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Cordycepin Ameliorates Nonalcoholic 
Steatohepatitis by Activation of the 
AMP- Activated Protein Kinase Signaling 
Pathway
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BaCKgRoUND aND aIMS: Nonalcoholic fatty liver 
disease, especially nonalcoholic steatohepatitis (NASH), has 
become a major cause of liver transplantation and liver- 
associated death. NASH is the hepatic manifestation of 
metabolic syndrome and is characterized by hepatic stea-
tosis, inflammation, hepatocellular injury, and different de-
grees of fibrosis. However, there is no US Food and Drug 
Administration– approved medication to treat this devastating 
disease. Therapeutic activators of the AMP- activated protein 
kinase (AMPK) have been proposed as a potential treat-
ment for metabolic diseases such as NASH. Cordycepin, a 
natural product isolated from the traditional Chinese medicine 
Cordyceps militaris, has recently emerged as a promising drug 
candidate for metabolic diseases.

appRoaCH aND ReSUltS: We evaluated the effects 
of cordycepin on lipid storage in hepatocytes, inflammation, 
and fibrosis development in mice with NASH. Cordycepin 
attenuated lipid accumulation, inflammation, and lipotoxic-
ity in hepatocytes subjected to metabolic stress. In addition, 
cordycepin treatment significantly and dose- dependently de-
creased the elevated levels of serum aminotransferases in mice 
with diet- induced NASH. Furthermore, cordycepin treatment 
significantly reduced hepatic triglyceride accumulation, inflam-
matory cell infiltration, and hepatic fibrosis in mice. In vitro 

and in vivo mechanistic studies revealed that a key mecha-
nism linking the protective effects of cordycepin were AMPK 
phosphorylation– dependent, as indicated by the finding that 
treatment with the AMPK inhibitor Compound C abrogated 
cordycepin- induced hepatoprotection in hepatocytes and mice 
with NASH.

CoNClUSIoN: Cordycepin exerts significant protective 
effects against hepatic steatosis, inflammation, liver injury, 
and fibrosis in mice under metabolic stress through activa-
tion of the AMPK signaling pathway. Cordycepin might be 
an AMPK activator that can be used for the treatment of 
NASH. (Hepatology 2021;74:686-703).

Nonalcoholic fatty liver disease (NAFLD) is 
a disease spectrum that ranges from nonal-
coholic fatty liver (NAFL) to nonalcoholic 

steatohepatitis (NASH) with progressive fibrosis.(1) 
Overnutrition- induced hepatic steatosis and chronic, 
low- grade inflammation lead to liver damage in the 
context of NASH.(2,3) Although often clinically silent, 
NASH can progress over time to cirrhosis or end- 
stage liver disease and may cause patients to need a 
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liver transplant.(2) The global prevalence of NAFLD 
in adults is estimated to be approximately 25%.(4) 
Although NAFLD is highly prevalent in the gen-
eral population, its progressive subtype of NASH is 
more clinically relevant than the NAFL subtype.(4,5) 
In the United States, an estimated 1.5%- 6.45% of the 
general population has NASH.(6) With rapid life-
style transitions, the increasing burden of NAFLD 
in China has emerged as a major public health issue. 
From 1999 to 2018, the prevalence of NAFLD in 
China increased by 8%- 9%, with the current overall 
prevalence reaching 29.1%.(7) The Chinese population 
may have a higher hereditary risk of NAFLD due to 
more frequent nonsynonymous mutations in genes 
regulating lipid metabolism. China has experienced an 
unexpected rapid increase in the burden of NAFLD 
over a short period.(8)

The establishment of anti- inflammatory and anti-
fibrotic therapies is one of the major clinical needs 
for the treatment of liver fibrosis, especially NASH. 
Pharmacological approaches targeting NASH should 
ideally block progression and reverse liver injury. 
However, despite the very large investment by the 
pharmacological industry in recent years, there are still 
no approved therapies targeting NASH.(9) Currently, 
only weight loss due to bariatric surgery and nonphar-
macological management through a healthy lifestyle/

diet and/or physical activity can be effective.(10,11) 
Thus, the development of medicines for NAFLD, 
especially incurable NASH, is an unmet medical need.

Cordycepin (3′- deoxyadenosine) is a major bioac-
tive component of the fungus Cordyceps militaris.(12) 
Cordycepin has a broad spectrum of biological activ-
ities, such as anti- inflammatory,(13) antioxidant,(14) 
antifibrotic,(15) antiadipogenic,(16) and antitumor(17) 
activities. Furthermore, cordycepin prevents hyper-
lipidemia in hamsters(18) and reduces the weight of 
rats with high- fat diet (HFD)– induced obesity.(16,19) 
Cordycepin not only prevents D- galactosamine/lipo-
polysaccharide (LPS)– induced acute liver injury(20) but 
also HFD- induced or alcohol- induced chronic hepa-
totoxicity.(18,21) Cordycepin suppresses the migration 
and invasion of human liver cancer cells.(22) However, 
the protective effects of cordycepin against the pro-
gression of NASH and the underlying mechanisms of 
action of these effects remain unknown.

The goals of the present study were to determine 
the effects of cordycepin on the development of 
NASH using a murine model established by HFD or 
high- fat/high- cholesterol (HFHC) diet feeding that 
recapitulates the human NASH metabolic profile, 
which is characterized by lipid accumulation, inflam-
mation, and fibrosis, and to corroborate the direct 
effects of cordycepin in hepatocytes in the presence 
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or absence of free fatty acids. We found that cordy-
cepin inhibits hepatic triglyceride (TG) accumulation 
and protects against hepatic inflammation and fibrosis 
in mice with NASH. Our study identifies cordycepin 
as a promising mitigator that acts as a natural activa-
tor through direct interaction with the α- subunit of 
AMP- activated protein kinase (AMPK).

Materials and Methods
During the experiments, all animal protocols were 

approved by the Animal Care and Use Committee 
of Renmin Hospital of Wuhan University. All ani-
mals received humane care according to the criteria 
outlined in the NIH “Guide for the Care and Use 
of Laboratory Animals.” The detailed materials and 
methods are provided in the Supporting Information.

