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Abstract: Cordycepin is the main functional component of the Cordyceps species, which has 

been widely used in traditional Oriental medicine. This compound possesses many pharmacologi-

cal properties, such as an ability to enhance immune function, as well as antioxidant, antiaging, 

and anticancer effects. In the present study, we investigated the anti-inflammatory effects of 

cordycepin using a murine macrophage RAW 264.7 cell model. Our data demonstrated that 

cordycepin suppressed production of proinflammatory mediators such as nitric oxide (NO) and 

prostaglandin E
2
 by inhibiting inducible NO synthase and cyclooxygenase-2 gene expression. 

Cordycepin also inhibited the release of proinflammatory cytokines, including tumor necrosis 

factor-alpha and interleukin-1-beta, through downregulation of respective mRNA expression. 

In addition, pretreatment with cordycepin significantly inhibited lipopolysaccharide (LPS)-in-

duced phosphorylation of mitogen-activating protein kinases and attenuated nuclear translocation 

of NF-κB by LPS, which was associated with abrogation of inhibitor kappa B-alpha degradation. 

Furthermore, cordycepin potently inhibited the binding of LPS to macrophages and LPS-induced 

Toll-like receptor 4 and myeloid differentiation factor 88 expression. Taken together, the results 

suggest that the inhibitory effects of cordycepin on LPS-stimulated inflammatory responses in 

RAW 264.7 macrophages are associated with suppression of mitogen-activating protein kinases 

and activation of NF-κB by inhibition of the Toll-like receptor 4 signaling pathway.

Keywords: cordycepin, anti-inflammation, mitogen-activated protein kinases, NF-κB, Toll-

like receptor 4

Introduction
Inflammation is part of a complex biological response of the body to harmful stimuli, 

such as pathogens, damaged cells, or irritants; however, chronic inflammatory processes 

are involved in the pathogenesis of common inflammation-associated diseases, such 

as rheumatoid arthritis, atherosclerosis, chronic hepatitis, and pulmonary fibrosis.1,2 

Macrophages, which are a type of differentiated tissue cells that originate as blood 

monocytes, play a critical role in the initiation and propagation of inflammatory 

responses by releasing proinflammatory mediators, ie, nitric oxide (NO) and pros-

taglandin (PG)E
2
, and cytokines to promote inflammatory responses.3,4 Therefore, 

the amount of proinflammatory mediators and cytokines may reflect the degree of 

inflammation and provide information to investigate the effect of pharmacological 
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agents on the inflammatory process. In particular, due to their 

highly reproducible response to lipopolysaccharide (LPS), 

the main component of endotoxin, which is derived from 

Gram-negative bacterial cell walls,5 the RAW 264.7 mouse  

macrophage cell line is widely used for inflammation studies. 

LPS activates macrophages by binding to Toll-like receptor 4 

(TLR4), and increases secretion of proinflammatory media-

tors and cytokines to promote the inflammatory response.6,7 

The LPS-initiated signaling cascade leads to activation of 

mitogen-activating protein kinase (MAPK) and NF-κB 

signaling pathways in a myeloid differentiation factor 88 

(MyD88)-dependent or MyD88-independent manner.8,9

Cordyceps is a genus of the family Clavicipitaceae that 

has been used in traditional Oriental medicine for centuries. 

Recent studies have demonstrated that the bioactive compo-

nents isolated from this genus have various pharmacological 

actions.10–13 Among them, cordycepin (3′-deoxyadenosine), a 

derivative of the nucleoside adenosine, is a major functional 

component of the genus Cordyceps. Due to the absence of 

oxygen in the 3′-position of its ribose moiety, the incor-

poration of cordycepin during RNA synthesis results in 

premature termination of chain elongation.14,15 Recent stud-

ies indicate that cordycepin has various biological proper-

ties, including antifungal,16 antibacterial,17 antioxidant,18,19 

immunomodulatory,20,21 anti-inflammatory,22–27 and antitumor 

effects.14,28,29 However, the molecular mechanisms underly-

ing the anti-inflammatory effects of cordycepin are not yet 

completely understood.

In the current study, we investigated the inhibitory proper-

ties of cordycepin and established the possible mechanisms 

involved in its action on LPS-stimulated inflammatory 

response production in murine RAW 264.7 macrophages. 

The results demonstrated that cordycepin effectively sup-

pressed LPS-induced inflammatory signaling through inac-

tivation of the MAPK and NF-κB pathways by inhibiting 

TLR4-mediated signaling mechanisms.

Materials and methods
Materials
Cordycepin, LPS, Griess reagent, 3-(4,5-dimethylthiazol-

2-yl)-2,5-diphenyltetrazolium bromide (MTT), Tween-20, 

bovine serum albumin, 4,6-diamidino-2-phenylindole 

(DAPI), and dimethyl sulfoxide were purchased from 

Sigma-Aldrich Chemical Co. (St Louis, MO, USA). Dul-

becco’s modified Eagle’s minimum essential medium, 

fetal bovine serum, and other tissue culture reagents were 

purchased from Gibco-BRL (Grand Island, NY, USA). 

