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Abstract

Objective    Microcystin-leucine-arginine  (MC-LR)  exposure  induces  lipid  metabolism  disorders  in  the
liver.  Secreted  frizzled-related  protein  5  (SFRP5)  is  a  natural  antagonist  of  winglesstype  MMTV
integration site family,  member 5A (Wnt5a) and an anti-inflammatory adipocytokine.  In this  study,  we
aimed to investigate whether MC-LR can induce lipid metabolism disorders in hepatocytes and whether
SFRP5,  which  has  anti-inflammatory  effects,  can  alleviate  the  effects  of  hepatic  lipid  metabolism  by
inhibiting the Wnt5a/Jun N-terminal kinase (JNK) pathway.

Methods    We exposed mice to MC-LR in vivo to induce liver lipid metabolism disorders. Subsequently,
mouse hepatocytes that overexpressed SFRP5 or did not express SFRP5 were exposed to MC-LR, and the
effects of SFRP5 overexpression on inflammation and Wnt5a/JNK activation by MC-LR were observed.

Results    MC-LR exposure induced liver lipid metabolism disorders in mice and significantly decreased
SFRP5 mRNA and protein levels in a concentration-dependent manner. SFRP5 overexpression in AML12
cells  suppressed  MC-LR-induced  inflammation.  Overexpression  of  SFRP5  also  inhibited  Wnt5a  and
phosphorylation of JNK.

Conclusion    MC-LR  can  induce  lipid  metabolism  disorders  in  mice,  and  SFRP5  can  attenuate  lipid
metabolism disorders in the mouse liver by inhibiting Wnt5a/JNK signaling.
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INTRODUCTION

In  recent  years,  with  global  warming,
nitrogen,  phosphorus,  and  other  organic
substances  have  been  discharged  into  rivers

and lakes, resulting in large numbers of algae in the

water  and  endangering  the  health  of  aquatic
organisms and humans[1]. Microcystin (MC) is a type
of  cyanobacteria  that  is  one  of  the  most  common
and  dangerous  cyanobacterial  toxins[2].  There  are
more  than  270  MC  homologs[3],  of  which  MC-
leucine-arginine  (MC-LR)  is  the  most  toxic  and
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abundant.  MC-LR  contamination  levels  in  the
environment  range  from 0.1  μg/L  to  a  few mg/L[4].
South  Africa  is  currently  the  most  heavily  polluted
by  MCs  in  surface  water,  with  124,460  μg/L
detected in its reservoir[5]. The MC-LR in water from
Lake  Tai  in  2007  showed  that  the  maximum
concentration  was  0.522  μg/L[6].  The  highest
concentration  of  MCs  in  groundwater  in  Lake
Chaohu is 1.07 μg/L[6]. In the high-incidence area of
liver  cancer,  the  concentration  of  MC-LR  in  pond
and  ditch  water  was  found  to  be  as  high  as
1.158 μg/L[7], exceeding the national drinking water
limit  standard  (1  μg/L)  specified  by  the  World
Health Organization in 1998[2]. MC-LR is considered
a  tumor  promoter  in  mammals  because  of  its
potent  inhibitory  effects  on  protein  phosphatase  1
and  2A[2].  MC-LR  is  a  metabolism-disrupting
chemical  that  can  perturb  lipid  metabolites  and
contribute  to  the  development  of  metabolic
syndromes[3]. MC-LR accumulates in the liver mainly
through  blood  circulation.  Metabolic  disturbances,
including  fatty  acid  beta-oxidation  and  hepatic
lipoprotein  output,  are  significantly  inhibited  in
mice  after  short-term,  low-dose  MC-LR  exposure,
resulting in nonalcoholic fatty liver disease[4,8].

Lipid  metabolism  is  closely  related  to  the
physiological  and  pathological  status[9].  The  liver  is
the primary organ involved in lipid metabolism in the
human body[10].  Fatty  acid  synthesis,  lipid  oxidation,
and lipolysis are key processes in lipid metabolism[11].
Several studies have shown that long-term intake of
low  concentrations  of  MC-LR  can  lead  to  liver  lipid
metabolism  disorders,  including  nonalcoholic  fatty
liver  disease  and liver  fibrosis[9,12].  The pathogenesis
of hepatic steatosis is complex and diverse, involving
the  environment,  genetics,  hormone  secretion,
oxidative  stress,  immune  response,  and  the
intestinal ecological environment[13]. However, these
mechanisms  need  to  be  elucidated.  Therefore,  this
study  is  essential  for  understanding  the  molecular
mechanisms  of  lipid  metabolism  in  the  liver  and
identifying future therapeutic targets.