Results
CoRDyCepIN atteNUateS 
palMItIC aCID– INDUCeD 
lIpID aCCUMUlatIoN, 
INFlaMMatIoN, aND 
lIpotoXICIty IN HepatoCyteS

To investigate the effects of cordycepin on lipid 
accumulation and inflammation in hepatocytes under 
metabolic stress, L02 cells were treated with cordy-
cepin (50 and 100  μM) in the presence or absence 
of palmitic acid (PA) and oleic acid (OA) (PA + OA 
[PO]) stimulation for 12  hours. Oil red O staining 
showed that cellular lipid droplet accumulation was 
notably decreased by cordycepin (Fig. 1A). The lipid- 
lowering effect of cordycepin was confirmed by mea-
surement of cellular TG and total cholesterol (TC) 
levels (Fig. 1B). Furthermore, cordycepin significantly 
attenuated PA- induced up- regulation of fatty acid 
synthesis genes (fatty acid synthase [Fasn], stearoyl- 
CoA desaturase 1 [Scd1], acetyl- CoA carboxylase 
alpha [Accα], and peroxisome proliferator– activated 
receptor gamma [Pparγ]) and inflammatory genes 
(interleukin- 6 [Il6], tumor necrosis factor- α [Tnfα], 
chemokine [C- C motif ] ligand 5 [Ccl5], and chemo-
kine [C- X- C motif ] ligand 10 [Cxcl10]). In contrast, 
cordycepin reversed the PA- induced down- regulation 
of fatty acid β- oxidation gene (Pparα) in L02 cells 

(Fig. 1C). Similar results were observed in primary 
hepatocytes treated with PA or PO (Supporting Fig. 
S1A- C). Treatment with PO for 12 hours reduced the 
accumulation of lipids in cordycepin- treated primary 
hepatocytes (Supporting Fig. S1A,B). Furthermore, 
cordycepin attenuated PA- mediated induction of fatty 
acid synthesis genes (Fasn, Scd1, Accα, and sterol reg-
ulatory element binding protein [Srebp]) in primary 
hepatocytes (Supporting Fig. S1C). Additionally, 
cordycepin significantly diminished the induction of 
inflammatory genes (Il1b, Il6, Tnfα, Ccl5, and Cxcl10) 
by PA (Supporting Fig. S1C).

To systematically investigate the effects of cordy-
cepin on lipid metabolism, inflammation, and lipotox-
icity, L02 cells treated with cordycepin and DMSO 
controls under PA- induced metabolic stress were 
evaluated by RNA- sequencing (RNA- seq) analy-
sis. Principal component analysis (PCA) and unsu-
pervised hierarchical clustering clearly separated the 
samples into two clusters (Fig. 1D). Next, the ther-
apeutic effect of cordycepin on the main signaling 
pathways involved in NASH was also investigated. 
Gene set enrichment analysis (GSEA) pathway 
enrichment results revealed that pathways related to 
inflammation, lipid metabolism, and apoptosis were 
enriched (Fig. 1E) and significantly down- regulated 
by cordycepin treatment compared with the DMSO 
control (Fig. 1F). A heatmap based on the GSEA 
results revealed that genes related to inflammation, 
lipid metabolism, and apoptosis pathways were sig-
nificantly down- regulated by cordycepin treatment in 
PA- treated hepatocytes (Fig. 1G).

CoRDyCepIN atteNUateS HFD- 
INDUCeD HepatIC SteatoSIS 
aND INFlaMMatIoN

Given the antilipotoxic protective effects of cordy-
cepin in in vitro assays, we next examined whether 
this compound attenuates hepatic steatosis in mice fed 
the HFD diet. Mice were fed the HFD for 16 weeks 
and then administered cordycepin (100 and 200 mg/
kg/day) while continuing to receive the HFD for an 
additional 8 weeks (Supporting Fig. S2A). Compared 
to those of the normal chow control mice, the body 
weights of the treated mice significantly increased 
over time. However, there were no significant differ-
ences between the HFD- fed mice treated with cordy-
cepin and the HFD- fed mice treated with the vehicle 
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control (control- HFD mice) (Supporting Fig. S2B). 
After 24  weeks of HFD feeding, the liver weights 
(LWs) and LW- to- body weight (LW/BW) ratios of 
the HFD- fed mice were significantly increased. In 
contrast, the LWs and LW/BW ratios were signifi-
cantly decreased in mice treated with cordycepin (Fig. 
2A,B). However, the white adipose weights and the 
ratios of white adipose weight to body weight did not 
differ between the cordycepin and vehicle treatment 
groups after 24  weeks of HFD feeding (Supporting 
Fig. S2C,D). Compared with control- HFD mice, 
cordycepin- treated mice fed the HFD for 24  weeks 
exhibited significantly lower hepatic and serum lipid 
(TG and TC) levels (Fig. 2C; Supporting Fig. S2E). 
Hematoxylin and eosin (H&E) staining and NAFLD 
activity score (NAS) showed that hepatocyte dam-
age induced by lipotoxicity was observed in HFD- 
fed mice; however, cordycepin treatment significantly 
reduced the HFD- induced hepatic steatosis and bal-
looning in the mouse livers. In addition, oil red O 
staining showed that cordycepin treatment signifi-
cantly slowed hepatic lipid droplet accumulation in 
mice fed the HFD (Fig. 2D).

The presence of lipid droplets containing TGs in 
hepatocytes is a hallmark of NAFLD, and multiple 
genes involved in lipogenesis, fatty acid uptake, and 
oxidation contribute to this phenomenon.(23) We next 
examined representative genes by quantitative real- 
time PCR assays and found that hepatic expression 
of genes related to fatty acid synthesis and uptake  
(3- hydroxy- 3- methyl- glutaryl- CoA reductase [Hmgcr],  
Fasn, Scd1, Pparγ, cluster of differentiation 36 [Cd36], 
and fatty acid binding protein 1 [Fabp1]) was lower 
in cordycepin- treated mice than in control mice after 
24 weeks of HFD feeding (Fig. 2E). In addition, the 

down- regulation of FASN and PPARγ expression 
by cordycepin was further confirmed by western blot 
assay (Fig. 2F). CD11b immunofluorescence stain-
ing showed that cordycepin significantly decreased 
inflammatory cell infiltration in the livers of mice fed 
the HFD (Fig. 2G). Furthermore, quantitative real- 
time PCR assays showed that inflammatory genes 
(Il1b, Cxcl2, Cxcl10, Ccl2, and Ccl5) were repressed by 
cordycepin treatment (Fig. 2H). Additionally, western 
blot analysis showed that phosphorylated inhibitor of 
NF- κB kinase subunit β (p- IKKβ) and p- p65 levels 
were significantly reduced by cordycepin treatment. In 
contrast, inhibitor of NF- κB α (IKBα) expression was 
significantly induced by cordycepin, suggesting that 
cordycepin inhibits NF- κB activation in the livers 
of mice fed the HFD (Fig. 2I). Lipotoxicity eventu-
ally leads to hepatocyte injury or even death(24); thus, 
serum alanine aminotransferase (ALT) and aspar-
tate aminotransferase (AST) levels were measured. 
Consistently, the serum levels of ALT and AST were 
lower in cordycepin- treated HFD- fed mice than in 
control- HFD mice (Fig. 2J). Collectively, these data 
suggest that cordycepin treatment protects mice 
against hepatic lipid dysfunction and inflammation 
induced by HFD feeding.

