protein expression of iNOS, p-STAT1, p-STAT6 and GAPDH were analysed in 
liver samples; (D) immunofluorescence staining of p65 and diamidino-2-phenylindole (DAPI) in liver tissues; (E) protein expression of toll-like receptor 
(TLR)-4, phospho-IkappaB kinases (p-Ikk), p-NF-κBp65 and GAPDH were analysed in liver samples. Data were presented as mean±SEM; n=6–8 per 
group; scale bars, 50 µm; **p<0.01. BDL, bile duct ligation; CCl4, carbon tetrachloride; MCD, methionine-deficient and choline-deficient diet.
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isolated liver macrophages. Figure 6D showed that, compared 
with the FSTL1FL/FL controls, FSTL1 deficiency reduced the 
expression of total PKM2 and p-PKM2 in the cytoplasm and 
then decreased total PKM2 in the nucleus. Collectively, these 
results indicate that macrophage FSTL1 promotes the nuclear 
translocation of PKM2.

FSTL1 deficiency attenuates the inflammatory responses, M1 
polarisation and glycolysis in macrophages
To further analyse how FSTL1 regulates macrophage func-
tion in vitro, BMDMs were differentiated from FSTL1FL/FL or 
FSTL1M-KO mouse cells and subjected to lipopolysaccharide 
(LPS) stimulation. FSTL1M-KO macrophages showed decreased 

Figure 5  Follistatin-like protein 1 (FSTL1) directly binds with pyruvate kinase M2 (PKM2) and enhances the stability of PKM2 in macrophages. (A) 
The Co-immunoprecipitation (Co-IP) complex was subjected to silver-staining (line 4 represented the eluted protein); (B) the peptide sequences of 
the PKM2 protein as detected in the Co-IP complex by mass spectrometry; (C) western blot (WB) analysis of Co-IP complex confirmed that FSTL1 
interacted with PKM2 in bone marrow-derived macrophages (BMDMs); (D) the immunofluorescence showed that FSTL1 colocalised with PKM2 and 
were expressed in both the cytoplasm and nucleus of BMDMs; (E) the structural compositions of FSTL1 and PKM2; (F) WB analysis of relationship 
between truncated FSTL1 and full-length PKM2 or truncated PKM2 and full-length FSTL1; (G) BMDMs extracted from FSTL1FL/FL and FSTL1M-KO mice 
and BMDMs extracted from FSTL1FL/FL transfected with LV-FSTL1 or lentivirus-negative control (LV-NC) were treated with cycloheximide (100 ng/mL) 
for the indicated periods of time; (H) BMDMs extracted from FSTL1FL/FL and FSTL1M-KO mice and BMDMs extracted from FSTL1FL/FL transfected with 
LV-FSTL1 or LV-NC were treated with or without MG132 (50 µM) for 6 hours. (I) In vitro ubiquitination assay of FSTL1FL/FL, FSTL1M-KO and FSTL1o/e 
BMDMs. All cells were co-transfected with FLAG-PKM2 and HA-UB plasmid. Cell lysates were immunoprecipitated with anti-FLAG antibody followed 
by immunoblotting analysis with anti-HA or anti-FLAG antibody. Scale bars, 50 µm.
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expression of TNF-α and IL-1β and increased expression of 
IL-10 (figure 7A,B). Consistent with the in vivo experiments, 
FSTL1 deletion attenuated M1 polarisation and decreased 
TLR-4/NF-κB pathway activation in the BMDMs following 
LPS treatment (figure  7C–G). Next, we explored whether 
FSTL1 deficiency reduces PKM2 expression and nuclear trans-
location in vitro. PKM2 expression and its nuclear transloca-
tion were attenuated in the FSTL1M-KO BMDMs (figure 7C,D). 
PKM2 is crucial for the Warburg effect.36 To explore whether 
FSTL1 also regulates glycolysis, we examined the extracellular 
acidification rate (ECAR) and relative lactate release level in 
these macrophages. We found that ECAR and lactic acid were 
markedly decreased after LPS stimulation in the FSTL1M-KO 
BMDMs compared with FSTL1FL/FL BMDMs (figure  7H,I). 
We used the glycolysis inhibitor 2-deoxy-D-glucose (2-DG) 
to block the glucose supply and found that the decrease in 
the expression of IL-1β and iNOS in FSTL1M-KO BMDMs was 
inhibited (figure  7J). In addition, we cocultured HSCs with 

BMDMs in an LPS-induced inflammatory environment (online 
supplemental figure 5A). FSTL1-deficient BMDMs markedly 
reduced α-SMA expression and attenuated the activation of 
HSCs (online supplemental figure 5B,C).

