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The Metabolic Reprogramming Profiles in the Liver
Fibrosis of Mice Infected with Schistosoma japonicum
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Abstract— Disordered glucose and lipid metabolism contributes to the progression of s-
everal liver diseases, while the upregulation of phosphatase and tensin homology deleted on
chromosome ten (PTEN), a well-known tumour suppressor gene, can improve the condition
through metabolic programming. This study first characterized the metabolic profiles and the
involvement of PTEN in the hepatic fibrosis induced by Schistosoma japonicum
(S. japonicum) to provide a novel clue for metabolism-targeted treatment. Compared with
control mice, infected mice showed infiltrated immune cells in their livers, increased levels of
aspartate aminotransferase (AST) and alanine aminotransferase (ALT) and decreased glucose
levels in their sera. The expression of key enzymes in the glycolytic pathway was signifi-
cantly increased, and the expression of gluconeogenic genes was distinctly decreased.
Moreover, the infection upregulated the hepatic expression of enzymes involved in fatty acid
oxidation, which was consistent with the decreased number of lipid droplets in livers and the
lowered levels of triglyceride in sera. Consistently, PTEN and its downstream signalling were
significantly inhibited. In vitro, soluble egg antigen (SEA) downregulated the expression of
PTEN in both the macrophage RAW264.7 cell line and the murine hepatocellular carcinoma
HEP1-6 cell line, and induced a metabolic phenotype similar to the in vivo results. Overall,
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this study showed that S. japonicum infection induced the reprogramming of glucose and
lipid metabolism in mice during the period of liver fibrosis and that SEA could act as a
modulator to trigger such a metabolic switch in macrophages and hepatocytes. PTEN might
play an essential role in mediating these metabolic reprogramming events.

KEYWORDS: Schistosoma japonicum; SEA; liver fibrosis; PTEN; glycolysis; fatty acid oxidation.

INTRODUCTION

Schistosomiasis is one of the neglected tropical dis-
ease (NTDS) caused by the infection of schistosomes,
including Schistosoma japonicum (S. japonicum) [1]. It is
still a serious public health problem, threatening the health
of approximately 800 million people in 78 countries and
regions [2]. The soluble egg antigen (SEA) secreted by
insect eggs is the main pathogenic substance, and the most
serious pathological effect of S. japonicum is liver fibrosis
caused by the egg-induced granulomatous inflammatory
response, which results in the development of liver cirrho-
sis and portal hypertension [3–5]. Praziquantel, a clinical
drug for treating schistosomiasis, can effectively kill adult
worms but has less of an impact on widespread liver
fibrosis [6]. Therefore, it is urgent to explore new strategies
for treating hepatic fibrosis caused by S. japonicum.

In recent years, a series of important advances have
been made in studying the mechanism of hepatic fibrosis
caused by S. japonicum. It has been demonstrated that
hepatic stellate cells (HSCs), macrophages and hepatocytes
are involved in the development of hepatic fibrosis [7–10].
Activated HSCs are responsible for the production of col-
lagen and fibrogenesis within granuloma sites [7], and liver
fibrosis can be improved by inhibiting the activation of
HSCs [8]. Moreover, upregulated Wnt signalling in
hepatocytes has been shown to be associated with
liver fibrosis caused by S. japonicum [9]. In addition,
the alternatively activated macrophage (M2) polariza-
tion of macrophages is classically believed to pro-
mote schistosomiasis hepatic fibrosis, and inhibiting notch
signalling can attenuate progression by blocking macro-
phage M2 polarization [10].