CoRDyCepIN pReVeNtS HFHC 
DIet– INDUCeD HepatIC 
SteatoSIS, INFlaMMatIoN, aND 
FIBRoSIS

To further investigate the protective effects of 
cordycepin against NASH in vivo, we established 
an HFHC diet– induced mouse NASH model that 
exhibited more profound inflammatory responses and 

FIg. 1. Effects of cordycepin on lipid accumulation and inflammation in hepatocytes. (A) Oil red O staining showing the degrees of lipid 
accumulation in L02 cells treated with DMSO, 50 μM or 100 μM cordycepin in response to BSA or PO (0.5 mM PA and 1.0 mM OA) 
stimulation for 12 hours. (B) TG and TC contents in L02 cells in the indicated groups stimulated with BSA or PO (0.5 mM PA and 
1.0 mM OA) for 12 hours. n = 3 per group. The data are presented as the mean ± SD. Significant differences between the DMSO- BSA 
group and the DMSO- PO group: *P < 0.05, **P < 0.01; significant differences between the DMSO- PO group and the cordycepin- PO 
group: #P < 0.05, ##P < 0.01. (C) Relative mRNA levels of the indicated lipid metabolism– related genes (Fasn, Scd1, Accα, Pparγ, and Pparα) 
and inflammatory factors (Il6, Tnfα, Ccl5, and Cxcl10) and in L02 cells treated with PA (0.5 mM). The relative mRNA expression was 
normalized to that of the β- actin- encoding gene Actb. n = 3 per group. The data are presented as the mean ± SD. Significant differences 
between the DMSO- BSA group and the DMSO- PA group: **P < 0.01; significant differences between the DMSO- PA group and the 
cordycepin- PA group: #P < 0.05, ##P < 0.01. (D) PCA of RNA- seq data for L02 cells treated with PA and cordycepin. (E,F) GSEA of 
pathways related to inflammation, lipid metabolism, and apoptosis. The font colors of the pathways related to inflammation and lipid 
metabolism are blue and yellow, respectively. n  =  4 per group. (G) Heatmap of lipid metabolism– related, inflammation- related, and 
apoptosis- related gene expression profiles based on the RNA- seq data set. Abbreviations: BSA, bovine serum albumin; Cordy, cordycepin; 
NES, normalized enrichment score; PC, principal component.
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fibrosis symptoms than the HFD- induced model.(25) 
Mice were fed the HFHC diet for 8  weeks and 
then administered cordycepin while continuing to 
receive the HFHC diet for an additional 8  weeks 
(Supporting Fig. S3A). Similar to the results obtained 
with the HFD NASH model, no obvious differences 
in body weight were observed between the control 
mice and the cordycepin- treated mice during HFHC 
diet administration (Supporting Fig. S3B). Compared 
to control mice, cordycepin- treated mice exhibited 
significantly lower LWs and LW/BW ratios after 
HFHC diet feeding for 16 weeks (Fig. 3A). Similar to 
the situation for the HFD model, the white adipose 
weights and the white adipose weight/body weight 
ratios did not differ between the cordycepin treatment 
and control groups after 16  weeks of HFHC diet 
feeding (Supporting Fig. S3C). Cordycepin signifi-
cantly decreased the hepatic and serum lipid (TG and 
TC) levels in mice fed the HFHC diet for 16 weeks 
(Fig. 3B; Supporting Fig. S3D). H&E staining and 
NAS showed that hepatocyte damage induced by 
lipotoxicity was observed in HFHC diet– fed mice. In 
addition, oil red O staining showed that cordycepin 
treatment significantly slowed hepatic lipid droplet 

FIg. 2. HFD- induced hepatic steatosis and inflammation are 
alleviated in mice treated with cordycepin. (A) LWs and (B) LW/
BW ratios of the mice. n = 10 per group. (C) Hepatic lipid (TG 
and TC) levels. n = 10 per group. (D) Hepatic steatosis and lipid 
accumulation were measured by H&E, oil red O staining, and 
NAFLD activity score in the indicated groups. n  =  6 per group. 
Scale bar, 100 µm. (E) Quantitative real- time PCR analysis of the 
transcript levels of genes related to lipid metabolism (Hmgcr, Fasn, 
Scd1, Pparγ, Cd36, and Fabp1). Gene expression was normalized to 
Actb mRNA levels. n = 6 per group. (F) Western blotting of proteins 
involved in lipid metabolism in the livers of the mice. GAPDH 
served as a loading control. n = 3 per group. (G) Immunofluorescence 
staining of Cd11b (red) in the livers of HFD- fed mice. Nuclei were 
labeled with DAPI (blue). n = 4 per group. Scale bar, 50 µm. (H) 
Quantitative real- time PCR analysis of the transcript levels of genes 
related to inflammation (Il1b, Cxcl2, Cxcl10, Ccl2, and Ccl5). Gene 
expression was normalized to Actb mRNA levels. n = 6 per group. 
(I) Western blotting of proteins associated with inflammation:  
p- IKKβ, IKKβ, IKBα, p- p65, p65, and GAPDH. GAPDH served 
as a loading control. n = 3 per group. ( J) Levels of serum ALT and 
AST were measured in mice after 24  weeks of normal chow or 
HFD feeding. n = 10 per group. The data are presented as the mean 
± SD. Significant differences between the control- normal chow 
group and the control- HFD group for (A- C) and ( J): *P < 0.05, 
**P < 0.01; significant differences between the control- HFD group 
and the cordycepin- HFD group: #P < 0.05, ##P < 0.01; significant 
differences between the control- HFD group and the cordycepin- 
HFD group for (D- F): *P < 0.05, **P < 0.01. Abbreviations: Cordy, 
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accumulation in mice fed the HFHC diet (Fig. 3C). 
Cordycepin also significantly attenuated HFHC diet– 
induced lipid- related gene (Hmgcr, Srebp1, Fasn, Scd1, 
Pparγ, Cd36, and Fabp1) expression (Fig. 3D). The 
abnormal protein expression of FASN and PPARγ 
induced by the HFHC diet was also significantly 
reduced by cordycepin treatment (Fig. 3E). Combined 
with the results obtained with the HFD model, these 
data suggest that cordycepin attenuates hepatic ste-
atosis under conditions of metabolic stress.