PKM2 activator inhibits FSTL1-mediated M1 polarisation and 
glycolysis in macrophages
To further determine the effect of PKM2 on FSTL1-
induced macrophage polarisation and glycolysis, FSTL1-
overexpressing (FSTL1o/e) BMDMs were treated with the 
small-molecule PKM2 activator DASA-58.37 38 DASA-58 alle-
viated FSTL1o/e-induced TNF-α and IL-1β while increasing 
IL-10 level (figure  8A,B). As indicated by immunofluores-
cence staining of PKM2, iNOS and p65, inhibition of PKM2 
nuclear translocation reversed FSTL1-induced macrophage 
M1 polarisation and NF-κB activation (figure 8C,D). These 
results were confirmed by WB analysis of PKM2, p-PKM2, 

Figure 6  Follistatin-like protein 1 (FSTL1) promotes pyruvate kinase M2 (PKM2) phosphorylation and nuclear translocation in macrophage of 
fibrotic liver tissues. Human data (A–B) and mice data (C–D): (A) immunofluorescence staining of FSTL1 (upper panels) or PKM2 (lower panels), CD68 
and DAPI in human liver tissues; (B) expressions of PKM2 and FSTL1 were analysed by western blot (WB) analysis in cytoplasm and nucleus of human 
livers; (C) immunofluorescence staining of PKM2, CD68 and DAPI in mice fibrotic livers; (D) expression of PKM2 and p-PKM2 were determined by WB 
analysis in cytoplasm and nucleus of fibrotic livers. Scale bars, 20 μm. BDL, bile duct ligation; CCl4, carbon tetrachloride; MCD, methionine-deficient 
and choline-deficient diet.

https://dx.doi.org/10.1136/gutjnl-2021-325150
https://dx.doi.org/10.1136/gutjnl-2021-325150
https://dx.doi.org/10.1136/gutjnl-2021-325150
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iNOS, p-STAT1, p-STAT6, TLR-4, p-Ikk and p-p65 expres-
sion in the BMDMs (figure 8E–G). To further verify the role 
of PKM2 in FSTL1-mediated glycolysis, we examined the 
ECAR and relative lactate release level. ECAR and lactic 

acid were significantly higher in the FSTL1o/e BMDMs than 
in the FSTL1n/e BMDMs, and DASA-58 effectively reversed 
the FSTL1o/e-induced increase in glycolysis (figure  8H,I). 
In addition, FSTL1o/e-related proinflammatory mediators 