Recently, immunology and metabolism have
intersected to create the burgeoning f ie ld of
immunometabolism [11]. This novel discipline has dem-
onstrated that metabolic reprogramming events play an
essential role in organ function and immune cell differen-
tiation [12, 13], which provides a new direction for clari-
fying disease pathogenesis and developing intervention
strategies. Metabolic alternation has been demonstrated to
affect liver function and macrophage functional

differentiation [14–16]. The liver is an important metabolic
organ, and its metabolic disorder has been found to be
associated with many diseases, such as chronic alcoholic
fatty liver and liver cancers [14, 16]. As an important innate
immune cell, M2-type macrophages were found to pro-
mote the progression of liver fibrosis induced by CCl4
[17]. Interestingly, M2 macrophages exhibit distinguishing
metabolic characteristics that differentiate them from clas-
sically activated macrophage (M1) macrophages [18]. This
suggests that targeting the metabolism of macrophages
may be an attractive way to explore novel treatment strat-
egies. In fact, it has been reported that S. japonicum infec-
tion increased whole-body and hepatic insulin sensitivity in
mice while praziquantel chemotherapy significantly im-
proved physiological status [19]. Thus, this study specu-
lated that specific metabolic alternation may occur in he-
patocytes or macrophages in the process of liver fibrosis
induced by S. japonicum, thereby promoting the progres-
sion of the disease.

Phosphatase and tensin homology deleted on chro-
mosome ten (PTEN), a member of the protein tyrosine
phosphatase (PTP) gene family, is located at 10q23.3
[20]. As a tumour suppressor gene, the downregulation of
PTEN is widely involved in the development and progres-
sion of cancer [21]. PTEN also participates in regulating
glucose and lipid metabolism [22]. For example, PTEN
liver-specific knockout (KO) mice are prone to developing
fatty liver, with increased triglyceride content and reduced
apolipoprotein B (ApoB) protein mass [23]. Moreover,
elevated PTEN could inhibit the progression of tumour
by inhibiting the glycolysis process, the characteristic met-
abolic mode of tumour cells [24], and PTEN could also
regulate the M2 polarization of macrophages to participate
in hepatic fibrosis induced by CCl4 [17]. Interestingly,
PTEN expression was decreased in schistosomal urothelial
and squamous cell carcinomas and might result in disease
progression [25]. Overall, these studies imply that PTEN
plays an essential role in regulating immune function and
remodelling metabolism. However, whether PTEN and its
downstreammetabolic pathway are involved in the process
of hepatic fibrosis induced by S. japonicum remains
elusive.
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This study first characterized the metabolic pheno-
type profiles and the involvement of PTEN in hepatic
fibrosis induced by S. japonicum. The results showed
that parasitic infection induced the reprogramming of
glucose and lipid metabolism in the livers of mice.
Consistently, the expression of PTEN was downregulat-
ed in infected mice. Notably, SEA could act as a mod-
ulator to induce the metabolic switch in macrophages
and hepatocytes, which was similar to the in vivo re-
sults. These findings might provide novel information
for elaborating the mechanism of liver fibrosis caused
by the parasite and developing a metabolism-targeted
treatment strategy.

MATERIALS AND METHODS

Mice and Parasites

Female BALB/c mice were obtained from Shanghai
Laboratory Animal Center (SLAC, Shanghai, China) and
were bred in the University facilities. All mice were housed
in an air-conditioned room at 24 °C with a 12 h dark/light
cycle and permitted free access to standard laboratory food
and water. Oncomelania hupensis snails were provided by
the National Institute of Parasitic Diseases, Chinese Center
for Disease Control and Prevention.

Animal Treatment

Female BALB/c mice were sacrificed in all experi-
ments. They were randomly divided into 2 groups: a con-
trol group and an infected group. For the infected group,
mice were percutaneously infected with 20 cercariae of
S. japonicum. Nine weeks after infection, the liver fibrosis
model was successfully established according to Zhu
et al.’s study [26]. The liver tissues and sera were collected
and stored at − 80 °C. Parts of the liver tissues were fixed in
4% formaldehyde solution for pathological analysis.

Quantitative Real-Time PCR

Total RNAwas extracted from pulverized mouse liver
tissues with TRIzol reagent, and cDNA was synthesized
from the RNA using PrimeScript™RTMaster Mix. Quan-
titative PCR analyses were performed in a LightCycler®
480II detection system (Roche Applied Science, Penzberg,
Germany) under the following thermal cycler conditions:
one cycle of 5 min denaturation at 95 °C and then 30 s at
95 °C, 30 s at 60 °C and 30 s at 72 °C for 45 cycles using

the primers listed in Table 1. mRNA levels for specific
genes were normalized by β-actin mRNA levels.

