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SUMMARY

Fibrosis represents the process of scarring occurring in
chronic liver diseases, driven by inflammatory and immune
responses, resulting in high morbidity and mortality. Herein,
we found that deletion of growth differentiation factor 15
significantly exacerbated liver fibrosis and liver inflamma-
tory response in animal models. Our data implicate the
importance of growth differentiation factor 15 in macro-
phage programming during liver fibrosis and suggest a
novel pathway that is involved in the resolution of scar
tissue.

BACKGROUND & AIMS: Liver fibrosis/cirrhosis is significant
health burden worldwide, resulting in liver failure or cancer
and accounting for many deaths each year. The pathogenesis
of liver fibrosis is very complex, which makes treatment
challenging. Growth differentiation factor 15 (GDF15), a
cysteine knot protein belonging to the transforming growth
factor b (TGF-b) superfamily, has been shown to play a pro-
tective role after tissue injury and to promote a negative en-
ergy balance during obesity and diabetes. However, paucity of
literature is available about GDF15 function in liver fibrosis.
This study aimed to investigate the immunomodulatory role
and therapeutic potential of GDF15 in progression of hepatic
fibrosis.
METHODS: GDF15 expression was studied in patients with
fibrosis/cirrhosis and in 2 murine models of liver fibrosis,
including mice treated with CCl4 or DDC diet. GDF15 involve-
ment in the pathogenesis of liver fibrosis was assessed in Gdf15
knockout mouse using both CCl4 and DDC diet experimental
models. We used the CCl4 and/or DDC diet–induced liver
fibrosis model to examine the antifibrotic and anti-
inflammatory effects of AAV8-mediated GDF15 over-
expression in hepatocytes or recombinant mouse GDF15.

RESULTS: GDF15 expression is decreased in the liver of animal
models and patients with liver fibrosis/cirrhosis compared with
those without liver disease. In vivo studies showed that GDF15
deficiency aggravated CCl4 and DDC diet–induced liver fibrosis,
while GDF15 overexpression mediated by AAV8 or its recombi-
nant protein alleviated CCl4 and/or DDC diet–induced liver
fibrosis. In Gdf15 knockout mice, the intrahepatic microenviron-
ment that developed during fibrosis showed relatively more
inflammation, as demonstrated by enhanced infiltration of
monocytes and neutrophils and increased expression of proin-
flammatory factors,which couldbediminishedbyAAV8-mediated
GDF15 overexpression in hepatocytes. Intriguingly, GDF15 exerts
its effects by reprogramming the metabolic pathways of macro-
phages to acquire an oxidative phosphorylation–dependent anti-
inflammatory functional fate. Furthermore, adoptive transfer of
GDF15-preprogrammed macrophages to mouse models of liver
fibrosis induced by CCl4 attenuated inflammation and alleviated
the progression of liver fibrosis.
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CONCLUSION: GDF15 ameliorates liver fibrosis via modulation
of liver macrophages. Our data implicate the importance of the
liver microenvironment in macrophage programming during
liver fibrosis and suggest that GDF15 is a potentially attractive
therapeutic target for the treatment of patients with liver
fibrosis. (Cell Mol Gastroenterol Hepatol 2023;16:711–734;
https://doi.org/10.1016/j.jcmgh.2023.07.009)
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iver fibrosis is caused by chronic hepatic inflam-
*Authors share co-first authorship.

Abbreviations used in this paper: a-SMA, a-smooth muscle actin; ALT,
alanine aminotransferase; AST, aspartate aminotransferase; BMDM,
bone marrow–derived macrophage; CM, conditional media; DMEM,
Dulbecco’s modified Eagle’s medium; ECAR, extracellular acidifica-
tion rate; ELISA, enzyme-linked immunosorbent assay; FBS, fetal
bovine serum; GDF15, growth differentiation factor 15; GEO, Gene
Expression Omnibus; H&E, hematoxylin and eosin; HCC, hepatocel-
lular carcinoma; HSC, hepatic stellate cell; IFN-g, interferon g; IL,
interleukin; KO, knockout; LPS, lipopolysaccharide; mRNA,
messenger RNA; NASH, nonalcoholic steatohepatitis; NF-kB, nuclear
factor kB; OXPHOS, oxidative phosphorylation; OCR, oxygen con-
sumption rate; qRT-PCR, quantitative reverse-transcription polymer-
ase chain reaction; rmGDF15, recombinant murine growth
differentiation factor 15; TGF-b, transforming growth factor b; TNF,
tumor necrosis factor; TUNEL, terminal deoxynucleotidyl transferase–
mediated deoxyuridine triphosphate nick-end labeling; WT, wild-type.

Most current article

© 2023 The Authors. Published by Elsevier Inc. on behalf of the AGA
Institute. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
2352-345X

https://doi.org/10.1016/j.jcmgh.2023.07.009
Lmation (a protracted wound healing response) and
frequently develops into cirrhosis.1,2 The loss of healthy
tissue to fibrosis is responsible for up to 45% of deaths in
developed countries.3,4 The multiple etiologies of liver
fibrosis include chronic viral infection, alcohol abuse,
cholestasis, autoimmune, drug/toxin, and nonalcoholic
steatohepatitis (NASH).5 However, this mechanism of pre-
cise regulation is problematic and uncontrollable, especially
when liver injury persists. Irrespective of initial causes,
progression to liver fibrosis and its end-stage cirrhosis re-
quires an inflammatory component.1 Perpetuation of the
fibrotic process is a continuous wound healing response
mediated by the progressive activation and proliferation of
extracellular matrix–expressing myofibroblasts and inter-
action between innate and adaptive immune cells.2,6

Excessive wound healing due to uncontrolled hepatocyte
death upon persistent tissue insults results in pathologic
fibrogenesis.7 There is still no approved targeted treatment
to reverse or at least slow down the progression of liver
fibrosis. Hence, studies expanding our knowledge of the
fibrotic process in chronic liver diseases are important for
the development of novel therapeutic strategies that control,
or even reverse, tissue fibrosis.

Hepatic macrophages consistently localize in close
proximity to activated myofibroblasts in areas of scar tissue
and indisputably play a key role in fibrosis.8 In the liver,
macrophages can be broadly defined as either resident
Kupffer cells or monocyte-derived macrophages.9 Kupffer
cells appear essential for sensing tissue injury and initiating
inflammatory responses, while infiltrating Ly6Cþ

monocyte–derived macrophages are linked to chronic
inflammation and fibrogenesis.8,10–12 In congruence with
the fact that liver fibrosis is a bidirectional process, hepatic
macrophages can actually exert dual functions in the context
of experimental liver fibrosis by either promoting or abro-
gating the excessive deposition of extracellular matrix.10,13

During the initiation of liver fibrosis, hepatic macrophages
are activated and rapidly secrete proinflammatory cytokines
and chemokines such as interleukin (IL)-1b, tumor necrosis
factor (TNF), CCL2, and CCL5, resulting in the paracrine
activation of protective or apoptotic signaling pathways of
hepatocytes and the recruitment of additional immune cells
that booster hepatic injury.10 In order to accommodate for
the broad spectrum of macrophage function and pheno-
types, these cells have been classified as either classical
macrophages (M1) that can be induced by interferon g
(IFN-g) and lipopolysaccharide (LPS) or alternatively acti-
vated macrophages (M2) that are controlled by IL-4 and IL-
13, which could result in typical cytokine response pro-
files.14 However, this model is by far too simplistic to
describe the polarization of liver macrophages, especially in
a disease context. It should be noted that in living organ-
isms, it is very difficult to assign tissue macrophages to
classical or alternative activation. In the injured liver, mac-
rophages often express markers of inflammation or reso-
lution simultaneously,15,16 which can rapidly change their
phenotype depending on the hepatic microenvironment.17,18

Recent advances in immunometabolism have revealed that
M1 and M2 macrophages opt for distinct metabolic path-
ways upon activation to meet their demands for energy and
the production of specific functional-cell-associated
factors.19–21 M1 macrophages rely mainly on aerobic
glycolysis, whereas M2 macrophages depend more on
oxidative phosphorylation (OXPHOS).21 Moreover, infil-
trating monocytes/macrophages are critical for the initial
inflammatory phase of wound healing process as in liver
fibrosis. Hepatic macrophages comprise at least 2 subsets:
Ly6Chi and Ly6Clow.15,16 Upon phenotypic analysis, the
Ly6Chi monocytes show an inflammatory, tissue-damaging
effect during fibrogenesis, whereas the Ly6Clow monocytes
show anti-inflammatory, tissue-protective features after end
of the injury.16 Thus, a deeper understanding of the un-
derlying mechanisms involved in monocyte/macrophage-
orchestrated chronic liver inflammation can provide valu-
able information that may help to halt and effectively
reverse ongoing liver fibrosis.