Figure 7  Follistatin-like protein 1 (FSTL1) deficiency attenuates inflammation and glycolysis in macrophages. Bone marrow-derived macrophages 
(BMDMs) treated with 100 ng/mL lipopolysaccharide (LPS) for 24 hours (A–G): (A–B) messenger RNA (mRNA) and protein expressions of tumour 
necrosis factor (TNF)-α, interleukin (IL)-1β and IL-10 were determined ; (C) immunofluorescence staining of pyruvate kinase M2 (PKM2) and inducible 
nitric oxide synthase (iNOS); (D) protein expression of PKM2, p-PKM2, iNOS, p-STAT1 and p-STAT6; (E) mRNA expression of iNOS and Arg1 was 
measured; (F) immunofluorescence staining of p65 and DAPI; (G) protein expression of toll-like receptor (TLR)-4, p-nuclear factor kappa B (NF-κB) and 
p-Ikk; (H) lactate acid production was measured from BMDMs in response to LPS (100 ng/mL, 6 hours). (I) Glycolytic rate and compacities of BMDMs 
were measured by real-time recording of extracellular acidification rates (ECAR) after successively injection of glucose (Glc), oligomycin (O) and 2-
DG. (J) FSTL1FL/FL and FSTL1M-KO BMDMs treated with LPS (100 ng/mL, 4 hours). These cells were washed twice and pretreated with 10 mM 2-DG for 
1 hour, followed by treatment with or without LPS (100 ng/mL) for another 4 hours. mRNA expression of IL-1β and iNOS were determined. Data were 
presented as mean±SEM of at least three independent experiments; scale bars, 50 µm; *p<0.05, **p<0.01, ***p<0.001.
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Figure 8  Pyruvate kinase M2 (PKM2) activator inhibits follistatin-like protein 1 (FSTL1)-mediated inflammation and glycolysis in macrophages. 
Bone marrow-derived macrophages (BMDMs) with FSTL1 overexpression (FSTL1o/e) or normal expression (FSTL1n/e) and FSTL1o/e BMDMs treated 
with DASA-58 (50 μM, 1 hour) were treated by lipopolysaccharide (LPS) stimulation. BMDMs treated with 100 ng/mL LPS for 24 hours (A–G): (A–B) 
messenger RNA (mRNA) expression and protein expressions of tumour necrosis factor (TNF)-α, interleukin (IL)-1β and IL-10 was determined; (C) 
dual-immunofluorescence staining of PKM2 and inducible nitric oxide synthase (iNOS); (D) protein expression of PKM2, p-PKM2, iNOS, p-STAT1 and 
p-STAT6; (E) mRNA expression of iNOS and Arg1 was measured; (F) immunofluorescence staining of p65 and DAPI; (G) protein expression of toll-like 
receptor (TLR)-4, p-nuclear factor kappa B (NF-κB) and p-Ikk. (H) Lactate acid production was measured from BMDMs in response to LPS (100 ng/
mL, 6 hours). (I) Glycolytic rate and compacities of BMDMs were measured by real-time recording of extracellular acidification rates (ECAR) after 
successively injection of glucose (Glc), oligomycin (O) and 2-DG. (J) FSTL1FL/FL and FSTL1M-KO BMDMs treated with LPS (100 ng/mL) for 4 hours. These 
cells were washed twice and pretreated with 10 mM 2-DG for 1 hour, followed by treatment with or without LPS (100 ng/mL) for another 4 hours. 
mRNA levels or IL-1β and iNOS were determined. (K) Schematic illustration how FSTL1 complexed with PKM2 to promote phosphorylation and 
nuclear import of PKM2 and enhance cytoplasmic PKM2 stability in reprograming macrophage function during liver fibrosis. Data were presented as 
mean±SEM of at least three independent experiments; scale bars, 50 µm; *p<0.05, **p<0.01.
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(IL-1β and iNOS) were neutralised by 2-DG (figure  8J). 
These results validate that the nuclear and cytoplasmic func-
tions of PKM2 are crucial to FSTL1-induced M1 polarisa-
tion, glycolysis and inflammation.

DISCUSSION
To the best of our knowledge, this study is the first to docu-
ment that FSTL1-mediated PKM2 is crucial for modulating 
macrophage function during liver fibrosis. The principal find-
ings are as follows: (i) FSTL1 expression in macrophages is 
increased and is positively correlated with histological stages 
of liver fibrosis; (ii) myeloid FSTL1 deficiency suppresses 
M1 polarisation, reduces proinflammatory mediator expres-
sion and macrophage/neutrophil recruitment and alleviates 
liver fibrosis; (iii) FSTL1 directly binds to PKM2, inhibits 
ubiquitin-mediated degradation, enhances the stability of 
PKM2 and promotes PKM2 phosphorylation and nuclear 
translocation in macrophages and (iv) PKM2 is critical for 
FSTL1-mediated M1 polarisation, inflammation and glycol-
ysis in macrophages. Our findings highlight the importance 
of FSTL1 as a key regulator of PKM2 function and inflam-
mation in macrophages during liver fibrosis (figure 8K).

It has been reported that uncontrolled inflammation is a 
major driving force that transforms self-limited tissue repair 
processes to a vicious cycle, boosting the progression of liver 
fibrosis.6 Macrophages are identified as pivotal regulators of 
liver inflammation that dominates the progression or reso-
lution of liver fibrosis. Activated macrophages are generally 
divided into two categories, namely, M1 and M2.39 M1-po-
larised macrophages disrupt local homeostasis and facilitate 
fibrosis by interacting with hepatocytes and other fibrosis-
related non-parenchymal cells, such as HSCs.8 39 40 FSTL1 
is widely regarded as a proinflammatory gene possibly 
involved in macrophage polarisation.19–21 It is reported that 
FSTL1 expression is enhanced in liver tissue and serum of 
patients with advanced fibrosis and steatosis.41 42 Our data 
showed that FSTL1 expression is significantly increased in 
macrophages of human or mouse liver fibrotic tissues. In 
addition, we observed that myeloid FSTL1 deficiency inhib-
ited macrophage TLR-4/NF-κB activation and M1 polarisa-
tion and limited hepatic inflammation and fibrosis.