Western Blot Analysis

Total protein was extracted from mouse liver tissues,
and the concentration was determined with a bicinchoninic
acid protein concentration assay kit (Beyotime Biotech,
Beijing, China). Sample protein was separated by electro-
phoresis in 10% SDS-PAGE and separated proteins were
transferred to polyvinylidene difluoride membranes with a
Bio-Rad electrophoresis system (Hercules, CA, USA). The
indicated primary antibodies used are listed in Table 2. The
bands were scanned and analysed using Quantity ONE
software (Bio-Rad, Hercules, CA, USA). The expression
of protein in each sample was normalized to β-actin.

Histopathological Examination

The sections of liver tissues were fixed in 4% para-
formaldehyde, embedded in paraffin and sectioned
(5 mm). Haematoxylin and eosin (H&E) staining and
Masson staining were performed according to the standard
procedure. For lipid deposition, liver tissues were embed-
ded, frozen and sectioned (15 mm), and the sections were
stained with Oil-Red O solution.

Preparation of SEA

Eggs were obtained from the livers of mice infected
with S. japonicum for 9 weeks, and the preparation method
of SEAwas described by Zhu et al. [26]. The infected mice
were perfused, and their livers were collected and rinsed
with LPS-free phosphate-buffered saline (PBS). Liver ho-
mogenate was filtered, washed and centrifuged at
12,000 rpm for 15 min. Eggs were suspended in PBS
containing 1 mM phenylmethylsulfonyl fluoride (PMSF)
(Roche Diagnostics) and 2 μg/ml leupeptin (Sigma) and
homogenized on ice using a homogenizer (VirTis Co.).
The suspension was frozen/thawed several times and cen-
trifuged at 12000 rpm for 30 min at 4 °C. The supernatant
was passed through a 0.22-μm filter and used as
SEA. The protein concentration was determined by
a bicinchoninic acid (BCA) protein assay kit (Beyotime
Biotech, Beijing, China).

Cell Culture and Stimulation

The mouse hepatocarcinoma cell line HEP1-6 and the
macrophage cell line RAW264.7 were purchased from
Shanghai Cell Bank, Chinese Academy of Sciences, and
were maintained in our laboratory. Cells were cultured in
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Dulbecco’s Modified Eagle Medium (DMEM) (glutamine,
high glucose) supplemented with penicillin (100 units/

mL), streptomycin (100 μg/mL) and 10% heat-
inactivated foetal bovine serum at 37 °C with 5% CO2.
For HEP1-6 cells, cells were incubated with SEA (20 μg/
mL) or its vehicle for 24 h; RAW264.7 cells were chal-
lenged with SEA (6 μg/ml) alone, the PTEN activator
polyene phosphatidyl choline (PPC) (15 μg/ml) alone or
co-treatment with both of them for 24 h.

Biochemical Analyses of Serum Parameters

The levels of triacylglycerol (TG), AST and
ALT in the sera were measured using commercial
assay kits according to the instructions (Jiancheng
Biological Engineering Institute, Nanjing, China).
The plasma glucose concentrations from control and
infected mice were measured with a Glucometer Elite
monitor.

Statistical Analysis

All statistical analyses were performed using
GraphPad Prism software 5.0. The results are pre-
sented as the mean ± standard error of mean (SEM).
Data were analysed using SPSS 16.0, and all data of
the control and infected groups were consistent with
the features of a normal distribution. Differences
between two groups were examined for statistical
significance using the independent sample t test. Dif-
ferences for multiple comparisons were compared
using one-way analysis of variance (ANOVA)
(Tukey’s test or LSD test). P values < 0.05 were
considered statistically significant.