Growth differentiation factor 15 (GDF15), originally
called NSAID-activated gene 1 and macrophage inhibitory
cytokine 1, is a cell stress-responsive TGF-b superfamily
member historically associated with cancer cachexia, car-
diovascular disease, and a host of other diseases with in-
flammatory etiologies.22–24 GDF15 also has been shown to
play a protective role after tissue injury and to promote a
negative energy balance during obesity and diabetes.25,26 In
addition to its metabolic effects, GDF15 also regulates the
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host’s immune responses to infectious and noninfectious
diseases.24,27 However, the expression and role of GDF15 in
inflammatory diseases has not been clarified, and its
immunomodulatory function remains controversial. Find-
ings in both mice and humans have shown that metformin
and exercise increase circulating levels of GDF15.28–30

GDF15 deficiency aggravated cardiac and renal injury dur-
ing sepsis because of increased expression of inflammatory
cytokines.31 Thus, GDF15 might also exert anti-
inflammatory effects through mechanisms that are not
fully understood. These unique and distinct mechanisms for
suppressing food intake and inflammation make GDF15 an
appealing candidate to treat many metabolic diseases.32

While GDF15 is induced by physiological stress, disease,
or other noxious stimuli, GDF15 expression in the epidermis
of psoriasis patients was decreased in association with
increasing inflammation severity.33 However, studies
investigating the role of GDF15 in liver homeostasis are
limited, and whether GDF15 can regulate liver fibrosis or
not is largely unknown.

In the present study, we aimed to elucidate the roles and
mechanisms of GDF15 during liver fibrosis. The results
showed that GDF15 is significantly decreased in fibrotic
livers, also negatively correlating with hepatic inflammation
and fibrosis in both patient specimens and animal models.
Genetic deletion of GDF15 aggravated the progression of
liver fibrosis and enhanced the number of Ly6Chi macro-
phages in mouse fibrotic liver tissues, while fibrogenesis
was reduced by AAV8-mediated GDF15 overexpression in
hepatocytes. Additionally, we revealed that GDF15 could
shape the anti-inflammatory inclination of macrophages
through setting metabolic commitment for OXPHOS. Ulti-
mately, in an in vivo model of liver fibrosis, the trans-
plantation of GDF15-preprogrammed macrophages
contributed to control of liver injury and fibrosis. Taken
together, these findings underscore novel functions of
GDF15 in ameliorating the pathogenesis of liver fibrosis and
represent its therapeutic potential for liver fibrosis.

Results
GDF15 Expression Is Downregulated in Human
and Murine Liver Fibrosis

To identify and screen candidate genes involved in liver
fibrosis progression, we analyzed a transcriptome micro-
array dataset of mouse livers after 6 weeks of chronic CCl4
treatment or normal livers from a public database (Gene
Expression Omnibus [GEO] Series accession number
GSE207857).34 We found that the messenger RNA (mRNA)
expression levels of GDF15, rather than of other member of
GDFs, were markedly decreased in mouse livers after 6
weeks of chronic CCl4 treatment compared with normal
control livers (Figure 1A). Correlation analysis indicated
that the mRNA expression levels of GDF15 showed a nega-
tive correlation trend with the mRNA expression levels of
Acta2 and Tgfb1 in GEO databases, even though, due to the
low number of samples from mouse models of liver fibrosis,
the analysis of correlation was not statistically significant in
this database (Figure 1A). Similar result was also observed
in cirrhosis patients in another public dataset of the GEO
database (GSE25097) (Figure 1B). To determine whether
GDF15 expression is associated with liver disease, we
initially examined GDF15 levels in human tissue arrays of
different liver diseases by immunohistochemistry. Immu-
nohistochemical analysis revealed that hepatic GDF15
expression was only significantly increased in liver tissues
of hepatocellular carcinoma (HCC) compared with normal,
fibrotic and cirrhotic human liver tissues (Figure 1C). We
sought to further evaluate whether GDF15 is related to liver
fibrosis, we next examined its expression in 2 mouse liver
fibrosis models, chronic CCl4 injection and DDC diet. The
mRNA level of Gdf15 was significantly downregulated in
fibrotic livers from both models, together with upregulation
of the hepatic stellate cell (HSC) activation marker Acta2
(Figure 1D and E). In addition, immunohistochemical
staining of GDF15 revealed that hepatic GDF15 expression
was decreased in the cholestasis- and CCl4-induced fibrosis
model (Figure 1F and G). These data indicate that GDF15 is
downregulated in fibrotic livers, raising the possibility that
it may play a role in liver fibrosis progression.
GDF15 Deficiency Aggravates Toxin- and
Cholestasis-Induced Fibrosis

In order to examine the overall role of GDF15 during
liver fibrogenesis in vivo, we generated Gdf15 knockout
(KO) mice via the CRISPR/Cas9 system. GDF15 was unde-
tectable in the livers of Gdf15 KO mice, indicating successful
KO (Figure 2A and B). Gdf15 KO mice were normal in
appearance and mating. We then investigated fibrogenesis
in Gdf15 KO mice used to generate a toxic fibrosis mouse
model induced by chronic CCl4 treatment. Mice were
repetitively exposed to CCl4 for 4 weeks (2 times/wk).
Gdf15 KO mice displayed significantly increased liver injury
and fibrosis, as assessed by hematoxylin and eosin (H&E)
and Sirius red staining, compared with corn oil control
models (Figure 2C–E). As expected, the expression of a-
smooth muscle actin (a-SMA), a marker of HSC activation, in
liver sections strongly increased in Gdf15 KO mice compared
with those in wild-type (WT) mice upon CCl4-induced
fibrogenesis (Figure 2C and E). We also observed that
alanine aminotransferase (ALT) and aspartate aminotrans-
ferase (AST) levels in serum and hepatic hydroxyproline
content from Gdf15 KO mice markedly increased compared
with those from WT mice after CCl4 treatment (Figure 2F
and G). Moreover, the hepatic mRNA expression of proto-
typical profibrotic genes (Acta2, Col1a1, Col1a2, and Pdgfr)
were also elevated in CCl4-induced Gdf15 KO mice
(Figure 2H). These results indicate that GDF15 absence led
to a deterioration of toxin-induced liver fibrosis.

To further analyze the role of GDF15 in liverfibrosis due to
other causes, we employed a DDC diet–induced mouse liver
fibrosis model, recapitulating clinical features of human
biliary fibrosis. After 4 weeks of DDC feeding, the histologic
staining of liver sections showed that DDC-fed Gdf15 KOmice
displayed a larger fibrosis area in liver tissue than their WT
counterparts (Figure 3A and B). Moreover, Sirius red staining
showed significantly more collagen deposition and fibrous



Figure 1. GDF15 expres-
sion is decreased in livers
from patients and mice
with fibrosis or cirrhosis.
(A) Heatmap of the
expression levels of
GDF15, fibrosis-related
genes, and other GDF
members in livers from 6-
week CCl4 model (from
GEO at GSE207857, n ¼ 6
mice per group). Correla-
tion analysis between the
mRNA expression of Gdf15
and Acta2 or Tgfb1 in liver
samples from 6-week CCl4
model (from GEO at
GSE207857, n ¼ 6). (B) The
mRNA expression level of
GDF15 in livers from
healthy control individuals
(n ¼ 6) and patients with
cirrhosis (n ¼ 40, from GEO
at GSE25097). (C) Repre-
sentative immunohisto-
chemical staining of
GDF15 in a human HCC
progression tissue array
(DP087Lv01) and its sta-
tistical summary. (D, E) WT
mice were treated with 4
weeks of CCl4 or under-
went DDC feeding for 4
weeks. Representative liver
histology of H&E staining,
Sirius red staining, Mas-
son’s trichrome staining,
and its quantification.
Expression of a-SMA was
determined by immunoflu-
orescence. (F, G) Liver
samples from CCl4 or
DDC diet–induced fibrosis
models were collected
for immunohistochemical
staining of GDF15. Repre-
sentative liver immunohis-
tochemical staining of
GDF15 and its mRNA
levels were measured by
qRT-PCR. Results are dis-
played as mean ± SEM
(n ¼ 5 per group). Statisti-
cal significance was
assessed by 1-way anal-
ysis of variance or Stu-
dent’s t test. *P < .05; **P
< .01; ***P < .001; ****P
< .0001.
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Figure 2.Gdf15 KO mice exacerbates CCl4-induced liver fibrosis in mice. (A–H) WT and Gdf15 KO mice underwent 4
weeks of CCl4-induced liver fibrosis. (A, B) Representative liver immunohistochemical staining of GDF15 and Gdf15 mRNA
levels were measured by qRT-PCR from WT and Gdf15 KO mice treated with CCl4 or vehicle (corn oil). Representative liver
histology of (C) H&E and Sirius red staining and (D, E) its quantification. Expression of a-SMA was determined by (C)
immunohistochemistry and (E) its quantification. Serum levels of (F) ALT and AST and (G) hepatic hydroxyproline content were
measured. (H) Hepatic mRNA levels of fibrogenic genes (Acta2, Col1a1, Col1a2, and Pdgfr) were measured by qRT-PCR.
Data are presented as mean ± SEM. *P < .05, **P < .01, ****P < .0001. The P value is calculated using 2-way analysis of
variance.
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connective tissue hyperplasia in liver tissue of Gdf15 KOmice
compared with that of WT control animals (Figure 3A).
Consistently, Gdf15 KOmice also showedmarkedly increased
intrahepatic a-SMA expression (Figure 3A and C). However,
serum ALT and AST levels and hepatic hydroxyproline con-
tent were compatible between WT and Gdf15 KO mice
(Figure 3D and E), suggesting that a similar liver injury
occurred. We also observed a significant increase in mRNA
levels of Acta2, Col1a1, Col1a2, and Pdgfr in Gdf15 KO mice
(Figure 3F). Taken together, our data clearly revealed that
Gdf15 deficiency aggravated fibrosis in mouse models of
toxin- and cholestasis-induced liver fibrosis.
AAV8-Mediated GDF15 Delivery Contributes to
Control of Toxin- and Cholestasis-Induced
Fibrosis Progression