Enzyme-linked immunosorbent assay kits for PGE
2
, tumor 

necrosis factor-alpha (TNF-α), and interleukin-1 beta 

(IL-1β) were obtained from R&D Systems (Minneapolis, 

MN, USA). Antibodies against inducible NO synthase 

(iNOS), cyclooxygenase-2 (COX-2), IL-1β, TNF-α, NF-κB/

p65, inhibitor kappa B (IκB), nucleolin, extracellular signal-

regulated kinase (ERK) 1/2, phospho-ERK1/2, p38 MAPK, 

phospho-p38 MAPK, c-Jun N-terminal kinase (JNK), 

phospho-JNK, TLR4, Myd88, and actin were purchased 

from Santa Cruz Biotechnology (Santa Cruz, CA, USA). 

The peroxidase-labeled donkey anti-rabbit immunoglobu-

lin, peroxidase-labeled sheep anti-mouse immunoglobu-

lin, and enhanced chemiluminescence detection kit were 

purchased from Amersham Corp (Arlington Heights, IL, 

USA). COX-2, iNOS, TNF-α, IL-1β, and glyceraldehyde-

3-phosphate dehydrogenase oligonucleotide primers were 

purchased from Bioneer (Seoul, Republic of Korea). 

Fluorescein isothiocyanate (FITC)-conjugated donkey anti-

rabbit IgG and Fluoromount-G were obtained from Jackson 

ImmunoResearch Laboratories Inc. (West Grove, PA, USA) 

and Southern Biotechnology Associates Inc. (Birmingham, 

AL, USA), respectively. Alexa Fluor 594-conjugated LPS 

(AF-LPS) was obtained from Invitrogen Corp (Carlsbad, 

CA, USA). All other chemicals were purchased from 

Sigma-Aldrich.

Cell culture, treatments, and MTT assay
The RAW 264.7 macrophage cell line was obtained from the 

American Type Culture Collection (Manassas, VA, USA) 

and cultured in Dulbecco’s modified Eagle’s minimum 

essential medium supplemented with 10% fetal bovine 

serum, 100 U/mL penicillin, 100 μg/mL streptomycin, and 

2 mM L-glutamine at 37°C in a 5% CO
2
 humidified air  

environment. Cells were preincubated with and without 

various concentrations of cordycepin for 1 hour, then treated 

with LPS (100 ng/mL) for the indicated times. Cell viability 

was assessed by the MTT assay. Briefly, RAW 264.7 cells 

(5×105 cells/mL) were treated with the indicated concentra-

tions of cordycepin or LPS (100 ng/mL) alone, or pretreated 

with different concentrations of cordycepin for 1 hour before 

LPS treatment. After 24 hours, the medium was removed 

and the cells were incubated with 0.5 mg/mL MTT solution 

for 2 hours. The supernatant was then discarded and the 

formazan blue that formed in the cells was dissolved with 

dimethyl sulfoxide. Optical density was measured at 540 nm 

with a microplate reader (Dynatech Laboratories, Chantilly, 

VA, USA).
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Measurement of NO production
Nitrite accumulation in the culture supernatants were mea-

sured as an indicator of NO production based on the Griess 

reaction. Briefly, 100 μL of cell culture medium was collected 

at the end of culture, mixed with an equal volume of Griess 

reagent, and incubated at room temperature for 10 minutes. 

Absorbance at 540 nm was measured with a NaNO
2
 standard 

curve, and nitrite production was determined.30

Determination of PGE2, TNF-α,  
and IL-1β production
Proinflammatory cytokine (TNF-α and IL-1β) levels and 

PGE
2
 production in culture medium were determined using 

commercially available enzyme-linked immunosorbent assay 

kits according to the manufacturer’s instructions.31

RNA isolation and reverse transcriptase-
polymerase chain reaction
Total RNA was isolated using TRIzol reagent (Invitrogen) 

according to the manufacturer’s protocol, and 2 μg of RNA 

was used for complementary DNA synthesis using M-MLV 

reverse transcriptase (Promega, Madison, WI, USA). Reverse 

transcriptase-generated complementary DNA encoding 

iNOS, COX-2, TNF-α, and IL-1β genes was amplified by 

polymerase chain reaction using specific primers. The specific 

primers used were: mouse iNOS (forward 5′-ATGTCCGAA 

GCAAACATCAC-3′ and reverse 5′-TAATGTCCAGGA 

AGTAGGTG-3′), COX-2 (forward 5′-CAGCAAATCCTT 

GCTGTTCC-3′ and reverse 5′-TGGGCAAAGAATGCA 

AACATC-3′), IL-1β (forward 5′-ATGGCAACTGTTCCT 

GAACTCAACT-3′ and reverse 5′-TTTCCTTTCTTAGAT 

ATGGACAGGAC-3′), and TNF-α (forward 5′-ATGAGC 

ACAGAAAGCATGATC-3′ and reverse 5′-TACAGGCTT 

GTCACTCGAATT-3′). The amplified complementary DNA 

products were separated by 1% agarose gel electrophoresis 

and stained with ethidium bromide. In a parallel experi-

ment, glyceraldehyde-3-phosphate dehydrogenase (forward 

5′-CGGAGTCAACGGATTTGGTCGTAT-3′ and reverse 

5′-AGCCTTCTCCATGGTGGTGAAGAC-3′) was used 

as an internal control.