Next, we examined the effects of cordycepin on 
NASH- associated inflammation and fibrosis. A 

quantitative real- time PCR assay showed that cordy-
cepin treatment significantly attenuated the increases 
in the expression of inflammatory genes (Tnfα, Il1b, 
Cxcl10, Ccl2, and Ccl5) in mice with NASH induced 
by HFHC diet administration for 16 weeks (Fig. 4A). 
An anti- inflammatory effect of cordycepin treatment 
was also indicated by reductions in inflammatory cell 
accumulation in the liver, as demonstrated by immu-
nofluorescence staining for the macrophage marker 
CD11b (Fig. 4B). The protein levels of p- IKKβ 
and p- p65 were significantly down- regulated by 
cordycepin treatment, whereas those of IKBα were 

FIg. 3. Cordycepin attenuated hepatic steatosis and injury in mice fed the HFHC diet. (A) LW and LW/BW ratios of the mice. n = 10 
per group. (B) Hepatic lipid (TG and TC) levels. n = 10 per group. (C) Hepatic steatosis and lipid accumulation were measured by H&E, 
oil red O staining, and NAFLD activity score in the indicated groups. n = 6 per group. Scale bar, 100 µm. (D) Quantitative real- time PCR 
analysis of the transcript levels of genes related to lipid metabolism (Hmgcr, Srebp1, Fasn, Scd1, Pparγ, Cd36, and Fabp1). Gene expression 
was normalized to Actb mRNA levels. n = 6 per group. (E) Western blotting of proteins involved in lipid metabolism (FASN and PPARγ). 
GAPDH served as a loading control. The data are presented as the mean ± SD. Significant differences between the control group and the 
cordycepin group: *P < 0.05, **P < 0.01. Abbreviation: Cordy, cordycepin.
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FIg. 4. Cordycepin attenuated hepatic inflammation and fibrosis in mice fed the HFHC diet. (A) Relative mRNA levels of inflammatory 
genes (Tnfα, Il1b, Cxcl10, Ccl2, and Ccl5) in the livers of the indicated mice fed the HFHC diet for 16 weeks. n = 6 mice per group. (B) 
Immunofluorescence staining of Cd11b (red) in the livers of the indicated mice fed the HFHC diet for 16 weeks. Nuclei were labeled with 
DAPI (blue). n = 4 mice per group. Scale bar, 50 μm. (C) Immunoblot analyses of IKBα, GAPDH, and total and phosphorylated IKKβ and p65 
protein in the liver tissues of vehicle- treated or cordycepin- treated mice fed the HFHC diet for 16 weeks (n = 3 mice per group). (D) Relative 
mRNA levels of profibrotic genes (Cola1, Col3a1, a- Sma, Ctgf, Tgfb, and Timp1) in the livers of the indicated mice fed the HFHC diet for 
16 weeks. The relative mRNA expression was normalized to that of Actb. n = 6 mice per group. (E) Representative images showing PSR staining 
in the livers of the indicated mice fed the HFHC diet for 16 weeks. n = 6 mice per group. Scale bar, 100 μm. (F) Immunoblot analyses of total 
and phosphorylated Smad2 and Smad3 proteins in the liver tissues of vehicle- treated and cordycepin- treated mice fed the HFHC diet for 
16 weeks (n = 3 mice per group). (G) Serum ALT and AST levels of the mice in the indicated groups. n = 10 per group. The data are presented 
as the means ± SD. Significant differences between the control group and the cordycepin group: *P < 0.05, **P < 0.01. Abbreviations: Cordy, 
cordycepin; HPF, high- power field; n.s., no significant difference between the control group and the cordycepin group (P > 0.05).
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up- regulated by cordycepin (Fig. 4C), suggesting that 
cordycepin inhibits the activation of NF- κB signaling 
and inflammation. The expression of profibrotic genes 
(collagen type I α 1 [Col1a1], collagen type III α 1 
[Col3a1], α- smooth muscle actin [α- Sma], connective 
tissue growth factor [Ctgf], transforming growth fac-
tor- β [Tgfb], and tissue inhibitor of metalloprotein-
ase 1 [Timp1]) in HFHC diet– induced NASH mice 
was suppressed by cordycepin treatment (Fig. 4D). 
Picrosirius red (PSR) staining was markedly increased 
in NASH mice, but it was significantly decreased 
by cordycepin treatment (Fig. 4E). Furthermore, the 
phosphorylation of mothers against decapentaplegic 
2/3 (Smad 2/3) was suppressed in cordycepin- treated 
mice (Fig. 4F). These results suggested that cordy-
cepin suppresses hepatic inflammation and fibrosis in 
mice with NASH induced by 16 weeks of HFHC diet 
administration. Consistently, the serum levels of ALT 
and AST in mice with HFHC diet- induced NASH 
were significantly decreased by cordycepin (Fig. 4G).