Furthermore, the effects of GDF15 were examined in
toxin- and cholestasis-induced fibrosis models in mice by its
overexpression with AAV-medicated gene delivery. Thus, we
used AAV8 (a gene vector isolated from rhesus monkeys,
which is used to transduce hepatocytes because of its high
affinity for liver cells)35 to overexpress mouse GDF15 in the
liver during fibrotic progression. Using this approach, we
next examined the consequences of GDF15 overexpression
in hepatocytes following AAV8 delivery under conditions of
chronic liver damage. 2 weeks after the AAV8 injection, the
mice were treated with CCl4 for another 4 weeks to induce
liver fibrosis (Figure 4A). ZsGreen signals were clearly
observed in liver sections after AAV8-ZsGreen injection and
GDF15 transcript was markedly upregulated in AAV8-
mGDF15-injected mice liver, indicating efficient trans-
duction of AAV8 vectors (Figure 4B and C). H&E, Sirius red
staining, and Masson’s trichrome staining assays showed
reduced liver injury and fibrosis elicited by GDF15 over-
expression in hepatocytes following AAV8 delivery
compared with the effects observed in mice that were
injected with AAV8-null (Figure 4D and E). Accordingly,
AAV8-mGDF15 delivery notably reduced a-SMA expression
and liver hydroxyproline content in the fibrotic livers, in line
with an improved Ishak histological fibrosis score
(Figure 4F–H). Serum levels of ALT and AST were signifi-
cantly lower in mice that received AAV8-mGDF15 than
those mice receiving a control AAV8-null, indicating an
improvement in liver function (Figure 4I). In addition, he-
patic levels of prototypical profibrotic related transcripts
(Acta2, Col1a1, Col1a2, and Pdgfr) were significantly
reduced in mice that received AAV8-mGDF15, compared
with those receiving control AAV8-null (Figure 4J). The
expression of Ki67, a widely used marker for the evaluation
of cell proliferation, was detected by immunohistochem-
istry. CCl4 injection increased the number of Ki67-positive
hepatocytes in liver sections compared with the control
group, and mice that received AAV8-mGDF15 further
amplified the elevation of Ki67-positive hepatocytes
induced by CCl4 injection compared with that of the group
treated with only CCl4 (Figure 5A and B), suggesting that
GDF15 prominently regulates hepatocyte proliferation and
possibly liver regeneration.
To further analyze the protective role of GDF15 over-
expression in liver fibrosis due to other causes, we use mice
with cholestasis-induced fibrosis (DDC-containing diet).
Two weeks after the AAV8 injection, the mice were fed with
DDC for another 5 weeks to induce liver fibrosis (Figure 6A).
Mice that were injected with AAV8-mGDF15 displayed
significantly attenuated liver injury and fibrosis, as assessed
by H&E, Sirius red staining, and Masson’s trichrome stain-
ing, compared with the effects observed in mice that were
injected with AAV8-null (Figure 6B and C). Accordingly,
administration of AAV8-mGDF15 in mice notably reduced a-
SMA expression in the fibrotic livers, in line with an
improved Ishak histological fibrosis score (Figure 6D and E).
However, liver hydroxyproline content and serum levels of
ALT and AST were compatible between AAV8-mGDF15 and
AAV8-null mice, suggesting that similar liver injury occurred
(Figure 6F and G). We also observed a significant reduction
in mRNA levels of Acta2, Col1a1, Col1a2, and Pdgfr in mice
that were injected with AAV8-GDF15 (Figure 6H).

Moreover, to evaluate the therapeutic potential of
GDF15, we used recombinant murine GDF15 (rmGDF15)
treatment in mice from the second week to the fourth week
with CCl4 treatment (Figure 7A). Mice treated with
rmGDF15 displayed a significant reduction in the Sirius
red–positive area, a-SMA expression, Ishak histological
fibrosis score, hepatic hydroxyproline content, and serum
ALT and AST levels compared with the CCl4-treated mice
(Figure 7B–G). Consistently, we also found a significant
reduction in Acta2, Col1a1, Col1a2, and PdgfrmRNA levels in
mice treated with rmGDF15 (Figure 7H). Collectively, these
results showed that restoration of hepatic GDF15 expres-
sion relieves the liver fibrosis progression, suggesting that
GDF15 could be a potential target for liver fibrosis
treatment.
GDF15 Alleviates Inflammation and Shapes an
Anti-Inflammatory Phenotype of Macrophages in
Fibrotic Livers

Inflammation is one of the well-established characteris-
tics of liver fibrosis.1,5 Next, we examined the impact of
GDF15 on local inflammation in fibrotic liver tissues.
Figure 8A shows higher expression levels of IL-1b, IL-6, and
TNF-a in fibrotic livers obtained from Gdf15 KO mice than
that of WT control mice. Consistently, serum levels of IL-1b,
IL-6, and TNF-a were higher in Gdf15 KO mice than their
littermates (Figure 8B). The infiltration of macrophages and
neutrophils has been proven to predominantly mediate liver
inflammation and induce high levels of circulating proin-
flammatory cytokines, such as IL-6 and TNF-a. Subse-
quently, we also evaluated the accumulation of hepatic
inflammatory cells by F4/80 (a macrophage marker) and
MPO (a neutrophil marker) staining in fibrotic liver tissues.
Compared with the WT mice, GDF15 deficiency markedly
increased macrophage and neutrophil infiltration in toxin-
and cholestasis-induced fibrotic liver tissues (Figure 8C–F).

Because GDF15 could regulate the progression of liver
fibrosis, we hypothesized that GDF15 expression can influ-
ence macrophage phenotype switch during hepatic fibrosis.



Figure 3.Gdf15 KO mice exacerbates DDC-diet–induced liver fibrosis in mice. (A-F) WT and Gdf15 KO mice underwent
DDC feeding for 4 weeks. Representative liver histology of (A) H&E and Sirius red staining and (B, C) its quantification.
Expression of a-SMA was determined by (A) immunohistochemistry and (C) its quantification. Serum levels of (D) ALT and AST
and (E) hepatic hydroxyproline content were measured. (F) Hepatic mRNA levels of fibrogenic genes (Acta2, Col1a1, Col1a2,
and Pdgfr) were measured by qRT-PCR. Data are presented as mean ± SEM. *P < .05, **P < .01. The P value is calculated
using 2-way analysis of variance. N.S., no significance.
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Murine models revealed that inflammatory Ly6Chi express-
ing monocytes accumulate in injured liver and are critical
for HSC activation, we initially checked this phenotype
change in our mouse models. Flow cytometric analysis
showed that CCl4 treatment significantly upregulated the
number of Ly6Chi macrophages (gated from CD11bhigh and
F4/80intermediate expression [monocyte-derived macro-
phages] subset), while in livers of Gdf15 KO mice, the pop-
ulation of Ly6Chi macrophages was significantly increased
after chronic CCl4 injection (Figure 9A). Meanwhile, the
number of CD11bhigh and F4/80intermediate cells was not
changed by GDF15 deletion (Figure 9B), indicating that
GDF15 deletion induces a macrophage phenotype switch
from Ly6Clow to Ly6Chi during mouse liver fibrosis. Parallel
to the intrahepatic macrophages, we also investigated other
immune cells, such as B cells (B220þ) and T cells (CD3þ,
CD4þ, CD8þ), which were not significantly affected in CCl4-
induced WT and Gdf15 KO liver fibrosis mouse models
(Figure 9C).