Table 1. The Real-Time RT-PCR Primers Used in the Study

Primer names Sequences

PTEN F: 5′-AATTCCCAGTCAGAGGCGCTATGT-3′
R: 5′-GATTGCAAGTTCCGCCACTGAACA-3′

MCAD TAACATACTCGTCACCCTTC
ATGCCTGTGATTCTTGCT

CYP4 GCAAACCATACCCAATCC
TCCCAAGTGCCTTTCCTA

L-FABP10 TTGACGACTGCCTTGACT
GCCAGGAGAACTTTGAGC

ACC1 TGCTGGATTATCTTGGCTTCA
CCCGTGGGAGTAGTTGCTGTA

FAS TCGGAGACAATTCACCAAACC
AGCCATCCCACAGGAGAAACC

SCD1 CTTCCTCCTGAATACATCCCTCC
CTCCATCCCATCTAGCACAACCT

PPARα CTGTCGGGATGTCACACAATGC
TCTTTCAGGTCGTGTTCACAGGTAA

G6PC TGGACGGAAGCAATTTTTCA
GTCTCACAGGTGACAGGGAAC

CPT-1α TATGGTCAAGGTCTTCTCGGGTCG
AGTGCTGTCATGCGTTGGAAGTCTC

GLUT4 GATTCTGCTGCCCTTCTGTC
ATTGGACGCTCTCTCTCCAA

HIF-1α GTCGGACAGCCTCACCAAACAG
TAGGTAGTGAGCCACCAGTGTCC

CS CGAATTTGAAAGATGTACTGAGC
CTTAGGCAGCATTTTCTGGC

PFK GCCACTAAGATGGGTGCTAAGG
CGTACTTGGCTAGGATTTTGAGG

PK CAGCCATGGCTGACACCTTC
GGATCAGATGCAAAGCTTTCTG

IDH3G GAGTGGTGACCCGGCAC
TCCATCACCCAGTTTCATGATG

Table 2. The Western Blot Antibodies Used in This Study

Antibody Lot Number Weight (kDa) Dilution Company

PI3K-p85α ab191606 46.85 1:1000 abcam
PI3K-p110β ab151549 123 1:1000 abcam
p-AKT(ser473) ab81283 56 1:1000 abcam
p-AKT(ser129) ab133458 55 1:1000–1:10000 abcam
total AKT ab179463 56 1:10000 abcam
c-Myc ab32072 57 1:1000 abcam
β-actin ab119716 42 1:5000/1:2000 abcam
GLUT4-S488 ab188317 55 1:1000–1:10000 abcam
PKM2 #4053 60 1:1000 CST
PFKFB3 ab181861 58 1:1000–1:10000 abcam
PPARα WL00978 55 1:500–1:1000 wanleibio
CPT-1a #12252 88 1:1000 CST
SREBP-1c WL02093 68 1:1000–1:1500 wanleibio
ACCl #4190 220 1:1000 CST
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RESULTS

The Establishment and Evaluation of Hepatic Fibrosis
Induced by S. japonicum

To explore the mechanism of liver fibrosis induced by
S. japonicum, we established models in BALB/c mice and
evaluated their hepatic fibrosis. As shown in Supplementary
Fig. 1, compared with control mice, the ratio of liver/body
weight in infected mice was significantly elevated 9 weeks
after infection (t = − 5.021, P < 0.05, Supplementary
Fig. 1a). The livers of the infected group were slightly
enlarged, obviously blackened and slightly hard (Supple-
mentary Fig. 1b). H&E staining showed that a large number
of inflammatory cells were infiltrated in the livers of the
infected group, and hepatocytes underwent varying degrees
of denaturation and necrosis and were arranged in disorder
(Supplementary Fig. 1c). Masson staining showed that large
amounts of collagen and eggs were deposited in the hepatic
catchment area (Supplementary Fig. 1d). Concomitantly, the
levels of ALT and AST in the sera of infected mice were
significantly elevated (t = − 3.593, − 3.139, P < 0.01, Sup-
plementary Fig. 1e). The above results suggested that the
liver fibrosis model was successfully established, which laid
a basis for further evaluating the metabolic profiles of livers.