CoRDyCepIN pRoteCtS MICe 
FRoM HFHC DIet– INDUCeD 
NaSH By SySteMatICally 
SUppReSSINg lIpID 
MetaBolISM, INFlaMMatIoN, 
aND FIBRoSIS- RelateD geNe 
eXpReSSIoN

To further systematically investigate how cordy-
cepin suppresses NASH induced by HFHC diet feed-
ing, we performed RNA- seq and proteomics analyses 
on the livers of control and cordycepin- treated mice. 
PCA and hierarchical clustering clearly separated the 
samples from the control mice fed the HFHC diet for 
16 weeks and the HFHC diet- fed mice treated with 
cordycepin into two clusters (Fig. 5A). GSEA sys-
tematically revealed that cellular signaling pathways 
related to inflammation (such as the mitogen- activated 
protein kinase signaling and leukocyte transendothe-
lial migration pathways), lipid metabolism (such as 
the fatty acid elongation and insulin signaling path-
ways), apoptosis (the P53 signaling pathway), and 
fibrosis (the extracellular matrix– receptor interaction 
and TGFβ signaling pathways) were enriched (Fig. 
5B) and significantly down- regulated by cordycepin 
treatment (Fig. 5C). Furthermore, a heatmap based on 
GSEA revealed that the expression of hepatic genes 

related to inflammation, lipid metabolism, apoptosis, 
and fibrosis pathways was significantly down- regulated 
by cordycepin treatment in mice administered the 
HFHC diet for 16 weeks (Fig. 5D).

Next, we adopted a nonbiased approach to iden-
tify and characterize the key proteins mediating the 
effect of cordycepin on the progression of NASH in 
mice. To this end, we performed proteomics analysis 
by mass spectrometry on livers from HFHC diet– fed 
mice treated with cordycepin or the vehicle control. 
Unbiased Ingenuity Pathway Analysis of the proteom-
ics data identified lipid metabolism and inflammation 
among the top represented canonical pathways, partic-
ularly in livers from cordycepin- treated mice compared 
to livers from vehicle- treated mice after 16  weeks of 
HFHC diet feeding (Fig. 5E). Representative dif-
ferentially expressed proteins related to lipid metab-
olism and inflammation are presented in heatmaps 
(Fig. 5F,G). Taken together, consistent with the results 
obtained with the HFHC model, these data strongly 
demonstrate that cordycepin attenuates hepatic ste-
atosis, inflammation, and fibrosis under conditions of 
metabolic stress, exerting potent anti- NASH effects.

CoRDyCepIN aCtIVateS aMpK IN 
HepatoCyteS aND MICe UNDeR 
MetaBolIC StReSS

To further explore the mechanism by which cordy-
cepin protects against NASH, we analyzed the tran-
scriptomes of L02 cells treated with cordycepin after 
PA stimulation and mice treated with cordycepin after 
HFHC for 16 weeks. RNA- seq analysis showed that 
cordycepin treatment affected various signaling path-
ways related to metabolism, inflammation, and fibrosis 
both in vitro and in vivo (Fig. 6A). Subsequently, we 
analyzed the data in combination with the transcrip-
tomes of cells and mice and identified that six signal-
ing pathways were consistently affected and that the 
scores of the AMPK signaling pathway were superior 
to those of other pathways (Fig. 6B). Multi- omics 
(transcriptomic, proteomic, and phosphoproteomic) 
analyses showed that the core kinases in the AMPK 
pathway based on the available kinase- substrate data-
bases were significantly correlated with the targets of 
lipid metabolism, inflammation, fibrosis, and apopto-
sis (Fig. 6C). AMPK is a sensor of cellular energy sta-
tus that exists in heterotrimeric complexes comprising 
a catalytic α- subunit and regulatory β- subunits and 
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γ- subunits.(26) Phosphorylation of Thr172 in its α- sub-
unit activates the kinase domain of AMPK, which in 
turn phosphorylates other target proteins. ACC is a 
major substrate for AMPK; as such, the phosphory-
lation status of ACC is often assayed as a proxy for 

AMPK activation. Thus, to determine whether cordy-
cepin prevents NASH by regulating AMPK activity, 
we first measured the levels of p- AMPK (Thr172) and 
p- ACC in hepatocytes. Phosphorylation of AMPK 
on its autophosphorylation site in the α- subunit was 
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induced by cordycepin treatment in hepatocytes (Fig. 
6D). Furthermore, cordycepin treatment also caused 
substantial increases in the levels of p- ACC, suggest-
ing that cordycepin is able to activate AMPK signal-
ing in hepatocytes subjected to PA stimulation (Fig. 
6D). We also found that treatment with cordycepin 
(100 and 200 mg/kg) significantly increased the levels 
of p- AMPK and p- ACC in liver tissues of mice fed 
the HFD for 24 weeks (Fig. 6E) and the HFHC diet 
for 16 weeks (Fig. 6F), respectively.

INHIBItIoN oF aMpK 
pHoSpHoRylatIoN 
aBolISHeS CoRDyCepIN- 
MeDIateD SUppReSSIoN oF 
lIpID aCCUMUlatIoN aND 
INFlaMMatIoN IN HepatoCyteS 
tReateD WItH po

To investigate whether cordycepin mediates lipid 
accumulation dependent on regulation of AMPK 
activation, we tested the effect of the AMPK inhib-
itor Compound C (CC) on the phosphorylation of 
AMPK and its downstream target ACC. Oil red O 
staining showed that the ability of cordycepin (50 μM) 
to reduce lipid accumulation in hepatocytes treated 
with PO was almost abolished by pretreatment with 
CC (Fig. 7A). In addition, treatment with cordycepin 
significantly decreased the intracellular TG and TC 
levels, but these effects were impaired by pretreatment 
with CC (Fig. 7B). To further investigate whether 
AMPKα is required for the hypolipidemic and anti- 
inflammatory effects of cordycepin in PA- treated 
hepatocytes, quantitative real- time PCR assays were 
performed to examine the mRNA levels of metabolic 
lipids and inflammatory genes in cordycepin- treated 
hepatocytes in the presence or absence of CC. The 
down- regulation of fatty acid synthesis and uptake 

genes (Fasn, Cd36, Scd1, and Pparγ) caused by cordy-
cepin was reversed by CC. Similarly, the up- regulation 
of fatty acid β- oxidation and transportation genes 
(Pparα and carnitine palmitoyltransferase 1α [Cpt1α]) 
caused by cordycepin was attenuated by CC (Fig. 
7C). Furthermore, the reductions in the expression of 
inflammatory genes (Il6, Tnfα, Il1b, and Ccl2) medi-
ated by cordycepin (50  μM) were also abrogated by 
CC (Fig. 7C). Moreover, pretreatment with CC almost 
completely suppressed the cordycepin- induced phos-
phorylation of AMPK and ACC without changing 
the expression levels of total AMPK, ACC, and glyc-
eraldehyde 3- phosphate dehydrogenase (GAPDH) 
in hepatocytes cultured with PA for 12  hours (Fig. 
7D). In vitro assays further confirmed that activa-
tion of the AMPK pathway and attenuation of lipid 
accumulation by cordycepin were almost abrogated in 
AMPK knockout L02 cells (Supporting Fig. S4A,B). 
These data suggest that cordycepin regulates genes 
associated with lipid metabolism and inflammation in 
hepatocytes through an AMPKα- mediated pathway.