Further, to investigate whether GDF15 deficiency influ-
enced macrophage polarization, we initially analyzed the
quantification of M2 macrophages in liver slices, and the
results showed that fewer CD68þ CD163þ macrophages
were observed in the Gdf15 KO mice than in the WT mice



Figure 4. Effect of GDF15 over-
expression on CCl4-induced
liver fibrosis in mice by AAV8
vectors. (A) Schematic of the
experimental design of AAV8
overexpression treatment in WT
mice that were treated with CCl4
for another 4 weeks to induce liver
fibrosis. (B) AAV8.ZsGreen immu-
nofluorescence in liver samples
from CCl4-treated mice. Scale
bar ¼ 50 mm. (C) GDF15 expres-
sion in liver samples from CCl4-
treated mice was confirmed via
qRT-PCR. (D, E) Representative
liver histology of (D) H&E, Sirius
red, and Masson’s trichrome
staining and (E) its quantification.
Expression of a-SMA was deter-
mined (F) by immunohistochem-
istry and (F, G) its quantification.
(H) Hepatic hydroxyproline con-
tent and serum levels of (I) ALT
and AST were measured. (J) He-
patic mRNA levels of fibrogenic
genes (Acta2, Col1a1, Col1a2,
and Pdgfr) were measured by
qRT-PCR. Results are displayed
as mean ± SEM. *P < .05, **P <
.01. Statistical significance was
assessed by 2-tailed Student’s t
test or 2-way analysis of variance.
i.p., intraperitoneal; i.v., intrave-
nous; v.g., vector genomes.

718 Li et al Cellular and Molecular Gastroenterology and Hepatology Vol. 16, Iss. 5



Figure 5. AAV8-mediated restoration
of hepatic GDF15 expression in-
creases hepatocyte proliferation in
CCl4-induced fibrosis. (A, B) Repre-
sentative photomicrographs of (A) Ki67
staining in fibrotic livers of mice injected
with AAV8-null or AAV8-mGDF15. (B)
Quantitative analysis. Results are dis-
played as mean ± SEM. ***P < .001.
Statistical significance was assessed
using 2-way analysis of variance. N.S.,
not significant.
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after chronic CCl4 injection or DDC diet (Figure 9D and E).
The nuclear factor kB (NF-kB) pathway is a well-
characterized regulatory pathway intensively involved in
macrophage-orchestrated acute/chronic liver inflamma-
tion.36 Herein, immunostaining analysis of fibrotic livers
also revealed that Gdf15 KO mice exhibited activated the NF-
kB pathway (Figure 9F). This finding is consistent with
previous studies that increasing GDF15 significantly sup-
presses activation of keratinocytes by inhibiting the NF-kB
pathway.33 Additionally, we measured expression of
macrophage polarization markers in the fibrotic liver by
quantitative reverse-transcription polymerase chain reac-
tion (qRT-PCR). Compared with mice that were injected
with AAV8-null, mice that received AAV8-mGDF15
expressed lower mRNA levels of IL-1b, TNF-a, and NOS2
(M1 marker) but higher mRNA levels of YM1, Arg1 and
CD206 (M2 marker) (Figure 10A). Based on these results,
we next investigated the direct effect of GDF15 treatment on
macrophage polarization ex vivo, using WT bone
marrow–derived macrophages (BMDMs). We measured the
gene expression of M1/M2 polarization markers in macro-
phages by qRT-PCR. Significantly decreased expression of
the M1 markers (IL-1b, TNF-a, and NOS2) were observed
following cell incubation with LPS plus IFN-g and recom-
binant GDF15 protein (Figure 10B). In contrast, GDF15
upregulated BMDMs expression of the M2 markers (YM1,
Arg1, and CD206) following incubation with IL-4 plus IL-13,
suggesting that GDF15 promotes macrophage polarization
to the anti-inflammatory M2-like phenotype (Figure 10B).
Macrophage depletion by repeated liposomal clodronate
injection efficiently reduced F4/80-positive macrophages
and ameliorated liver fibrosis following CCl4 treatment in
both WT and Gdf15 KO mice (Figure 11A–D). These data
indicate that GDF15 may alleviate liver fibrosis by affecting
the hepatic Ly6Chi macrophage population and polarization
of macrophages and then the production of anti-
inflammatory cytokines.
Metabolic Commitment to OXPHOS Determines
the Anti-Inflammatory Memory of GDF15-
Preprogrammed Macrophages to Ameliorate
Liver Fibrosis

Metabolic reprogramming is key to controlling the in-
flammatory response in macrophages.21 An intriguing
observation in our study is that the culture medium (con-
taining phenol red) of rmGDF15-treated macrophages
appeared to be less acidic than that of untreated macro-
phages, suggesting that their metabolism was altered by
GDF15. Indeed, both glucose consumption and lactate
accumulation were decreased in rmGDF15-preprogrammed
macrophages (Figure 12A). Accordingly, we found that
compared with untreated control macrophages, the extra-
cellular acidification rate (ECAR) was significantly reduced
and the oxygen consumption rate (OCR) was markedly
increased in GDF15-reprogrammed macrophages, resulting
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in a higher OCR/ECAR ratio (Figure 12B and C). Tellingly,
GDF15-preprogrammed macrophages showed an increase
in the maximal rate of oxygen consumption after supple-
mentation with carbonyl cyanide FCCP, an ionophore that
disrupts adenosine triphosphate synthesis by transporting
hydrogen ions through the cell membrane before they are
used for OXPHOS (Figure 12B). Macrophages activated by
proinflammatory stimuli, such as LPS, undergo a metabolic
switch toward glycolysis and away from OXPHOS, similar to
the Warburg effect observed in tumors.10 Thus, to further
elucidate the effect of GDF15 in LPS-activated macrophages,
we first measured intracellular levels of OCR and ECAR.
Surprisingly, GDF15-preprogrammed macrophages per-
sisted even after LPS stimulation. Although the ECAR in
GDF15-preprogrammed macrophages was comparable to
that in control macrophages after LPS stimulation, GDF15-
preprogrammed macrophages still had a higher OCR/
ECAR ratio (Figure 12D), suggesting that GDF15 pre-
determines an irreversible preference for OXPHOS even in
the presence of proinflammatory stimulation. To prove
whether GDF15 could induce such metabolic reprogram-
ming in macrophages from liver fibrosis, hepatic macro-
phages were isolated for extracellular flux analysis.
Accordingly, macrophages isolated from mice that received
AAV8-mGDF15 had significantly enhanced the OCR in
intrahepatic macrophages, compared with the effects
observed in mice that were injected with AAV8-null
(Figure 12E and F).

To further investigate how GDF15 affects OXPHOS, we
initially evaluated the mitochondrial mass in macrophages
and found that GDF15-preprogrammed macrophages did
not have more mitochondria than control macrophages
(Figure 12G). Interestingly, GDF15-preprogrammed macro-
phages did not accumulate mitochondrial reactive oxygen
species upon LPS stimulation, suggesting that GDF15 may
modulate the activities of mitochondrial complexes
(Figure 12H). Thus, we examined the enzymatic activities of
all 5 mitochondrial complexes and found that compared
with mitochondria isolated from control macrophages, those
from GDF15-reprogrammed macrophages, upon LPS stim-
ulation, possessed much higher enzymatic activities of
mitochondrial complexes I, III, and V, while the enzymatic
activities of the other 2 mitochondrial complexes (com-
plexes II and IV) were not affected (Figure 12I). Consis-
tently, GDF15-reprogrammed macrophages had a higher
mitochondria membrane potential and an elevated adeno-
sine triphosphate/adenosine diphosphate ratio (Figure 12J).
We then investigated the transcript levels of representative
subunits of the mitochondrial complexes in order to test
whether GDF15 could directly affect the expression of
mitochondrial complexes. We observed that GDF15 induced
Figure 6. (See previous page). AAV8-mediated GDF15 deliver
the experimental design of AAV8 overexpression treatment in W
liver fibrosis. (B, C) Representative liver histology of (B) H&E, S
fication. Expression of a-SMA was determined (D) by immunofl
hydroxyproline content and serum levels of (G) ALT and AST w
(Acta2, Col1a1, Col1a2, and Pdgfr) were measured by qRT-PCR
significance was assessed by 2-way analysis of variance. i.v., i
a significant increase in transcript levels of complex I (I-
Ndufa7), III (III-Uqcr11), and V (V-Atp5j2) subunits in
macrophages upon LPS stimulation, while mRNA levels of
complex II (II-Sdhc) and complex IV (IV-Cox7c) were not
affected (Figure 12K). Taken together, these data suggest
that elevation of GDF15 expression occurs together with an
alteration in the abundance of OXPHOS complexes.

Infiltrating, proinflammatory macrophages dominate the
liver macrophage pool and actively contribute to disease
progression and fibrosis.16,18,36 While the inhibition of
infiltrating macrophages attenuates the fibrotic response,
the transfer of anti-inflammatory macrophages effectively
reduces liver fibrosis in mice.37 To test whether GDF15-
preprogrammed macrophages were imprinted with anti-
inflammatory abilities, and not hepatocytes or other
noninflammatory cells, during the liver response to toxin-
induced injury in vivo, we established a mouse model of
liver fibrosis by intraperitoneal injection of CCl4. Subse-
quently, mice were infused with GDF15-preprogrammed
macrophages or control macrophages (1 � 106 cells/
mouse) via tail vein 24 hours after the eighth injection of
CCl4 (Figure 13A) as described.