The Glycolysis Pathway Was Significantly Activated
in Hepatic Fibrosis Induced by S. japonicum

Glucose metabolism is an important function of the
liver and can provide energy for life activities. This study
speculated that several pathways of glucose metabolism in
livers might be disordered in the liver due to serious lesions
caused by S. japonicum. To address this question, this study
detected the expression of key enzymes involved in the
glucose transporter, glycolysis and gluconeogenesis path-
ways and the tricarboxylic acid cycle (TCA). Glucose trans-
porter 4 (GLUT4) is themain protein assisting in the glucose
transport in adipocytes and skeletal muscle cells [27]. We
found that the expression of GLUT4 becamemuch higher in
the infected group (t = − 4.055, − 4.564, P < 0.05, Fig. 1a
and b). Consistently, the expression of glycolytic enzymes
(M2 subtype pyruvate kinase, PKM2; 6-phosphofructo-2-
kinase/fructose-2, 6-biphosphatase 3, PFKFB3; pyruvate
kinase, PK) in the infected group was significantly higher
than that in the control group (t = − 4.639, − 2.142, − 4.451,
P < 0.05, Fig. 1a and b). However, the gluconeogenic genes
(peroxisome proliferator–activated receptor-γ coactivator-
1α, PGC-1α; glucose-6-phosphatase, G6PC) were signifi-
cantly downregulated in the infected group (t = − 6.926, −
4.400, P < 0.05, Fig. 1c and d). These results indicated that

the glucose transporter and glycolysis pathways were acti-
vated while gluconeogenesis was inactivated during liver
fibrosis induced by S. japonicum.

On the other hand, citrate synthase (CS) and isocitrate
dehydrogenase 3 (IDH3) (the key enzymes controlling the
tricarboxylic acid cycle) in the infected group were found
to be distinctly lower in comparison to levels in the control
group (t = 4.148, 10.848, P < 0.001, Fig. 1e). In combina-
tion with the downregulation of PGC-1α, these results
suggest that oxidative phosphorylation was inhibited in
the progression of hepatic fibrosis.

Fatty Acid Oxidation Was Significantly Enhanced
in Hepatic Fibrosis Induced by S. japonicum

Lipid metabolism is another function of the liver in
the maintenance of life activities. This study further char-
acterized the profiles of lipid metabolism in S. japonicum–
induced liver fibrosis by determining the expression of
enzymes related to mitochondrial and peroxisomal fatty
acid oxidation or lipogenic pathways. As shown in Fig. 2
a, compared with the control group, infected mice showed
a higher expression of fatty acid oxidases (cytochrome
P450 proteins 4, CYP4; medium-chain acyl-CoA dehydro-
genase, MCAD) (t = − 3.583, − 4.838, P < 0.01) and a
much lower expression of liver-fatty acid binding protein
10 (L-FABP10) (t = 4.662, P < 0.001). However, the ex-
pression of PPAR-α (peroxisome proliferator–activated
receptor alpha) had no obvious alteration, and carnitine
palmitoyl transferase 1a (CTP-1a) was significantly down-
regulated (t = 3.908, P < 0.05) (Fig. 2b and c). On the other
hand, the expression of lipogenic genes, such as sterol
regulatory element-binding protein-1c (SREBP-1c), was
downregulated, while acetyl coenzyme A carboxylase 1
(ACC1) and stearoyl-CoA desaturase 1 (SCD1) were sig-
nificantly upregulated (t = 2.950, − 2.260, − 10.608,
P < 0.05) (Fig. 2d and e).

Collectively, the above results showed that both the
pathways of fatty acid oxidation and lipid synthesis might
be activated in S. japonicum–infected livers. However,
fatty acid oxidation might be more dominant because
there was a decrease in lipid droplet numbers as
shown by Oil-Red O staining (Fig. 2f) and a reduced level
of triacylglycerol (TG) in the infected sera (t = 6.403,
P < 0.001, Fig. 2g).