aMpK patHWay aCtIVatIoN IS 
ReQUIReD FoR CoRDyCepIN- 
MeDIateD IMpRoVeMeNt 
oF HFD- INDUCeD HepatIC 
SteatoSIS aND INFlaMMatIoN 
IN MICe

To test whether activation of the AMPK pathway is 
required for the protective effects of cordycepin against 
hepatic steatosis and inflammation, 24- week HFD- 
fed mice were administered CC at week 15 for 1 week 
and then cotreated with cordycepin for an additional 
8 weeks (Supporting Fig. S5A). Body weight did not 
differ among the different groups (Supporting Fig. 
S5B), but CC pretreatment abrogated the cordycepin- 
mediated reductions in LW and the LW/BW ratio 

FIg. 5. RNA- seq and proteomics analyses revealed key differential targets between the vehicle- treated and cordycepin- treated HFHC 
diet– fed mice. (A) PCA and unsupervised hierarchical clustering analysis of the RNA- seq data from the mice fed the HFHC diet (n = 5 
mice per group) for 16 weeks. (B,C) GSEA pathway enrichment analysis of pathways related to inflammation, lipid metabolism, apoptosis, 
and fibrosis. (D) Heatmap of lipid metabolism– related, fibrosis- related, inflammation- related, and apoptosis- related gene expression 
profiles based on the RNA- seq data set. n = 5 per group. (E) Protein levels in the livers of HFHC diet– fed mice treated with vehicle and 
cordycepin based on a proteomics assay. The font colors of the protein related to lipid metabolism and inflammation are yellow and blue, 
respectively. (F,G) Heatmap of representative differentially expressed proteins related to lipid metabolism and inflammation in the livers 
of HFHC diet– fed mice treated with vehicle and cordycepin based on a proteomics assay. Abbreviations: ECM, extracellular matrix; FA, 
fatty acid; MAPK, mitogen- activated protein kinase; NES, normalized enrichment score; PC, principal component; Rig- I, retinoic acid– 
inducible gene I.
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FIg. 6. Association analysis of the transcriptomes and phosphoproteomics revealed that the AMPK pathway may be the target of 
cordycepin. (A) GSEA and Kyoto Encyclopedia of Genes and Genomes pathway enrichment analyses of the transcriptomes of cells (in 
purple) and HFHC diet– fed mouse liver samples (in green). (B) Venn diagram and the corresponding scores of the intersecting pathways 
based on the transcriptomic data from L02 cell and HFHC diet– fed mouse liver samples. (C) Core kinases in the AMPK pathway based 
on the available kinase- substrate databases. (D) Western blotting of proteins involved in the AMPKα- mediated signaling cascade in cells. 
(E,F) Western blotting of proteins involved in the AMPKα- mediated signaling cascade in HFD- fed and HFFC- fed mice, respectively. 
GAPDH served as a loading control. The data are presented as the mean ± SD. Significant differences between the DMSO/control 
group and the cordycepin group: *P < 0.05, **P < 0.01. Abbreviations: Cordy, cordycepin; ERBB, erythroblastic leukemia viral oncogene 
homolog; FDR, false discovery rate; FOXO, forkhead box O; HIF- 1, hypoxia- inducible factor 1; KEGG, Kyoto Encyclopedia of Genes 
and Genomes; MAPK, mitogen- activated protein kinase; MTOR, mammalian target of rapamycin; NES, normalized enrichment score; 
PI3K, phosphoinositide 3- kinase.
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FIg. 7. AMPK activation is responsible for the protective effects of cordycepin on lipid accumulation and inflammation in hepatocytes 
under metabolic stress. (A) Oil red O staining showing the degrees of lipid accumulation in DMSO- treated and cordycepin (50 μM)– 
treated primary hepatocytes after PO (0.2 mM PA and 0.4 mM OA) stimulation for 12 hours in the presence or absence of CC. (B) TC 
and TG levels in primary hepatocytes in the indicated groups stimulated with PO (0.5 mM PA and 1.0 mM OA) for 12 hours. n = 3 
per group. (C) Relative mRNA levels of the indicated lipid metabolism– related genes (Fasn, Cd36, Scd1, Pparγ, Ppara, and Cpt1a) and 
inflammatory factors (Il6, Tnfα, Il1b, and Ccl2) in primary hepatocytes treated with PA. The relative mRNA expression was normalized to 
that of Actb. n = 4 per group. (D) Western blot analysis of the total and phosphorylated protein levels of AMPKα and ACC after treatment 
with PA for 0 or 12 hours. GAPDH was the loading control for (D). n = 3 per group. The data are presented as the mean ± SD. Significant 
difference between the control- DMSO group and the control- cordycepin group for (B), ##P < 0.01; n.s., no significant difference between 
the CC- DMSO group and the CC- cordycepin group for (B); significant difference between the control- DMSO group and the control- 
cordycepin group for (C): *P < 0.05, **P < 0.01; n.s., no significant difference between the CC- DMSO group and the CC- cordycepin 
group for (C). Abbreviation: Cordy, cordycepin.

A

B

C

D

Control
DMSO ) DMSO

PO
 (0

.2
/0

.4
m

M
, 1

2h
)

CC

DMSO
Cordy (50µM)

DMSO
Cordy (50µM)

CCCC

CCCCCCCC

CCCCCC

CCCC

CC

CC

ControlControl

ControlControlControlControl

Control Control

Control Control

Control Control

Control

DMSO
Cordy (50µM)

DMSO
Cordy (50µM)

DMSO
Cordy (50µM)

DMSO
Cordy (50µM)

DMSO
Cordy (50µM)

DMSO
Cordy (50µM)

DMSO
Cordy (50µM)

DMSO
Cordy (50µM)

DMSO
Cordy (50µM)

DMSO
Cordy (50µM)

DMSO DMSO

40

30

20

10

0TC
 c

on
te

nt
s 

(m
g/

dL
)

TG
 c

on
te

nt
s 

(m
g/

dL
)