37 The mice were continually
injected with CCl4 for another 2 weeks. We found that liver
fibrosis was markedly lower in the GDF15-preprogrammed
macrophage–recipient mice than in the control
macrophage–recipient mice, as revealed by Sirius red and a-
SMA staining (Figure 13B). In addition, lower serum ALT
and AST levels were detected in GDF15-preprogrammed
macrophage–recipient mice (Figure 13C). Moreover, the
expression levels of IL-1b, IL-6, and TNF-a were markedly
lower in liver tissues from the GDF15-trained
macrophage–recipient mice than that in control mice
(Figure 13D). These results suggested that infusion of
GDF15-preprogrammed macrophages protected against
CCl4-induced liver fibrosis in mice.

To further investigate the effect of macrophages isolated
from Gdf15 KO mice on HSC activation, different types of
conditional media (CM) collected from cultured BMDMs
were cocultured with LX-2 (a human HSC line with key
features of activated HSCs despite limitations due to
immortalization). Considering that for in vitro studies,
simply culturing HSCs with CM from macrophages can
hardly induce their activation, we thus treated HSCs with
low-dose recombinant human TGF-b1 to mimic in vivo
fibrotic conditions. In the presence of TGF-b1, Gdf15 KO
BMDM-CM treatment significantly promoted HSC activation,
as reflected by the upregulation of the a-SMA fluorescence
intensity and mRNA levels of ACTA2 and COL1A1
(Figure 14A and B). However, compared with the CCl4-
induced WT mice, terminal deoxynucleotidyl
transferase–mediated deoxyuridine triphosphate nick-end
y inhibits DDC-diet–induced liver fibrosis. (A) Schematic of
T mice that were fed with DDC for another 4 weeks to induce
irius red, and Masson’s trichrome staining and (C) its quanti-
uorescence staining and (D, E) its quantification. (F) Hepatic
ere measured. (H) Hepatic mRNA levels of fibrogenic genes
. Results are displayed as mean ± SEM. *P < .05. Statistical
ntravenous; N.S., no significance; v.g., vector genomes.



Figure 7. Therapeutic ef-
fects of rmGDF15 treat-
ment on established liver
fibrosis induced by CCl4.
(A) Schematic of the
experimental design of
phosphate-buffered saline
(PBS) or rmGDF15 treat-
ment in WT mice. (B, C)
Representative liver histol-
ogy of (B) H&E, Sirius red
staining and (C) its quanti-
fication. Expression of a-
SMA was determined (D)
by immunofluorescence
staining and (D, E) its
quantification. (F) Hepatic
hydroxyproline content and
serum levels of (G) ALT and
AST were measured. (H)
Hepatic mRNA levels of
fibrogenic genes (Acta2,
Col1a1, Col1a2, and Pdgfr)
were measured by qRT-
PCR. Data are displayed
as mean ± SEM. *P < .05,
**P < .01. Statistical sig-
nificance was assessed by
1-way analysis of variance.
i.p., intraperitoneal; N.S.,
no significance.
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Figure 8. GDF15 attenuates inflammation in mice fibrotic livers. WT and Gdf15 KO mice underwent 4 weeks of CCl4-
induced liver fibrosis. (A) The mRNA expression level of TNF-a, IL-1b, and IL-6 was quantified in liver tissues; (B) serum TNF-a,
IL-1b, and IL-6 were measured by ELISA. Representative immunohistochemistry staining of (C) F4/80 and (D) MPO in mice
fibrotic livers and quantified as numbers of positive cells per high-power field (HPF). (E, F) WT and Gdf15 KO mice underwent
DDC feeding for 4 weeks. Representative immunohistochemistry staining of (E) F4/80 and (F) MPO in mice fibrotic livers and
quantified as numbers of positive cells per HPF. Results are displayed as mean ± SEM. *P < .05. Statistical significance was
assessed by Student’s t test.
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labeling (TUNEL) and immunohistochemical double
immunolabeling demonstrated that the apoptosis of
a-SMA–positive HSCs were not significantly affected in the
livers of CCl4-induced Gdf15 KO mice (Figure 14C). These
results suggested that Gdf15 deficiency also promotes liver
fibrosis through promoting the activation of HSCs, rather
than through inhibiting their apoptosis.

Discussion
Liver fibrosis and its end-stage cirrhosis represent major

health problems worldwide, and treatment options to
effectively target late-stage liver disease are lacking.3 Early
fibrosis becomes problematic and clinically relevant when
dysregulated and excessive scarring occurs in response to
persistent injury and leads to altered tissue function,
eventually becoming cirrhotic.1,2,5 Earlier studies regarding
GDF15 mainly focused on its function in obesity, diabetes,
and cardiovascular diseases.25,32 However, the role of
GDF15 in the pathogenesis of liver fibrosis is largely un-
known. In the current study, we have made novel findings
toward a better understanding of GDF15 function in the
liver microenvironment. We first discovered that GDF15



Figure 9. GDF15 controls
macrophage phenotype
switch and NF-kB pathway
activation in mice fibrotic
livers. (A) Representative
images of flow-cytometric
analysis of hepatic macro-
phages from WT and Gdf15
KO mice after CCl4-induced
fibrotic livers; recruited mac-
rophages (CD11bhi and F4/
80intermediate) were further
subdivided into Ly6Chi and
Ly6Clow and its quantifica-
tion. WT and Gdf15 KO mice
were treated with 4 weeks of
CCl4. Hepatic non-
parenchymal cells were
stained and analyzed by
flow cytometry. (B) Percent-
age of the CD11bhi and F4/
80intermediate expressed cells
in liver tissues of WT and
Gdf15 KO mice after CCl4
injection for 4 weeks (n ¼ 5
mice per group). (C) Per-
centage of the B cells
(B220þ) and T cells (CD3þ,
CD4þ, CD8þ) in liver tissues
of WT and Gdf15 KO mice
after CCl4 injection for 4
weeks (n ¼ 5 mice per
group). (D, E) Dual immuno-
fluorescence staining of
CD163 and CD68 in WT and
Gdf15 KO mice fibrotic livers
induced by toxin and chole-
stasis. (F) Immunofluores-
cence staining of p65 and
DAPI in liver tissues. Results
are displayed as mean ±
SEM. *P < .05. Statistical
significance was assessed
by 2-way analysis of vari-
ance or Student’s t test.
N.S., no significance.
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Figure 10. Effects of
GDF15 on macrophage
polarization. (A) The mRNA
levels of M1 (Tnf-a, IL-1b,
and Nos2) and M2 (Ym1,
Arg1, and Cd206) macro-
phage markers in the liver
were measured by qRT-
PCR. (B) BMDMs from WT
mice were either untreated
(control) or stimulated with
LPS þ IFN-g or IL-4þIL-13
or recombinant mouse
GDF15 protein. The mRNA
levels of M1 and M2
macrophage markers were
analyzed by qRT-PCR. Re-
sults are displayed as mean
± SEM. *P < .05, **P < .01,
***P < .001. Statistical sig-
nificance was assessed by
2-way analysis of variance
or 1-way analysis of
variance.
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Figure 11. Macrophage
deletion reduces CCl4-
induced liver fibrosis in
both WT and Gdf15 KO
mice. (A) Mice received
clodronate or vehicle in-
jections during CCl4-
induced hepatic fibrosis in
WT and Gdf15 KO mice as
depicted. (B) Representa-
tive liver histology of H&E,
Sirius red staining and its
quantification. (C) Deple-
tion of F4/80-positive liver
macrophage was
confirmed by F4/80 immu-
nohistochemistry. (D) He-
patic mRNA level of
fibrogenic gene Acta2 was
measured by qRT-PCR.
Results are displayed as
mean ± SEM. *P < .05, **P
< .01, ***P < .001. Statis-
tical significance was
assessed by 2-way anal-
ysis of variance or Stu-
dent’s t test. i.p.,
intraperitoneal; N.S., no
significance.
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levels decrease markedly in the liver upon hepatic fibro-
genesis. Genetic deficiency of GDF15 exacerbates liver
fibrotic pathologies in cholestasis-induced and hepatotoxin-
induced mouse liver fibrosis models, which is abolished by
GDF15 overexpression in hepatocytes following AAV8 de-
livery. One of the underlying mechanisms is that GDF15
exerts its effects by metabolic reprogramming macrophages
to acquire OXPHOS-dependent anti-inflammatory functional
fate, reduces proinflammatory mediator expression and
macrophage and neutrophil recruitment, and alleviates liver
fibrosis. Hence, GDF15 expression and its association with
macrophages control hepatic fibrosis by suppressing in-
flammatory macrophage infiltration, M1 polarization, and
proinflammatory cytokine secretion, implying that GDF15
might serve as a bona-fide regulator of liver fibrosis pro-
gression and potential targets for anti-hepatic fibrosis
therapies.