The PTEN/PI3K/AKT Pathway Was Inactivated
in the Hepatic Fibrosis Induced by S. japonicum

PTEN is a well-known tumour suppressor gene reg-
ulating the phosphoinositide 3-kinase (PI3K)/protein-
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serine-threonine kinase (AKT) pathway [28] and has been
shown to be associated with the condition of liver fibrosis
[29, 30]. There is accumulating evidence showing that
PTEN can regulate the metabolism of glucose and lipids
in cancer [23, 24]. This study further investigated whether
PTEN and its downstream signalling were associated with
the abovementioned metabolic pathways in the infected
group.

As shown in Fig. 3 a and b, the expression levels of
PTEN and PI3K (p85α and p110β subunits) were signifi-
cantly downregulated in the infected group (t = 8.119,
3.898, 3.203, P < 0.05), while the expression of total AKT
was slightly upregulated in comparison to those in the
control mice. Nevertheless, p-AKT (Ser473), the activated
form of AKT, was apparently inhibited (t = 5.064, P < 0.05),

while p-AKT (Ser129) had no obvious change (Fig. 3a).
Overall, the PTEN/PI3K/AKT pathway was inhibited in the
progression of hepatic fibrosis induced by S. japonicum.

Previous studies have reported that PTEN and the
proto-oncogene cancer-Myc (c-Myc) are antagonistic to
each other [31, 32] and that PTEN could regulate glucose
metabolism [24]. Consistently, our study showed that the
expression of c-Myc was greatly increased (t = − 8.170,
P < 0.05, Fig. 3a). Moreover, the blood glucose levels of
the infected group became much lower (t = 9.319, P < 0.05,
Fig. 3c), showing the glucose metabolism disorder. These
changes may force hepatocytes or immune cells to gain
energy through the glycolysis pathway. Thus, this study
further determined the expression level of hypoxia inducible
factor-1α (HIF-1α), a factor that modulates key enzymes

Fig. 1. Glucose metabolismwas enhanced in the hepatic fibrosis induced by S. japonicum. Livers were collected from control and infected mice, and glucose
metabolism–related genes were determined by western blot and real-time RT-PCR. a The relative protein levels of GLUT4, PKM2 and PFKFB3 (n = 4). b
The relative mRNA levels of GLUT4, PK and PFK (n = 6). c The protein expression level of PGC-1α (n = 4). d The relative mRNA levels of G6PC (n = 6). e
The relative mRNA levels of CS and IDH3 (n = 6). The differences were analysed using the independent sample t test. Asterisks indicate statistically
significant differences between groups. *P < 0.05; **P < 0.01; ***P < 0.001.
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Fig. 2. Lipid metabolism was disordered and lipid droplets were decreased in the hepatic fibrosis induced by S. japonicum. Livers were collected from
control and infected mice and lipid metabolism–related genes were determined by western blot and real-time RT-PCR. a The mRNA expression levels of
CYP4, MCAD and L-FABP10 (n = 6). b The protein levels of PPARα and CPT-1a (n = 4). c The protein and mRNA levels of SREBP-1c, ACC1, FAS and
SCD1 (n = 6). d The mRNA levels of SREBP-1c (n = 6). e Representative liver images of Oil-Red O staining. f The altered levels of triglyceride in the sera
(n = 15). The differences were analysed using the independent sample t test. Asterisks indicate statistically significant differences between groups. *P < 0.05;
**P < 0.01; ***P < 0.001.
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involved in aerobic glycolysis [33]. The results showed that
HIF-1α expression was significantly elevated in the infected
group (t = − 7.030, P < 0.001, Fig. 3c), suggesting a hypoxia
microenvironment in the liver of infected mice.