Secreted  frizzled-related  protein  5  (SFRP5),  a
member of  the SFRP family,  is  an anti-inflammatory
adipocytokine[14].  SFRP5 is  structurally  similar  to  the
frizzled receptor in the Wnt signaling pathway[14] and
can inhibit the activity of the Wnt signaling pathway
by  competitively  binding  to  the  frizzled  receptor,
thereby  negatively  regulating  the  Wnt  pathway[15].
As  an  antagonist  of  the  Wnt  pathway,  SFRP5  acts
mainly through the noncanonical Wnt pathway[16].

Wnt5a,  a  proinflammatory  adipokine,  is  a
noncanonical  component  of  the  Wnt  signaling

pathway[17].  Experimental  results  using  animal
models  have  shown  that  its  expression  increases  in
proportion  to  obesity[17].  The  classical  molecular
mechanism of SFRP5 is to bind to Wnt5a and inhibit
the  binding  of  Wnt5a  to  its  receptor,  thus  blocking
downstream  Jun  N-terminal  kinase  (JNK)
phosphorylation and triggering proinflammatory and
proliferative processes[16,18,19].

Some  studies  have  shown  that  SFRP5  knockout
mice  develop  obesity  and  fatty  inflammation,  and
that  overexpression  of  SFRP5  by  adenovirus  can
alleviate  obesity,  fatty  inflammation,  and  hepatic
steatosis[20]. In  vitro,  administration  of  SFRP5
ameliorates  hepatic  lipid  accumulation,
inflammation,  and  nonalcoholic  steatohepatitis[21,22].
However,  it  is  unclear  whether  SFRP5  plays  an
important  role  in  MC-LR-induced  liver  fat
metabolism disorders, or the mechanism by which it
regulates downstream molecules.

In  the  present  study,  we  injected  MC-LR  into
mice  daily  to  induce  a  liver  injury  model,  and  liver
inflammation  in  mice  was  aggravated  to  produce
liver  lipid  metabolism  disorders.  However,  by
overexpressing  SFRP5,  the  effects  of  the  Wnt5a
pathway  and  phosphorylated  JNK  (p-JNK)  were
observed,  and  their  roles  in  liver  lipid  metabolism
disorders were investigated. 

METHODS
 

Experimental Animal

Forty  specific  pathogen-free  male  BALB/C  mice
of  6–8  weeks  old  and  weighing  18–20  g,  were
purchased  from  the  Anhui  Experimental  Animal
Center. The mice were housed in the animal room of
Anhui  Medical  University  for  30  days.  The
temperature  was  maintained  at  20–25  °C,  the
humidity  was  controlled  in  the  range of  (50% ±  5%,
the  circadian  rhythm  of  light/dark  was  manually
controlled for  12 hours,  and the mice were allowed
to eat and drink freely. All animal experiments were
performed in  accordance  with  the  guidelines  of  the
Institutional  Animal  Care  and  Use  Committee
(IACUCUNK1).  After a week of adaptive feeding, the
mice were randomly divided into a control group, 50
μg/kg per day MC-LR group, a 100 μg/kg per day MC-
LR  group,  and  a  200  μg/kg  per  day  MC-LR  group,
with 10 mice in each group. The mice were fed at 12
o’clock  every  day  for  28  days,  and  feeding  was
stopped  24  h  before  euthanizing  the  mice
(Supplementary  Figure  S1,  available  in  www.
besjournal.com). 
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Cell Culture

Cells  were  cultured  in  10% fetal  bovine  serum
(GIBCO,  USA)  and  1% penicillin-streptomycin
(Beyotime,  China)  in  RPMI  1640  medium  (DMEM)
(GIBCO,  USA)  with  a  1% insulin-transferrin-selenium
(Beyotime,  China)  additive.  The  culture  dish  was
placed in an incubator at 37 °C and 5% CO2, and the
medium  was  changed  every  24  hours  and  the  cell
growth  was  observed.  After  72  h,  the  cells  were
digested  and  passaged,  and  the  protein,  RNA,  and
supernatants  of  the  third-generation  cells  were
collected and extracted for subsequent experiments. 