Uncontrolled inflammation in the liver initiated by resi-
dent macrophage activation and massive leukocyte accu-
mulation is a major driving force that transforms self-
limited tissue repair processes to a vicious cycle, boosting
the progression of liver fibrosis.1,6,7 Total hepatic macro-
phages, consisting of liver resident Kupffer cells and
monocyte-derived macrophages, contribute to maintaining
homeostasis of the liver as well as the progression of acute
or chronic liver injury.9–11 Macrophages are not only crucial
to wound healing processes, but can also orchestrate dis-
ease progression in rodent models of liver injury.38 The



Figure 12. GDF15 preprograms macrophages to commit OXPHOS that shapes an anti-inflammatory phenotype.
(A) Analysis of 24 hours glucose consumption and lactate production in the supernatant of control or rmGDF15-preprogrammed
macrophages (n ¼ 5 per group). (B) Extracellular flux analysis of BMDMs (n ¼ 3 per group). (C) ECAR of macrophages at the
basal condition was detected, and the ratio of OCR to ECAR was calculated. (D) Upon activation with LPS for 24 hours, the basal
levels of OCR and ECAR of phosphate-buffered saline (PBS) or rmGDF15-treated macrophages were measured, and the ratio of
OCR to ECAR was calculated. (E, F) Two weeks after the AAV8-null or AAV8-mGDF15 injection, the mice were treated with CCl4
for another 4 weeks to induce liver fibrosis. Mice were sacrificed at 48 hours after last dose of CCl4. Macrophages were isolated
from liver of fibrosis mice using magnet beads and seeded in poly-D-lysine coated Seahorse XF24 cell culture microplates for
extracellular flux analysis. (G) The accumulation of mitochondrial reactive oxygen species in macrophages was measured by
MitoSox Red. (H) The mitochondria mass was measured by MitoTracker Green. (I) The enzymatic activities of mitochondrial
electron transport chain complexes I, II, III, IV, and V of macrophages were determined with or without LPS stimulation (100 ng/
mL, 24 hours). (J) Resting and activated (LPS 100 ng/mL, 48 hours) macrophages were subjected to JC-1 staining to determine
the percentages of JC-1 Red negative cells and JC-1 Red/Green ratio. Macrophage adenosine triphosphate/adenosine
diphosphate ratio at steady status or upon LPS stimulation (100 ng/mL, 48 hours) were also measured. (K) The mRNA levels of
OXPHOS complex subunits I–V in macrophages at steady status or upon LPS stimulation were measured by qRT-PCR. Data are
represented as mean ± SEM. *P < .05; **P < .01; ***P < .001; ****P < .0001. Statistical significance was assessed by 2-tailed
Student’s t test or 2-way analysis of variance. i.p., intraperitoneal; i.v., intravenous; N.S., not significant.
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Figure 13. Administration of GDF15-preprogrammed macrophages to mice with liver fibrosis potently alleviates the
disease. (A) Schematic representation of the experimental procedure. Mice were injected intraperitoneal with CCl4 twice per
week for 6 weeks, and mice were infused with GDF15-preprogrammed macrophages or control (1 � 106 cells/mouse) via tail
vein 24 hours after the eighth injection of CCl4. The mice were continually injected with CCl4 for another 2 weeks. (B)
Representative liver histology of H&E, Sirius red staining, and expression of a-SMA was determined by immunohistochemistry
and its quantification. (C) Serum levels of ALT and AST were measured. (D) Hepatic mRNA levels of several genes (TNF-a, IL-
1b, IL-6, TGF-b, and Pdgfr) were measured by qRT-PCR. Results are displayed as mean ± SEM. *P < .05. Statistical sig-
nificance was assessed by 2-way analysis of variance or Student’s t test.
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opposing roles of macrophages in liver disease may be
explained by their heterogeneity. Activated macrophages
are generally divided into 2 categories, namely, classic M1
and alternative M2, which can be further differentiated into
diverse subtypes, each induced by different molecules and
eliciting different signals.14 During the early stages of liver
injury, bone marrow–derived monocytes are recruited to
the liver and differentiate into M1 macrophages. M1 mac-
rophages can rapidly switch to an M2 phenotype and
mediate tissue repair in case of cessation of liver injury.36

GDF15 is widely regarded as an anti-inflammatory gene
possibly involved in macrophage polarization.39,40 Our data
showed that GDF15 is powerful in shaping the anti-
inflammatory inclination of maturing macrophages and
thus provided a novel strategy for limiting hepatic inflam-
mation and fibrosis by setting the OXPHOS preference of
macrophages. Tellingly, in the fibrotic liver, macrophages
often express markers of inflammation or resolution
simultaneously.12,16 This suggests that in vivo studies of the
heterogeneity of hepatic macrophages would be complex
and the conventional classification such as M1 and M2 may
not always be suitable. Thus, further classification and
evaluation of macrophage functions after rmGDF15 treat-
ment are required to understand how GDF15 mediates its



Figure 14. CM collected from Gdf15 KO BMDMs significantly promotes HSC activation, not apoptosis. (A) Schematic
drawing showing that LX-2 cells were treated with CM of WT BMDMs and Gdf15 KO BMDMs in the absence or presence of
TGF-b1 for 24 hours. Immunofluorescence staining for a-SMA (green) in treated LX-2 cells. (B) The expression levels of ACTA2
and COL1A1 in treated LX-2 cells were examined using qRT-PCR. n ¼ 3 per group. (C) Representative immunofluorescence
images (left) of a-SMA (red) and TUNEL (green) from WT and Gdf15 KO mice treated with 4 weeks of CCl4 and its quantification
(right). *P < .05; **P < .01. by 1-way analysis of variance or Student’s t test. N.S., not significant.
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antifibrotic effect through macrophage modulation. Other
unknown mechanisms may further contribute to the anti-
fibrotic properties of GDF15. Moreover, in our study, we
also showed that GDF15 deficiency promoted hepatic mac-
rophages to change their phenotype from Ly6Clow to Ly6Chi

in fibrotic mouse livers because Ly6Chi macrophages are key
mediators of hepatic fibrosis progression, suggesting that
GDF15 regulates macrophage phenotype switch to exert its
function in liver fibrosis. Noticeably, chronic liver inflam-
matory responses are central elements in the development
of fibrosis and are principally mediated by the recruited
proinflammatory Ly6Chi macrophages, which means that
GDF15 may act as an effective therapeutic approach against
inflammation during hepatic fibrosis, and the mechanisms of
GDF15 in regulating inflammation are closely related with
the phenotype switch of macrophages.

Immunometabolism, which examines the contribution of
diverse metabolic pathways to the development, fate, and
behavior of immune cells, has become an increasingly bur-
geoning research field in recent years.20,21 Metabolic
pathways are differentially regulated in M1 and M2 mac-
rophages, and this is associated with their varying roles in
the immune response. OXPHOS is associated with
anti-inflammatory macrophages, whereas enhanced glycol-
ysis has been associated with proinflammatory macro-
phages.21 Exposing innate immune cells to an initial insult
induces a long-term immune response due to metabolic and
epigenetic alterations which encompass an emerging new
concept called trained immunity.41,42 Innate immune
memory is currently regarded as a conserved defensive
mechanism of monocytes, macrophages, and natural killer
cells because this trained memory usually confers these
cells enhanced responsiveness to future infections and
pathogens.41,43 These reprogramming processes of macro-
phages often occurred during their maturation. In our
investigation, we showed GDF15 to be capable of reprog-
ramming macrophages during their maturation. Such
trained immune preference in macrophages imprinted by
GDF15 is featured by reduced inflammation. These findings,
along with our observations in vivo, in which the adoptive
transfer of GDF15-preprogrammed macrophages alleviates
liver injury and fibrosis, support future studies in which
manipulation of metabolism in macrophages via GDF15 may
provide a novel anti-inflammatory and antifibrogenic
approach in the liver. In line with this, previous work
showed the efficacy of the adoptive transfer of anti-
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inflammatory macrophage to effectively reduce liver fibrosis
in mice,37 and more recently, macrophage therapy has been
established as clinically safe supporting the use of these
promising approaches to treat chronic liver disease.44

This study had some limitations. One question raised in
our studies is what the source of GDF15 during patho-
physiological processes could be. Critically, the tissue-
specific site(s) of GDF15 production remain largely un-
known. Gdf15 mRNA is induced in the liver and adipose
tissue in rodent models of obesity but not in skeletal muscle,
heart, or kidney. Human data addressing this question are
limited.45,46 With regard to the liver, transcriptomic
profiling and immunohistochemistry of samples from pa-
tients with moderate nonalcoholic fatty liver disease and
advanced NASH, both of which strongly associate with
obesity, demonstrated increased expression of Gdf15 in
hepatocytes and epithelial and immune cells of the liver
from NASH samples.47 Collectively, these data suggest that
in rodents, liver or adipose tissue cell types may contribute
to changes in circulating GDF15, whereas in humans, mul-
tiple cell types within the liver may be the primary source.
Although our data clearly showed the importance of GDF15
in the pathogenesis of liver fibrosis, the identity of the cells
producing GDF15 still awaits the availability of mice with
cell type–specific conditional KO of GDF15. Additionally, we
have clearly demonstrated that the effect of GDF15 is
exerted through affecting macrophages; however, the exact
receptor(s) that mediates the effects of GDF15 on macro-
phages remains to be determined. Determining the identity
of the functional GDF15 receptor in the periphery, including
in diverse immune cell types, is a clear priority. Several
studies have already confirmed that GFRAL is restricted to
AP and NTS neurons.24 However, it is undeniable that cells
elsewhere can respond to GDF15 despite the apparent lack
of GFRAL expression. Interestingly, GDF15 modulation of
integrin activation in neutrophils is mediated by GDF15
binding to the TGF-b receptor I/II complex,48 suggesting
that this receptor might also be the GDF15 receptor in other
immune cells. Moreover, a more recent study demonstrated
that CD48 can bind GDF15 in T cells.49 Thus, critical eval-
uation and validation of candidate GDF15 receptors used by
diverse lymphoid and myeloid cells will be important in
advancing our understanding of the immunoregulatory ac-
tions of GDF15.