SEA Induced a Similar Metabolic Phenotype
in Macrophages and Hepatocytes

It is well known that SEA is a main pathogenic reagent
that induces liver fibrosis by inducing M2 polarization of
macrophages [10]. This study further determined whether
SEA promotes such a specific metabolic switch in macro-
phages (RAW264.7 cells) in vitro, and several genes were
chosen to confirm the results. As shown in Fig. 4 a, the
expression of GLUT4, MCAD, ACC1, FAS and CYP4
was significantly upregulated (t = − 4.346, − 7.484, − 5.010,
− 9.977, − 8.330, P < 0.05) while PTEN, CS and IDH3 were

significantly downregulated after exposure to SEA compared
with expression in the PBS group (t = 12.944, 5.094, 8.384,
P < 0.05), which was consistent with our in vivo results.

Hepatocytes also participate in the process of hepatic
fibrosis in S. japonicum. This study investigatedwhether SEA
can induce the reprogramming of glucose and lipid metabo-
lism in hepatocarcinoma cells (HEP1-6) in vitro. Interestingly,
SEA could induce metabolic characterization in liver cells
similar to the results in macrophages (Fig. 4b), except for CS
expression. Therefore, these data supported that the in vivo
metabolic phenotype might be induced by SEA.

DISCUSSION

This study investigated the potential metabolic
reprogramming events in the progression of hepatic fibrosis

Fig. 3. The PTEN/PI3K/AKT pathwaywas inactivated in the hepatic fibrosis induced by S. japonicum. Livers were collected from control and infected mice,
and the signalling molecules were determined by western blot and real-time RT-PCR (n = 4~6 mice for each group). a The relative protein levels of PTEN,
PI3K-p85α, PI3K-p110β, p-AKT (Ser129), p-AKT (Ser473), total AKT and c-Myc. c The relative mRNA expression of PTEN. d The concentration of
glucose in sera. e The relative mRNA expression of HIF-1α. The differences were analysed using the independent sample t test. Asterisks indicate statistically
significant differences between groups. *P < 0.05; **P < 0.01; ***P < 0.001.
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Fig. 4. SEA induced a similar metabolic reprogramming in macrophages and liver cells in vitro. The macrophage cell line RAW264.7 cells (a) and the
hepatocarcinoma cell line HEP1-6 cells (b) were exposed to SEA for 24 h, and the mRNA expression of enzymes in metabolic pathways was determined by
real-time RT-PCR. The differences were analysed using the independent sample t test. Asterisks indicate statistically significant differences between groups.
*P < 0.05; **P < 0.01; ***P < 0.001.
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induced by S. japonicum. The results showed that the gly-
colysis and fatty acid oxidation pathways were both activat-
ed. Interestingly, in vitro SEA could induce the metabolic
phenotype in macrophages and hepatocytes, similar to the
in vivo results. Consistently, PTEN, a negative regulator
of glucose and lipid metabolism, was significantly
inhibited both in vitro and in vivo. These results
suggested the occurance of metabolic reprogramming
in S. japonicum–induced hepatic fibrosis (Fig. 5).

As an emerging field, immunometabolism has re-
ceived increasing attention, as it mainly connects glucose
and lipid metabolism to immunology [16] and is widely
involved in the occurrence and development of diseases
such as obesity and diabetes [34, 35]. However, the disci-
pline was not highly appreciated in parasite infection.
Since the liver is the central organ of metabolism, and is
also an important pathological site of schistosomiasis, this
study focused on the metabolic alternation of livers. Both
the levels of ALT and AST were elevated, suggesting
damage to the infected liver. Both glucose and lipid me-
tabolism were enhanced based on the expression of rate-
limiting enzymes in the infected group. In particular, the
glycolysis and fatty acid oxidation pathways were signifi-
cantly activated while oxidative phosphorylation was
inhibited, which was consistent with the infiltrated immune
cells, the decreased number of lipid droplets and the
lowered level of triglyceride in infected livers. However,

there were some divergences with regard to the enzyme
expression of lipogenic genes, reflecting the feature of
compensatory metabolism against liver damage. Overall,
these results supported the metabolic disorder in
S. japonicum–induced liver fibrosis.