Biochemical Index Detection

The  serum  of  the  mice  was  centrifuged  and
measured  according  to  the  manufacturer’s
instructions  for  aspartate  aminotransferase  (AST),
alanine  aminotransferase  (ALT),  high-density
lipoprotein  cholesterol  (HDL-C),  low-density
lipoprotein  cholesterol  (LDL-C),  total  cholesterol
(TC),  and  total  triglyceride  (TG)  detection  kits
(Jiancheng  Biology,  China).  Interleukin-6  (IL-6),
interleukin-1β (IL-1β),  tumor  necrosis  factor-α  (TNF-
α),  interleukin-4  (IL-4),  and  interleukin-10  (IL-10)
(Calvin,  China)  levels  were  analyzed  by  enzyme-
linked immunosorbent assay (ELISA). 

Liver Pathology

Mouse  livers  were  embedded  in  paraffin  and
sectioned  after  exposure  to  MC-LR.  Paraffin  sections
of  5  μm  were  stained  with  hematoxylin  and  eosin
(Solarbio, China) to observe mouse liver inflammation
and balloon-like lesions of hepatocytes. 

Cell Transfection

Cells  were  seeded  at  1  ×  106 cells/well  in  6-well
plates  prior  to  transfection  and  transfected  when
cultured  to  70%–90% confluency.  According  to  the
manufacturer’s  instructions,  Lipofectamine  3000
(Thermo Fisher Scientific, USA) plus 5 μg of a pEGFP
vector  (Sangon  Biotech  Co.,  Ltd,  China)  containing
SFRP5 (OV-SFRP5) or the empty vector (OV-NC) were
used  for  transfection,  incubated  for  48  hours  at
37 °C in a 5% CO2 incubator. 

Cell Counting Kit-8 (CCK-8)

After  treatment,  cell  viability  was  determined
using  the  CCK-8  assay  (Beyotime,  China).  The  cells
were seeded in a 96-well plate at a density of 2 × 103

cells/well  and  incubated  overnight  at  37  °C.
Subsequently,  10  μL  of  CCK-8  solution  was  added,
and  the  cells  were  cultured  for  2  h  at  37  °C.  The

absorbance  was  measured  at  450  nm  using  a
microplate reader (Bio-Rad, Hercules, CA, USA). 

Western Blot

Proteins  in  the  mouse  liver  and  cells  were
extracted  with  radioimmunoprecipitation  assay  lysis
buffer  (Beyotime,  China),  and  total  protein
concentration  was  quantified  using  a  bicinchoninic
acid protein assay kit  (Beyotime, China).  A total  of  35
μg  of  protein  was  transferred  to  sodium  dodecyl
sulfate-polyacrylamide  gel  electrophoresis,  and  then
further  transferred  to  a  polyvinylidene  fluoride
membrane (Millipore, USA). They were then incubated
with anti-glyceraldehyde-3-phosphate dehydrogenase,
anti-SFRP5,  anti-Wnt5a,  anti-JNK,  anti-P-JNK,  anti-β-
catenin, and anti-Wnt3a (SANTA, USA) for 12 h at 4 °C,
followed  by  incubation  with  horseradish  peroxidase-
conjugated anti-mouse antibody for 1 h at 37 °C.  The
protein  bands  were  visualized  by  enhanced
chemiluminescence  detection  and  analyzed  using
Image-Pro Plus software. 

Real-time Quantitative Polymerase Chain Reaction

Total  RNA  was  extracted  from  the  cells  and
mouse liver  tissues using TRIzol  reagent (Invitrogen,
USA).  Total  RNA  was  reverse  transcribed  into
complementary DNA using PrimeScript™ RT reagent
Kit  (Roche,  China).  Quantitative  polymerase  chain
reaction  was  performed  using  1  mL  of
complementary  DNA  per  well,  TaqMan  Master  Mix
(Applied  Biosystems),  and  20  mmol/L  each  of  the
sense  and  antisense  primers.  The  results  were
evaluated  using  the  method,  and  the  calculated
number of  copies was normalized to the number of
glyceraldehyde-3-phosphate  dehydrogenase  mRNA
copies in the same sample. The primers used in this
study are listed in Table 1. 