200

150

100

50

0

1.5

1.0

0.5

0.0

1.5

1.0

0.5

0.0

1.5

1.0

0.5

0.0

1.5

1.0

0.5

0.0

1.5

1.0

0.5

0.0

1.5

1.0

0.5

0.0

R
el

at
iv

e 
Fa

sn
 m

R
N

A 
le

ve
ls

R
el

at
iv

e 
C

d3
6 

m
R

N
A 

le
ve

ls

R
el

at
iv

e 
Sc

d1
 m

R
N

A 
le

ve
ls

R
el

at
iv

e 
Pp

ar
γ 

m
R

N
A 

le
ve

ls
R

el
at

iv
e 

Tn
fα

 m
R

N
A 

le
ve

ls

R
el

at
iv

e 
IL

-6
 m

R
N

A 
le

ve
ls

R
el

at
iv

e 
C

pt
1α

 m
R

N
A 

le
ve

ls

2.0

1.5

1.0

0.5

0.0

2.5
2.0
1.5
1.0
0.5
0.0

R
el

at
iv

e 
Pp

ar
α 

m
R

N
A 

le
ve

ls
R

el
at

iv
e 

IL
-1

β 
m

R
N

A 
le

ve
ls

R
el

at
iv

e 
C

cl
2 

m
R

N
A 

le
ve

ls

1.5

1.0

0.5

0.0

1.5

1.0

0.5

0.0

p-AMPKα

AMPKα

p-ACC

ACC

GAPDH

Cordy Cordy
PA 0 )h(21 0 0 210 1212

*

n.s.
n.s.

n.s. n.s. n.s. n.s.

n.s.
n.s.n.s.n.s.

n.s. n.s.



Hepatology, Vol. 74, No. 2, 2021 LAN, YU, ET AL.

699

(Fig. 8A). However, the white adipose weight and 
the white adipose weight/body weight ratio did not 
differ between the cordycepin and CC treatment 
groups after 24  weeks of HFD feeding (Supporting 
Fig. S5C). The reductions in hepatic and serum lipid 
(TG and TC) levels mediated by cordycepin were also 
abrogated by CC in mice fed the HFD for 24 weeks 
(Fig. 8B; Supporting Fig. S5D). H&E and oil red 
O staining showed that CC pretreatment abrogated 
the alleviation of hepatocyte damage, inflammatory 
infiltration, and lipid accumulation in the livers of 
mice fed the HFD (Fig. 8C). We next examined lipid 
metabolism– related and inflammatory genes in the 
livers of HFD- fed mice by quantitative real- time PCR 
assays. The regulatory effects of cordycepin on the 
expression of lipid metabolism– related genes (Cd36, 
Fasn, Scd1, and Pparα) and inflammatory genes (Ccl2, 
Il1b, and Il6) were abolished by CC pretreatment (Fig. 
8D,E). Consistently, the reductions in the serum lev-
els of ALT and AST caused by cordycepin in HFD- 
fed mice were also abrogated by CC pretreatment 
(Fig. 8F). CC significantly repressed the cordycepin- 
induced phosphorylation of hepatic AMPKα and 
ACC in HFD- fed mice (Fig. 8G). Collectively, these 
data indicate that CC completely eliminates the pro-
tective effects of cordycepin in mice with NASH, sug-
gesting that cordycepin exerts its anti- NASH effects 
primarily through AMPK- mediated hypolipidemia 
and anti- inflammatory mechanisms.

Discussion
NASH, which is characterized by hepatic steato-

sis, inflammation, liver fibrosis, and liver damage, has 
become a leading cause of liver transplantation and 
liver- associated death.(2) In the present study, we have 
shown that obese mice fed the HFD and the HFHC 
diet are prone to rapid development of severe obesity, 
NAFLD, and NASH. We have also demonstrated 
that cordycepin is able to ameliorate hepatic steatosis, 
inflammation, and fibrosis through activation of the 
AMPK signaling pathway.

Lifestyle modification is beneficial for treating 
NAFLD and should be considered the cornerstone of 
long- term management.(27) However, poor adherence 
to lifestyle modification makes NAFLD manage-
ment a difficult task. Pharmaceutical treatment is an 
essential component of the treatment of NAFLD and 

NASH, yet no drugs to date have been specifically 
approved.(28) The expanding knowledge regarding the 
beneficial effects of traditional Chinese medicine on 
metabolic diseases (especially NAFLD and NASH), 
coupled with the extremely long duration of modern 
drug discovery processes, has driven researchers to 
pursue potential efficacious and safe therapies using 
traditional Chinese medicine. Cordyceps militaris, 
especially cordycepin, has been widely used as a kind 
of crude drug and folk tonic food for the treatment 
of diseases associated with inflammation and oxida-
tive injury, such as hepatotoxicity and liver injury.(20,29) 
Cordycepin is useful for the treatment of metabolic 
disorders such as hyperlipidemia(30) and hyperglyce-
mia.(31) The lipid- decreasing effects of cordycepin 
might be due to activation of AMPK and inhibition 
of white adipose tissue differentiation. Cordycepin is 
a promising agent for future potential clinical applica-
tions. In the present study, we have demonstrated that 
cordycepin mitigates metabolic stress– induced NASH 
by preventing steatosis, inflammation, and fibrosis.

Hepatocytes are responsible for the major phys-
iological and metabolic functions of the liver.(32) To 
fuel these metabolic and nonmetabolic functions, 
hepatocytes take up and use large amounts of lip-
ids such as free fatty acids and lipoprotein remnants. 
Hepatocytes are the main cells in the liver that store 
TGs and the cells in which lipids accumulate in the 
context of NAFLD. In obesity, the uptake and syn-
thesis of lipids exceed the flux through use or secre-
tion pathways, leading to a net increase in intrahepatic 
lipids.(33) In line with previous studies,(18) our current 
study demonstrates that cordycepin has excellent anti-
hyperlipidemic effects in rodent hepatocytes and livers 
under conditions of metabolic stress.