In summary, our results provide novel mechanistic in-
sights into the role of GDF15 in regulating liver inflamma-
tion and warrant future research to define the potential of
metabolic regulation of macrophages, via modulating
GDF15, as a therapeutic approach to treat liver fibrosis.

Materials and Methods
Human Samples

An HCC progression tissue array (DP087Lv01) was
purchased from Bioaitech (Xi’an, China).

Gdf15 KO Mice
Gdf15 KO mice are constructed by CRISPR/Cas-mediated

genome engineering. The single guide RNA was designed
and synthesized to target the exons 1–2 of the Gdf15 gene
(NM_011819; GemPharmatech, Nanjing, China). Cas9 and
guide RNA are then coinjected into fertilized eggs for KO
mouse production. The genotype is analyzed by PCR and
sequencing. Mice were backcrossed to the C57BL/6 back-
ground for up to 8 generations for the studies described here.
In general, both male (Gdf15–/–) and female (Gdf15–/–) Gdf15
KO mice appeared healthy at birth and remained viable into
adulthood. Unless otherwise stated, 6- to 8-week-old age- and
sex-matched littermate mice were used in all experiments.

Murine Models
All animal experiments were approved by the Animal

Ethics Committee of Anhui Medical University (Hefei, China)
and carried out by the National Institutes of Health Guide for
the Care and Use of Laboratory Animals. Male C57BL/6J WT
mice at 6–8 weeks of age were obtained from the Animal
Experiment Center of Anhui Medical University and housed in
a specific pathogen–free animal facility. Gdf15 KO mice (strain
no. T011862) were purchased from GemPharmatech.

For toxic liver fibrosis, 6- to 8-week-old male WT and
Gdf15 KO mice were given intraperitoneal injections of CCl4
(1.0 mL/kg body weight, dissolved in corn oil at a ratio of
1:9) (Aladdin, Shanghai, China) or vehicle (corn oil) twice a
week for 4 or 6 weeks (n ¼ 5 per group). The mice were
sacrificed 2 days after the final CCl4 injection. Some mice
received repeated intraperitoneal injections of 200 mL
liposomal clodronate (5 mg/mL) or liposomal vehicle as
described.36

For the DDC diet, 8-week-old male WT and Gdf15 KO
mice were fed a diet supplemented with 0.1% DDC (Sigma-
Aldrich, St. Louis, MO) for 5 weeks (n ¼ 5 per group).
Control mice received a standard mouse diet.

In the in vivo GDF15 treatment experiment, rmGDF15
(R&D Systems, Minneapolis, MN) was dissolved in 4 mM
HCL and mixed with corn oil. Six- to 8-week-old male WT
mice were injected with 100 ng/g per mouse of rmGDF15 or
vehicle (corn oil) twice a week after each CCl4 (1.0 mL/kg
body weight, twice a week) injection from the second week
to the fourth week (n ¼ 5 per group).

Mouse AAV8 Construction and Injection
The AAV8 delivery system that overexpresses the

mGDF15 gene in mouse livers was constructed by HanBio
Biotechnology (Shanghai, China). The empty associated
adenovirus (AAV8-null) served as a control. Titers of the
vector genome were measured by quantitative qRT-PCR
with vector-specific primers. The 6- to 8-week-old male
WT mice were injected with 100 mL of virus containing 2 �
1011 AAV8 vector genomes via the tail vein for 2 weeks and
then induced by CCl4 (1.0 mL/kg body weight, twice a week)
for another 4 weeks (n ¼ 5 per group).

Quantitative Real-Time PCR
Total RNA was extracted from tissue samples or cells

with TRIzol reagent (Invitrogen, Waltham, MA) followed by
isopropyl alcohol precipitation. RNA concentration and
quality were evaluated using Nano-drop system and was



Table 1.Primers Used to Amplify Target Gene Expressions
for Quantitative Polymerase Chain Reaction

Gene Primers (50-30)

Mouse Actb Forward: TGGCTCCTAGCACCATGAAG
Reverse: CGCAGCTCAGTAACAGTCCG

Mouse Acta2 Forward: GTTCAGTGGTGCCTCTGTCA
Reverse: ACTGGGACGACATGGAAAAG

Mouse Col1a1 Forward: TAGGCCATTGTGTATGCAGC
Reverse: ACATGTTCAGCTTTGTGGACC

Mouse Col1a2 Forward: AAGGGTGCTACTGGACTCCC
Reverse: TTGTTACCGGATTCTCCTTTGG

Mouse Pdgfr Forward: CCGTGGTCCCACATTCCTTG
Reverse: GCACAGGGTCCACGTAGATG

Mouse Gdf15 Forward: AGCCGAGAGGACTCGAACTC
Reverse: CTAGTGATGTCCCAGGGGCG

Mouse Nos2 Forward: TCCTGGACATTACGACCCCT
Reverse: CTCTGAGGGCTGACACAAGG

Mouse IL-1b Forward: GAAATGCCACCTTTTGACAGTG
Reverse: TGGATGCTCTCATCAGGACAG

Mouse Tnf-a Forward: CCAGACCCTCACACTCAGATCATC
Reverse: GCGTAGACAAGGTACAACCCATCG

Mouse Sdhc Forward: CAGGCCGGAACTCAAGATGG
Reverse: TCCCAAAGGAGCAGCATTTC

Human ACTB Forward: CATGTACGTTGCTATCCAGGC
Reverse: CTCCTTAATGTCACGCACGAT

Mouse IL-6 Forward: AGACTTCCATCCAGTTGCCTT
Reverse: TTCTCATTTCCACGATTTCCC

Mouse Arg1 Forward: CTCCAAGCCAAAGTCCTTAGAG
Reverse: AGGAGCTGTCATTAGGGACATC

Mouse TGF-b Forward: CGCCATCTATGAGAAAACCAA
Reverse: GAGTTCCACATGTTGCTCCA

Mouse Ym1 Forward: CAGGTCTGGCAATTCTTCTGAA
Reverse: GTCTTGCTCATGTGTGTAAGTGA

Mouse CD206 Forward: CTCTGTTCAGCTATTGGACGC
Reverse: CGGAATTTCTGGGATTCAGCTTC

Mouse Ndufa7 Forward: AATATGGCGTCCGCTACTCG
Reverse: TTGGACAGCTTGTGACTGGG

Mouse Uqcr11 Forward: CGGGGTGACCCTGAGTATTG
Reverse: GATGTAAGGCACCCAGTCCA

Mouse Atp5j2 Forward: ACACCAGGACTTCAAGATGGC
Reverse: ATACCGGTCATACCCTCTCC

Mouse Cox7c Forward: TGGTACGGCCATTTCTTCCG
Reverse: CACGGTCATCATAGCCAGCA

Human ACTA2 Forward: AAAAGACAGCTACGTGGGTGA
Reverse: GCCATGTTCTATCGGGTACTTC

Human COL1A1 Forward: GTGCGATGACGTGATCTGTGA
Reverse: CGGTGGTTTCTTGGTCGGT

2023 Metabolic Regulation of Macrophages by GDF15 Alleviates Liver Fibrosis 731
then reverse-transcribed into complementary DNA by
commercially available kit (Vazyme, Nanjing, China). SYBR
green–based qRT-PCR kits (Vazyme) were used to perform
mRNA quantification. Gene expressions were normalized to
b-actin expression. Primer sequences are listed in Table 1.

Enzyme-Linked Immunosorbent Assay
IL-1b, IL-6, and TNF-a levels in mouse serum from the

indicated treatment group were measured using the
enzyme-linked immunosorbent assay (ELISA) development
kits (R&D Systems) according to the manufacturer’s in-
structions. Supernatants were stored at –80�C until used for
ELISA. A450 value was used to measure the protein levels.
The experiment was performed in triplicate at a minimum.