Statistical Analysis

In this study, quantitative variables are expressed
as  the  mean  ±  standard  deviation, GraphPad  Prism
8.4  (GraphPad,  California,  USA)  software  was  used
for  statistical  analysis.  One-way  analysis  of  variance
was used to evaluate differences between groups. A
value  of P <  0.05  was  considered  statistically
significant. 

RESULTS
 

Effects  of  MC-LR  on  Body  Weight  and  Liver
Coefficient in Mice

There  was  no  significant  difference  in  the  body
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weight  of  the  mice  as  a  whole;  however,  the  body
weight  of  the  blank  control  group  increased  slowly.
Before the 18th day of exposure, the body weight of
mice in all groups increased, and the body weight of
mice  in  the  50,  100,  and  200  μg/kg  per  day  MC-LR
groups  was  significantly  higher  than  that  of  the
control group. After the 18th day, the body weight of
the mice in the 50, 100, and 200 μg/kg per day MC-
LR groups began to decrease, and the body weight of
the mice in the experimental groups was lower than
that of the control group, especially in the 50 μg/kg
per  day  MC-LR  group  (Figure  1).  However,  there
were  no  significant  changes  in  the  liver  coefficients
of  mice  (Figure  2).  These  data  indicate  that  there
was  no  significant  change  in  the  overall  outward
performance  trend  of  MC-LR  in  the  short  term
compared with that in the blank control group. 

Serum Biochemical Indexes of Mice

To further study the effect  of  MC-LR on liver fat

metabolism  in  mice,  we  collected  blood  from  mice,
centrifuged  the  serum,  and  detected  the  levels  of
high-density  lipid-cholesterol  (HDL-C),  low-density
lipid-cholesterol  (LDL-C),  TC,  TG,  alanine
transaminase  (ALT),  and  aspartate  transaminase
(AST)  in  the  serum  of  mice  (Figure  3).  The  serum
levels  of  HDL-C,  LDL-C,  TC,  and  TG  in  the  high-dose
200  μg/kg  per  day  MC-LR  group  were  significantly
higher  than  those  in  the  other  groups  and  the
control group, with significant differences compared
to the control group. ALT was significantly increased
in  the  MC-LR  trial  group  and  was  statistically
significant. The AST content in the serum of the 100
and  200  μg/kg  per  day  MC-LR  groups  was
significantly higher than that of the control group. 

Pathological Observation of Mouse Liver

The effects of different MC-LR doses on the livers
of mice are shown in Figure 4A–B. No apparent liver
injury was observed in the group that did not receive

 

Table 1. RNA primer

Primer Forward primer (5ʹ–3ʹ) Reverse primer (5ʹ–3ʹ)

SREBP-1c TGGAGACATCGCAAACAAG GGTAGACAACAGCCGCATC

ACC1 AAGGGACAGTAGAAATCAAA CAGCCTCCAGTAGAAGAAG

FASN GCCTCCGTGGACCTTATC ACAGACACCTTCCCGTCA

SCD1 GGGAATAGTCAAGAGGCT ACGAGGACGACAATACAA

CD36 GGCAGGAGTGCTGGATTA GAGGCGGGCATAGTATCA

DGAT1 GTGGGTTCCGTGTTTGC CTCGGTAGGTCAGGTTGTCT

SFRP5 CACTGCCACAAGTTCCCCC TCTGTTCCATGAGGCCATCAG

Wnt5a CAACTGGCAGGACTTTCTCAA CCTTCTCCAATGTACTGCATGTG

GAPDH TCGGAGTCAACGGATTTGGT TGAAGGGGTCATTGATGGCA

　　Note. SREBP-1c, sterol regulatory element-binding transcription factor-1c; ACC1, acetyl-CoA carboxylase 1;
FASN,  fatty  acid  synthase; SCD1,  stearoyl-CoA  desaturase-1; CD36,  cluster  of  differentiation  36; DGAT1,
diacylglycerol  o-acyltransferase  1; SFRP5,  secreted  frizzled-related  protein  5; GAPDH,  glyceraldehyde-3-
phosphate dehydrogenase.
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Figure 1. The body weight change trend after being exposed to microcystin-leucine-arginine for 28 days
(n = 7).
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MC-LR  treatment.  There  was  slight  infiltration  of
inflammatory  cells  and  disarrangement  of  hepatic

lobules in the 50 μg/kg per day MC-LR treated group.
However, 100 and 200 μg/kg per day MC-LR showed
obvious  inflammatory  soaking  and  a  disordered
arrangement  of  the  hepatic  lobules.  It  is  worth
noting that through hematoxylin and eosin staining,
different  degrees  of  steatosis  of  hepatocytes  were
found in the 50,  100,  and 200 μg/kg per day MC-LR
treatment  groups,  and  the  hepatocytes  were  filled
with lipid vacuoles of different sizes, which was more
evident  in  the  200  μg/kg  per  day  high  dose  group.
No significant difference was observed in the control
group. 