As a hallmark of the pathogenesis of NASH, the 
inflammatory response involves two critical events: 
damage to hepatocytes and the release of numerous 
types of proinflammatory cytokines. The hepatic and 
serum levels of proinflammatory cytokines including 
IL- 6, TNFα, IL- 1β, CCL5, and CXCL10 are associ-
ated with the severity of NASH. Inflammatory cells 
and cytokines are both implicated in NASH patho-
genesis. In addition, both the innate and adaptive 
immune systems are involved in the pathogenesis of 
NASH; however, most attention has focused on the 
innate immune system. The proinflammatory path-
ways involving apoptosis signaling kinase- 1– c- Jun 
N- terminal kinase, mitogen- activated protein kinases, 
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FIg. 8. The AMPK pathway is required for cordycepin to improve HFD- induced liver inflammation and steatosis in mice. (A) LWs 
and LW/BW ratios of the indicated groups. n = 10 per group. (B) Hepatic lipid levels in the indicated groups. n = 10 per group. (C) 
Representative H&E- stained and oil red O– stained liver sections from the indicated HFD- fed mice. n  =  6 mice per group. Scale 
bar, 100  μm. (D,E) Quantitative real- time PCR analysis of the expression of lipid- related genes (Cd36, Fasn, Scd1, and Pparα) and 
inflammation- related factors (Ccl2, Il1b, and Il6) in the indicated groups. The relative mRNA expression was normalized to that of Actb. 
n = 4 per group. (F) Serum ALT and AST concentrations in the indicated groups. n = 10 per group. (G) Western blot analysis of the total 
and phosphorylated protein levels of AMPKα and ACC in the indicated groups. n = 3 per group. GAPDH served as a loading control. 
The data are presented as the mean ± SD. Significant difference between the phosphate- buffered saline- control- HFD group and the 
phosphate- buffered saline- cordycepin- HFD group: *P < 0.05, **P < 0.01. Abbreviation: Cordy, cordycepin; n.s., no significant difference 
between the CC- control- HFD group and the CC- cordycepin- HFD group; PBS, phosphate- buffered saline.
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extracellular signal– regulated kinase, and NF- κB are 
potent mediators of inflammation and thus potential 
targets for therapy.(34) Previous studies have demon-
strated that cordycepin suppresses the production of 
proinflammatory cytokines in LPS- stimulated mac-
rophages.(35) Moreover, cordycepin modulates macro-
phage polarization by down- regulating M1 cytokines 
and up- regulating M2 cytokines.(36) Recent studies 
have shown that the anti- inflammatory effects of 
cordycepin may be due to suppression of NF- κB and 
NLR family pyrin domain containing 3 (NLRP3) 
inflammasome activation; the NLRP3 inflammasome 
is the most important regulator of the inflammatory 
process in macrophages.(35,37) In the current study, 
cordycepin inhibited NF- κB signaling pathway acti-
vation and attenuated the secretion of proinflamma-
tory cytokines in hepatocytes under metabolic stress.

Changes in metabolism can cause physiologi-
cal dysfunction, which in turn may lead to diseases 
such as diabetes, NASH, and cardiovascular dis-
eases. AMPK is a key metabolic regulator that senses 
energy status and controls energy expenditure and 
storage.(38) AMPK acts as a central regulator of fatty 
acid, cholesterol, and glucose homeostasis through 
phosphorylation of metabolism- regulating enzymes, 
including ACC, glycogen synthase, glucose trans-
porter 4, HMG- CoA reductase, hormone- sensitive 
lipase, and mammalian target of rapamycin. AMPK 
is a heterotrimer of a catalytic α- chain and the reg-
ulatory β- chain and γ- chain.(39) AMPK down- 
regulation is associated with NAFLD. Consistent 
with this association, mice on NASH- inducing diets 
had reduced AMPK activity in the current study. 
Furthermore, activation of hepatic AMPK attenuates 
HFD- induced NAFLD.(40) Studies on liver- specific 
AMPK knockout mice have demonstrated that loss 
of AMPK exaggerates diet- induced NASH pathol-
ogy,(41) suggesting AMPK signaling activation as a 
therapeutic target for NASH treatment. Furthermore, 
a recent study showed that low- dose sorafenib safely 
suppresses NASH progression in mice and monkeys 
and that AMPK activation is required for the thera-
peutic effects of sorafenib in NASH.(42) AMPK has 
been reported to be an anti- inflammatory protein that 
is involved in the regulation of energy homeostasis,(43) 
and cordycepin has been revealed to activate AMPK 
by binding with the α1- subunit and γ1- subunit near 
the autoinhibitory domain of AMPK.(44) In our cur-
rent study, cordycepin significantly increased AMPK 

phosphorylation and inhibited NF- κB activation and 
inflammation in the context of NASH in vivo and  
in vitro. ACC, as a downstream target of AMPK, is a 
key enzyme in the process of lipid metabolism. AMPK 
inactivates the ACCs by phosphorylating specific ser-
ine residues in the N terminus in vivo.(45) In contrast, 
CC, an AMPK inhibitor, abolished the protective 
effects of cordycepin against NASH in the current 
study. In a recent study, cordycepin was identified to 
activate AMPK through interaction with the γ- sub-
unit only in the context of lipid regulation in HepG2 
cancer cells.(46) In our study, we further identified that 
cordycepin can activate AMPK through interaction 
with the α- subunit of AMPK. However, the mech-
anisms by which cordycepin activates AMPK remain 
unknown.

Adenosine, an endogenous purine nucleoside, 
mediates a wide range of physiological and patho-
logical functions by interacting with four cell surface 
receptor subtypes: A1, A2a, A2b and A3.

(47) In the liver, 
adenosine- mediated protection relies upon stimu-
lation of A2a receptors, which protects hepatocytes 
against saturated fatty acid– induced lipotoxicity and 
the development of NASH.(48,49) Adenosine can acti-
vate brown adipose tissue and recruit beige adipocytes 
through A2a receptors.(50) Furthermore, A2a receptor– 
mediated FGF21 expression is most likely mediated 
through promotion of AMPK phosphorylation and 
up- regulation of downstream PPAR- γ coactivator 1α 
in brown adipocytes.(51) Cordycepin is an analogue of 
adenosine, and previous studies have demonstrated 
that it may exert its pharmacological effects through 
the A2a receptor.(52) In our current study, cordycepin 
promoted AMPK phosphorylation and activated 
the AMPK downstream pathway. However, future 
studies investigating whether cordycepin stimulates 
AMPK phosphorylation through the A2a receptor are 
warranted.

In conclusion, the current study identifies cordy-
cepin as a natural activator of AMPK that mitigates 
NASH by preventing hepatic steatosis, inflammation, 
and fibrosis. Therefore, cordycepin may be an agent 
for the improvement of therapeutic outcomes in 
patients with NASH.
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