FSTL1, as a secreted glycoproprotein, one widely acknowledged 
function of secreted FSTL1 is its modulatory role in inflammation, 
while the roles of FSTL1 in the cytoplasm and nucleus are not well 
understood. Circulatory FSTL1 levels are significantly elevated in 
patients with various autoimmune diseases.43 Secreted FSTL1 has 
been shown to play modulatory roles in metabolism and glycolysis. 
FSTL+/− mice showed impaired energy expenditure and developed 
glucose intolerance with decreased adaptive thermogenesis of brown 
adipose tissue.44 Furthermore, both acute and chronic infusion of 
FSTL1 impact oxygen consumption and energy substrate metabo-
lism in cardiomyocytes through AMPK pathway activation.45 These 
findings highlighted the modulatory role of FSTL1 in the inflamma-
tory response and cellular metabolism of macrophages in a secretion-
dependent manner. However, whether intracellular FSTL1 functions 
as a regulator of inflammation and cellular metabolism remains 
unknown.

One striking finding was that, through its FK domain, intracellular 
FSTL1 directly binds with the N-terminus or C-terminus of PKM2, 
which is a master immune regulator and established metabolic 
enzyme. PKM2 primarily exists as an enzymatically inactive form 
of monomer or dimer, with phosphorylation being the key indi-
cator of its state.33 Monomeric/dimeric PKM2 can translocate into 

the nucleus and stabilise the HIF-1α to promote the expression of 
glycolysis-related genes in tumours.35 Furthermore, PKM2 directly 
promotes proinflammatory reprogramming of macrophages; it is 
upregulated by LPS stimulation and promotes IL-1β production 
by binding to its promoter, which predominantly occurs during 
glycolysis in M1 macrophages.38 Herein, we found that the FSTL1 
interacts with and stabilises the PKM2 protein by inhibiting PKM2 
ubiquitin-mediated degradation. Our data further demonstrated that 
FSTL1 increases phosphorylation/nuclear PKM2, enhances PKM2-
mediated M1 polarisation and promotes glycolysis in LPS-stimulated 
macrophages. It was reported that PKM2 can be directly bound to 
and phosphorylated by extracellular regulated kinase and translo-
cated to the nucleus in a PIN1-dependent manner.46 However, how 
FSTL1 promotes the phosphorylation and nuclear translocation of 
PKM2 is still unknown.

IL-1β expression is closely linked to Warburg metabolism in 
LPS-activated macrophages.38 47 In addition, macrophage activa-
tion requires a metabolic switch from canonical oxidative phos-
phorylation towards glycolysis or the Warburg effect.48 PKM2 is a 
pyruvate kinase that is widely regarded as a rate-limiting enzyme 
during glycolysis that catalyses the transfer of phosphate groups 
from phosphoenolpyruvate to ADP and produces pyruvate in 
the cytoplasm. Interestingly, we found that FSTL1 increased the 
expression and stability of PKM2 in the cytoplasm of macrophages 
following LPS treatment. Logically, our data indicated that FSTL1 
deficiency reduced glycolysis after LPS stimulation. DASA-58, a 
highly specific small-molecule PKM2 activator, leads to a decrease 
in glycolytic and pentose phosphate pathway intermediates by acti-
vating the enzyme.36 In addition, DASA-58 dramatically reverts this 
glycolytic phenotype in macrophages.38 We found DASA-58 effec-
tively restored FSTL1o/e-mediated glycolysis, M1 polarisation and 
TLR-4/NF-κB pathway activation in LPS-stimulated macrophages. 
Thus, PKM2-mediated glycolysis is also critical for FSTL1-related 
M1 polarisation and inflammation. More importantly, the current 
study shows meticulously delineated FSTL1 regulation of glycol-
ysis and glycolysis-dependent immune responses in macrophages, 
providing important insights into Warburg-like metabolic changes in 
macrophages.

In conclusion, we reveal the functional roles of macrophage FSTL1 
in liver fibrosis. FSTL1 promotes M1 polarisation, glycolysis and the 
inflammatory response by binding to PKM2, promoting PKM2 phos-
phorylation and inhibiting PKM2 ubiquitination in macrophages. By 
identifying the molecular pathways by which FSTL1 mediates liver 
inflammation, our findings provide a rationale for novel therapeutic 
approaches to ameliorate macrophage-mediated liver inflammation 
and fibrosis.
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