Effect of MC-LR on Hepatic Inflammation

As shown in Figures 5 and 6, after the mice were
exposed to MC-LR for 28 days, the proinflammatory
factors  IL-6,  IL-1β,  and  TNF-α  were  positively
correlated  with  the  increase  in  exposure  dose,  and
there  was  statistical  significance.  Similarly,  levels  of
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Figure 3. The effects of  microcystin-leucine-arginine on serum ALT (A),  AST (B),  HDL-C (C),  LDL-C (D),  TC
(E), and TG (F) levels in mice (n = 7). MC-LR, microcystin-leucine-arginine; HDL-C, high-density lipoprotein
cholesterol;  LDL-C,  low-density  lipid  cholesterol;  TC,  total  cholesterol;  TG,  triglyceride;  ALT,  alanine
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the  anti-inflammatory  factor  IL-4  decreased
gradually  with  increasing  exposure  doses.  IL-10,  an
anti-inflammatory  factor,  showed  a  slightly
downward trend. 

Effect of MC-LR on Hepatic Lipid Metabolism

To  determine  whether  MC-LR  exacerbates
hepatic  lipid  metabolism  disorders  in  mice,  the
relative  mRNA  expression  levels  of  lipid  synthesis-
related  genes  and  fatty  acid  β-oxidation-related
genes  were  examined  by  polymerase  chain
reaction  (Figure  7).  Compared  with  the  control
group,  the  expression  levels  of  lipid  synthesis-
related  genes,  such  as  sterol  regulatory  element-
binding  transcription  factor-1c  (SREBP-1c),  acetyl
coenzyme  a  carboxylase  1  (ACC1),  fatty  acid
synthase  (FASN),  cluster  of  differentiation  36
(CD36), peroxisome proliferator-activated receptor
gamma,  stearoyl-CoA  desaturase-1,  and
diacylglycerol  O-acyltransferase  1,  in  the  100  and
200  μg/kg  per  day  MC-LR  treatment  groups  were

significantly  upregulated.  However,  a  downward
trend was observed in the 50 μg/kg per day MC-LR
treatment group. 

Expression  Levels  of  SFRP5  and  Wnt5a  in  MC-LR-
exposed Mice and Mouse Hepatocytes (AML12)

To  determine  whether  SFRP5  is  involved  in  lipid
metabolism  disorders  and  hepatocyte  damage
induced  by  MC-LR  exposure  in  mice,  we  measured
the  mRNA  (Figure  8A)  and  protein  (Figure  8B)
expression  levels  of  SFRP5  after  exposure  to
different  concentrations  of  MC-LR.  This  expression
levels in cells are shown in Figure 9. Compared to the
control group, the mRNA and protein levels of SFRP5
were  significantly  decreased,  and  the  mRNA  and
protein  levels  of  Wnt5a  tended  to  decrease.  As
expected, our results suggested that SFRP5 may play
a  role  in  MC-LR-induced  hepatic  lipid  metabolism
disorders.  In  addition,  considering  the  decrease  in
cell  viability  caused  by  MC-LR,  an  exposure  time  of
24  hours  and  an  exposure  dose  of  1  μmol/L  MC-LR
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were selected for subsequent experiments (Figure 10). 

Overexpression  of  SFRP5  Inhibits  MC-LR-induced
Inflammation in AML12 Cells

Subsequently,  cells  transfected  with  OV-SFRP5
and  OV-NC  cells  served  as  controls.  The  successful
overexpression of SFRP5 in AML12 cells was verified,
as  shown  in Figure  11.  The  expression  of
inflammatory  factors  in  cells  overexpressing  SFRP5
was then measured. As depicted in Figure 12, MC-LR
significantly  increased  the  levels  of  IL-6,  IL-1β,  and
TNF-α.  However,  SFRP5  overexpression  significantly
reduced the concentration of these cytokines. 