Mouse BMDM Isolation
Mouse BMDMs were prepared as previously

described.50,51 Briefly, bone marrow cells were flushed from
tibias and femurs of 6- to 8-week-old male WT mice. Red
blood cells were removed by Red Blood Cell Lysis Buffer.
After washed, the cell suspension was passed a 40-mm cell
strainer and plated in a 6-well plate at a density of 2 � 106

with 50 ng/mL macrophage colony-stimulating factor
(ProteinTech, Rosemont, IL) in high-glucose Dulbecco’s
modified Eagle’s medium (DMEM) with 10% fetal bovine
serum (FBS), 100 U/mL of penicillin, and 100 mg/mL of
streptomycin for 7 days. Fresh differentiation medium was
added on day 4. To evaluate the role of GDF15 in macro-
phage polarizations, GDF15 (100 ng/mL) was added on
days 1, 3, and 5. These cells were left untreated (as a con-
trol) or were treated with LPS (100 ng/mL; Sigma-
Aldrich) þ IFN-g (20 ng/mL; ProteinTech) or IL-4 (20 ng/
mL; ProteinTech) or recombinant GDF15 protein for 24
hours. The cells were collected for qRT-PCR.

Liver Macrophages Isolation
Liver macrophages were isolated from mice by portal

perfusion using prewarmed solution containing 0.05% colla-
genase type IV dissolved in Ca2þ/Mg2þ Hank’s Balanced Salt
Solution, filtered through a 40-mm nylon strainer (Falcon,
Mexico City, Mexico) and were then subjected to 40 g
centrifugation without brake. To enrich liver macrophages,
nonparenchymal cells were suspended in Hank’s Balanced
Salt Solution and layered onto a 2-layer 25%–50% Percoll
gradient (Sigma-Aldrich) in a 50-mL conical centrifuge tube
and centrifuged at 1800 g at 4�C for 15 minutes. Liver mac-
rophages in the middle layer were collected and allowed to
attach to cell culture plates in supplemented DMEM with 10%
FBS for 20 minutes at 37�C. Nonadherent cells were removed
by replacing the culture medium. The purity of macrophages
in the adherent cells was determined by immunofluorescent
staining with anti-F4/80.

Liver Histological and Immunohistochemistry
Staining

H&E staining and Sirius red or Masson’s trichrome
staining were performed to assess hepatic morphology and
liver fibrosis, respectively. Liver specimens were fixed in 4%
paraformaldehyde solution, embedded in paraffin, and cut
into 5-mm sections. Next, the specimens were deparaffi-
nized, hydrated, and stained by using commercial H&E
staining kit and Sirius red or Masson’s trichrome staining kit
according to the manufacturer’s instructions. Hepatic
fibrosis was graded according to Ishak scoring system:
grade 0, no fibrosis; grade 1, fibrous expansion of some
portal areas with or without short fibrous septa; grade 2,
fibrous expansion of most portal areas, with or without
short fibrous septa; grade 3, fibrous expansion of most
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portal areas with occasional portal-to-portal bridging; grade
4, fibrous expansion of portal areas with marked bridging
(portal to portal as well as portal to central); grade 5,
marked bridging (portal to portal and/or portal to central)
with occasional nodules (incomplete cirrhosis); and grade 6,
cirrhosis, probable or definite. The cumulative histologic
scores could have ranged from 0 (entirely normal) to 6
(severe disease with cirrhosis).

For immunohistochemistry staining, 5-mm formalin-
fixed, paraffin-embedded sections were deparaffinized, hy-
drated at first, and then incubated in 3% hydrogen peroxide
solution for 5 minutes to block endogenous peroxidase.
Antigen retrieval was performed by heating the sections in
0.01 M sodium citrate buffer solution (pH 6.0) for 10 mi-
nutes at 95�C. Liver sections were permeabilized with 0.5%
Triton X-100 for 20 minutes and blocked in 5% bovine
serum albumin solution for 40 minutes in room tempera-
ture, followed by incubating with primary antibody against
GDF15 (1:300; Abcam, Cambridge, United Kingdom), F4/80
(1:200; Cell Signaling Technology, Danvers, MA), a-SMA
(1:300; Abcam), MPO (1:300; Abcam), and P65 (1:300;
Abcam) at 4�C overnight. Sections were incubated with
secondary antibodies (ZSGB-Bio, Beijing, China) and DAB,
followed by brief counterstaining with H&E staining, and
mounted with neutral gum.

Immunofluorescence Staining
For immunofluorescence staining, briefly, for tissue

samples, formaldehyde-fixed, paraffin-embedded slides
were subjected to dewaxing, hydration, and antigen
retrieval, followed by blocking and antibody incubation. For
in vitro experiments, cells were seeded on coverslips and
were fixed with 3% paraformaldehyde, permeated with
0.1% Triton X-100 followed by 10% bovine serum albumin
blockage. Primary antibodies were diluted as suggested,
added onto slides and were incubated at 4�C overnight in a
moist chamber. Then slides were washed with phosphate-
buffered saline and incubated with 488/594/horseradish
peroxidase–conjugated secondary antibodies. For immuno-
fluorescence staining, slides were further incubated with
DAPI (Invitrogen) and mounted in immunofluorescence
mounting medium (Servicebio, Woburn, MA).

Extracellular Flux Analysis
Extracellular flux analysis of macrophages was prepared

as previously described.50 XF base medium (Seahorse, La
Verne, CA; 102353-100) was warmed to 37�C and supplied
with 10 mM glucose, 2 mM glutamine, and 2 mM pyruvate.
Adjust medium pH to 7.4 using 1 N NaOH and filter sterilize
medium with a 0.22-mM filter. Macrophages were seeded in
Seahorse XF24 microplate (Agilent, Santa Clara, CA) and
cultured with the prepared XF medium. The cell culture
microplate was placed in a 37�C non-CO2 incubator for 1
hour prior to the assay. Load oligomycin into port A, FCCP to
port B and rotenone/antimycin to port C of the hydrated
sensor cartridge. The OCR and ECAR of macrophages were
then determined after sequentially administration of the
following reagents (final concentration): 1.0 mM oligomycin
(Selleck Chemicals, Houston, TX; S1478), 0.75 mM FCCP
(Sigma-Aldrich; C2920), and 100 nM rotenone (Sigma-
Aldrich; R8875) þ 1.0 mM antimycin (BioVision, Exton, PA;
2247-50) using the extracellular flux analyzer.

Enzymatic Assay for Mitochondrial Complex
Macrophage mitochondria were isolated using kit from

Solarbio Science & Technology Co, Ltd (Beijing, China). The
isolated mitochondria were subjected to test the activities of
mitochondrial complexes using commercial kits from
Solarbio Science & Technology Co, Ltd.

Flow Cytometry
Intrahepatic leukocytes were isolated as described.35,52

Multicolor staining was conducted using combinations of
the following monoclonal antibodies: CD45, CD11b, Ly6C,
Ly6G, F4/80, CD3, CD4, CD8, and B220 (eBioscience [San
Diego, CA] or BioLegend [San Diego, CA]). Data were ac-
quired from a FACS Caliber system (BD, Franklin Lakes, NJ)
and analyzed using FlowJo (TreeStar, Ashland, OR).

LX-2 Culture and Treatment
LX-2, a human immortalized HSC line, was cultured in

DMEM supplemented with 10% FBS and 1% penicillin/
streptomycin at 37�C in a humidified atmosphere containing
5% CO2. LX-2 cells were seeded in 6-well plates, and cells
were stimulated by indicated CM from BMDMs in the
absence or presence of TGF-b1 for 24 hours. The cells were
collected for quantitative PCR.

Serum Biochemistry
Serum levels of ALT and AST were measured by using

commercial alanine aminotransferase assay kit and aspar-
tate aminotransferase assay kit (#C009-2-1 and #C010-2-1;
Nanjing Jiancheng Bioengineering Institute, Nanjing, China)
according to the manufacturer’s instructions.

Measurement of Hepatic Hydroxyproline Content
Fresh mouse liver samples were used to quantify the

hepatic hydroxyproline content. Measurements were done
by using commercial hydroxyproline assay kit (#A030-2-1;
Nanjing Jiancheng Bioengineering Institute) according to the
manufacturer’s instruction.

Terminal Deoxynucleotidyl Transferase–Mediated
dUTP Nick-End Labeling

TUNEL staining of liver tissue was performed using a
TUNEL Apoptosis Detection Kit (Alexa Fluor 488; Yeasen
Biotech Co, Ltd, Shanghai, China) according to the manu-
facturer’s protocol.

Statistical Analysis
Values in this study were expressed as mean ± SEM.

Statistical analysis was performed using GraphPad Prism 9
software (GraphPad Software, San Diego, CA). Differences
between 2 groups were analyzed using the 2-tailed, un-
paired Student t test. Differences between more than 2
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groups were analyzed by using 1-way analysis of variance,
followed by Dunnett’s multiple comparisons test. P < .05
was considered statistically significant.
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