Previous studies have shown that hepatocytes and
macrophages are both involved in the progression of he-
patic fibrosis [7–10]. In particular, it is well known that
SEA secreted by eggs triggers the progression of liver
fibrosis induced by S. japonicum through the M2 polariza-
tion of macrophages [10, 26]. We were therefore interested
in whether the metabolic phenotype is induced by SEA or
which type of cells is involved in the metabolic switch in
infected liver. The results showed that the expression ten-
dency of most genes could be induced by SEA in
RAW264.7 macrophages and HEP1-6 hepatocytes
(Fig. 4), although several other genes were not consistent
with the in vivo results. This finding supported that SEA
acts as a metabolic modulator during the process of liver
fibrosis. Moreover, it was reported that M2 macrophages
are characterized by an enhanced lipid oxidation pathway
[36]. This study found that macrophages exposed to SEA
exhibit the upregulation of lipid oxidation genes (MCAD,
CYP4), which was consistent with the capability of SEA to
induce M2 polarization [26].

As a classical tumour suppressor, PTEN has not only
been involved in hepatic fibrosis [17, 37–39], but can also

Fig. 5. Overview of metabolic reprogramming in the liver fibrosis induced by S. japonicum infection in mice. Fatty acid oxidation and glycolysis were
activated while gluconeogenesis and oxidative phosphorylation were inhibited during fibrosis progression induced by S. japonicum. This specific metabolic
reprogramming could be stimulated in both macrophages and liver cells by SEA. PTEN might play a central role in regulating this metabolic phenotype.
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regulate glucose and lipid metabolism in cancer [24]. This
study found that the PTEN/PI3K/AKT pathway was
inhibited in the progression of hepatic fibrosis induced by
S. japonicum. Classically, PTEN negatively regulates PI3K
activity, and AKT is a key downstream effector molecule
of PI3K, which can be phosphorylated and activated by
PI3K [31, 40]. However, this study showed that the ex-
pression levels of both PI3K (p85α) and p-AKT (Ser473)
were significantly decreased. The result seems to be be-
yond our expectations, but it is rational due to the serious
damage in S. japonicum–induced liver fibrosis. In addition,
given the fact that PTEN and c-Myc are antagonistic to
each other [31], this study found upregulated expression of
c-Myc in infected livers (Fig. 4a).

In general, this suggested that the downregulation of
PTEN was closely associated with the disordered glucose
and lipid metabolism. To further reveal the relationship,
polyene phosphatidylcholine (PPC), a hepatica widely used
in the clinic to treat liver disease and previously proven to
upregulate the expression of PTEN in macrophages (data
not published), was added to the RAW264.7 cell culture
system. The results showed a reversal tendency of the
glycolysis and fatty acid oxidation pathways between up-
regulation of PTEN (PPC group) and downregulation of
PTEN (SEA group) (Supplementary Fig. 2). Therefore, this
study proposed that PTEN plays an essential role in liver
fibrosis most likely through regulating metabolism, but the
specific mechanism needs to be further investigated.

In conclusion, the present study showed that glycolysis
and fatty acid oxidation were significantly activated in liver
fibrosis induced by S. japonicum. SEA, the most serious
pathogenic factor, could mock the metabolic effect in mac-
rophages and hepatocytes. PTEN seemed to be the essential
modulator in such metabolic reprogramming. Overall, this
study provide novel insight into the pathogenesis of
S. japonicum–induced liver fibrosis, and modulation of
PTEN might be a novel target to improve the condition.

CONCLUSION

Our study showed that the downregulation of PTEN
expression is associated with the active metabolic pheno-
type of glycolysis, fatty acid oxidation and lipid synthesis
in S. japonicum–induced liver fibrosis. Together with other
results, we conclude that PTEN has an essential role in
regulating glucose and lipid metabolic reprogramming that
links with disease progression. Thus, modulation of PTEN
may provide a novel insight into understanding the patho-
genic mechanism of the parasite.
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