Overexpression  of  SFRP5  Inhibits  Wnt5a-induced
Phosphorylation of JNK

To investigate whether SFRPR exposure to MC-LR
affected the Wnt5a/JNK pathway,  we measured the
protein expression of Wnt5a, JNK, P-JNK, and Wnt3a

in  hepatocytes  transfected  with  OV-SFRP5.  The
results  indicated  that  the  OV-SFRP5  group
significantly  inhibited  the  expression  of  Wnt5a  and
P-JNK  compared  with  the  MC-LR  group  (Figure  13).
These  data  suggest  that  SFRP5  inhibits  the
Wnt5a/JNK  pathway,  thereby  preventing  MC-LR
from  inducing  lipid  metabolism  disorders  and  liver
inflammation. 

DISCUSSION

With  problems,  such  as  human  activities  and
global  warming,  rivers  and  lakes  are  becoming
eutrophic,  leading  to  increased  cyanobacteria
blooms,  and  cyanobacterial  toxins  that  endanger
aquatic  organisms  and  can  cause  serious  harm  to
human health.  MC-LR has  been identified  as  a  class
2B carcinogen[23]. Nevertheless, most studies on MC-
LR  to  date  have  focused  on  liver  inflammation  or
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long-term  low-dose  continuous[24] or  intermittent
exposure  through  drinking  water[25],  leading  to  liver
lipid  metabolism  disorders.  Few  studies  have
investigated the effects of intragastric administration
of  MC-LR  on  liver  lipid  metabolism  in  mice.
Therefore,  in  our  study,  mice  were  given  50,  100,
and  200  μg/kg  per  day  MC-LR  for  28  days.  Studies
have  shown  that  short-term  high-dose  exposure  to
MC-LR  can  lead  to  liver  inflammation  and  lipid
metabolism disorders. 

Effect of MC-LR on the General Condition of Mice

In  this  study,  different  doses  of  MC-LR  were
administered to the mice by gavage. There was no
significant  change  in  the  body  weight  of  the  mice
after  28  days;  however,  there  was  a  slight  change
in the body weight trend of each group before and
after  18  days,  which  may  indicate  the  severe
impact of  MC-LR on the mice.  Similarly,  there was

no  significant  change  in  the  liver  coefficient  of
mice  in  the  treatment  groups  compared with  that
in  the control  group.  These data suggest  that  MC-
LR had no significant effect on mouse body weight
or liver. 

Effect of MC-LR on Hepatic Inflammation in Mice

Because  AST  and  ALT  are  essential  indicators  of
liver  function,  their  levels  increase  when  liver  cells
are damaged, and the degree of increase is positively
correlated  with  the  degree  of  liver  cell  damage[26].
Compared with  the  control  group,  the  levels  of  AST
and  ALT  in  the  serum  of  mice  increased,  indicating
liver  damage.  MC-LR  can  cause  histopathological
injury  to  the  mouse  liver,  such  as  disorders  of
hepatic  lobules,  prominent  infiltration  of
inflammatory  cells,  and  fatty  degeneration  of
hepatocytes[27,28].  These  results  indicate  that  MC-LR
induces liver injury in mice. 
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Effect of MC-LR on Lipid Metabolism in Mouse Liver

From  the  perspective  of  biochemical  tests,  the
increase  in  serum  TG,  TC,  LDL-c,  and  liver  TG  and
TC,  and the decrease in  serum HDL-c  in  mice were
caused  by  MC-LR,  consistent  with  our  previous
hypothesis.  Histopathologically,  the hepatocytes  of
the  mice  showed  fat  vacuoles.  These  results
indicate  that  MC-LR  significantly  enhanced  lipid
deposition in mouse hepatocytes. Lipid metabolism
involves  lipid  synthesis  and  fatty  acid  β-oxidation.
The  de  novo  synthesis  of  fatty  acids  (DNL)  is  an
essential  biosynthetic  pathway  in  the  liver  that
contributes to the storage and secretion of lipids[29].
This process is  regulated by multiple factors within
the  hepatocytes.  A  significant  pathway  regulating
the  initiation  of  fatty  acid  metabolism  in  the  liver
involves  the  stimulation  of  SREBP-1c  expression,  a
key  factor  in  hepatic  lipid  synthesis[27].  SREBP1-c,  a
steroid  regulatory  element-binding  protein,  is  a
crucial regulator of endogenous fatty acid synthesis

in  hepatocytes.  Mature  SREBP-1c  is  transferred  to
the  nucleus  to  promote  fatty  acid  biosynthesis  by
upregulating  the  expression  of  lipogenesis-related
genes,  including SCD1 and ACC1[26].  SCD1  is  an
enzyme  located  in  the  endoplasmic  reticulum  that
catalyzes  the  formation  of  monounsaturated  fatty
acids  from  12- to  18-carbon  saturated  fatty
acids[27,28]. ACC1 is an essential rate-limiting enzyme
involved  in  fatty  acid  metabolism[30].  ACCs  catalyze
the  carboxylation  of  acetyl-CoA  to  produce
malonyl-CoA,  which  is  utilized  by  FASN  to  produce
long-chain  saturated  fatty  acids[30,31].  In  the
cytoplasm,  ACC1  is  primarily  responsible  for
converting  cytoplasmic  acetyl-CoA  to  malonyl-CoA
for  fatty  acid  synthesis[31].  FASN  is  a  multienzyme
protein  that  is  a  crucial  regulator  of  lipid
metabolism,  especially  fatty  acid  synthesis[31,32].
FASN  UNK1  converts  glucose  to  fatty  acids[33].  The
outer  ring  of  CD36  contains  a  large  hydrophobic
cavity  that  provides  a  docking  site  for  fatty  acids
and  other  hydrophobic  ligands,  facilitating  the
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attraction of hydrophobic ligands to the cell surface
and  thus  promoting  the  transportation  of  fatty
acids  into  the  cell[34].  CD36 is  a  scavenger  receptor
involved in lipid metabolism[35]. 

The  Wnt  Pathway  is  Generally  Divided  into
Canonical and Noncanonical Signaling

Nonclassical  Wnt  signaling  is  defined  by  a  β-

catenin-independent  signaling  mechanism[36].
Glycogen synthase kinase-3β (GSK-3β) plays a role in
many  cellular  processes,  including  cell  proliferation,
DNA  repair,  cell  cycle,  signaling,  and  metabolic
pathways[37].  The  role  of  GSK-3β  in  the  Wnt/β-
catenin  pathway  is  to  regulate  the  function  of  β-
catenin  by  mediating  its  phosphorylation[38].  GSK-3β
and  P-GSK-3β  play  a  key  role  in  the  classical  Wnt
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signaling  pathway[15].  SFRP5  antagonizes  the
transduction  of  the  Wnt5a  noncanonical  signaling
pathway, thus contributing to the production of anti-
inflammatory  cytokines[39].  This  negative  feedback
mechanism further increases Wnt signaling as SFRP5
expression  is  reduced[16].  Wnt5a  expression  was
significantly  attenuated  by  SFRP5  overexpression,
suggesting  that  SFRP5  attenuates  MC-LR-induced
hepatocyte  injury  by  inhibiting  Wnt5a  expression.
Wnt5a  expression  is  proportional  to  obesity  and
activates  JNK  in  macrophages  and  adipocytes[40].
Furthermore,  we  found  that  overexpression  of
SFRP5  in  AML12  cells  downregulated  the
phosphorylated form of JNK, a downstream target of
noncanonical  Wnt  signaling.  These  results  indicate
that  overexpression  of  SFRP5  in  hepatocytes
reverses activated Wnt/JNK signaling and inhibits the
expression of proinflammatory mediators, as well as
the  development  of  lipid  metabolism  disorders,
suggesting  that  the  SFRP5/Wnt5a/JNK  regulatory
axis is a potential target for hepatocytes. 

CONCLUSION

In  conclusion,  our  results  indicate  that

continuous  intragastric  administration  of  MC-LR  for
28  days  in  mice  induces  liver  inflammation  and
hepatic  lipid  metabolism  disorders.  The  primary
mechanism  is  that  SFRP5  significantly  affects  the
regulation  of  the  inflammatory  response  and  the
downregulation  of  JNK  signaling  in  hepatocytes.
Although  the  exact  mechanism  remains  to  be
elucidated, our results suggest a novel role for SFRP5
as  a  negative  regulator  of  liver  injury  in  mice,
providing  a  scientific  basis  for  further  studies  on
hepatotoxicity,  which  can  help  prevent  severe  liver
disease caused by MC-LR. 
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