Protein extraction and Western blotting
The cells were harvested and lysed with lysis buffer (20 mM 

sucrose, 1 mM ethylenediamine tetraacetic acid, 20 μM 

Tris-Cl, pH 7.2, 1 mM DTT, 10 mM KCl, 1.5 mM MgCl
2
, 

and 5 μg/mL aprotinin) for 1 hour. In a parallel experiment, 

nuclear and cytosolic proteins were prepared using nuclear 

extraction reagents (Pierce, Rockford, IL, USA) according 

to the manufacturer’s protocol. Protein concentration was 

measured using a Bio-Rad protein assay (Bio-Rad Labora-

tories, Hercules, CA, USA) according to the manufacturer’s 

instructions. For Western blot analysis, an equal amount of 

protein was subjected to electrophoresis on sodium dodecyl 

sulfate-polyacrylamide gels and transferred by electroblot-

ting to a nitrocellulose membrane (Schleicher and Schuell, 

Keene, NH, USA). The blots were probed with the desired  

antibodies for 1 hour, incubated with the diluted enzyme-

linked secondary antibody, and visualized by enhanced 

chemiluminescence solution according to the recommended 

procedure.

Immunofluorescence staining
RAW 264.7 cells were cultured directly on glass coverslips in 

six-well plates for 24 hours to detect NF-κB/p65 localization 

by immunofluorescence assays using a fluorescence micro-

scope. After stimulation with LPS in the presence or absence 

of cordycepin, the cells were fixed with 4% paraformalde-

hyde in phosphate-buffered saline for 10 minutes at room 

temperature and permeabilized with 100% MeOH for 10 

minutes at 20°C. Polyclonal antibodies against anti-NF-κB/

p65 were applied for 1 hour followed by a 1-hour incubation 

with FITC-conjugated donkey anti-rabbit IgG. After wash-

ing with phosphate-buffered saline, nuclei were stained with 

DAPI, and fluorescence was visualized using a fluorescence 

microscope (Carl Zeiss, Oberkochen, Germany). Cells were 

stimulated with AF-LPS for 30 minutes in the presence or 

absence of cordycepin for the LPS/TLR4 complex formation 

assay. The cells were fixed, stained with rabbit polyclonal 

anti-TLR4 antibody for 90 minutes at 4°C, and then incubated 

with secondary antibodies conjugated with Alexa Fluor 488 

for 1 hour. The stained cells were observed under a fluores-

cence microscope.

Measurement of LPS binding on cell 
surface
RAW 264.7 cells were incubated with AF-LPS in the pres-

ence or absence of genistein for 1 hour. The cells were 

washed twice with phosphate-buffered saline, harvested 

with 0.005% ethylenediamine tetraacetic acid, and then 

analyzed by flow cytometry. Alexa 488 was excited using 

a 488 argon-ion laser line and detected on a channel FL1 

using a 530 nm emission filter. The fluorescence emission 

of samples was recorded by a flow cytometer. The gate was 

not applied.
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Statistical analyses
Data are presented as the mean ± standard deviation. Statisti-

cal significance was determined using analysis of variance 

followed by the Student’s t-test. A P-value 0.05 was con-

sidered to be statistically significant.

Results
Cordycepin inhibits LPS-induced 
NO and PGE2 production in RAW 
264.7 macrophages
To determine the level of NO production, we measured nitrite 

released into the culture medium using Griess reagent. As a 

result, LPS alone markedly induced NO production compared 

with that generated by the control. However, pretreatment 

with cordycepin significantly repressed the levels of NO pro-

duced in LPS-stimulated RAW 264.7 cells in a concentration-

dependent manner up to 30 μg/mL (Figure 1A). As shown 

in Figure 1B, treatment of RAW 264.7 cells with LPS also 

resulted in a marked increase in PGE
2
 release compared 

with the untreated control. However, cordycepin inhibited 

LPS-mediated PGE
2
 production in a concentration-dependent 

manner.

Cordycepin downregulates LPS-
induced iNOS and COX-2 expression 
in RAW 264.7 macrophages
To elucidate the mechanism involved in the inhibition of 

NO and PGE
2
 generation by cordycepin in LPS-stimulated 

RAW 264.7 cells, we studied the effects of cordycepin on 

iNOS and COX-2 mRNA and protein expression by reverse 

transcriptase polymerase chain reaction and Western blot 

analyses. iNOS and COX-2 mRNA and protein expression 

was undetectable in unstimulated RAW 264.7 cells. How-

ever, COX-2 expression increased markedly in response 

to LPS and iNOS, which was significantly inhibited by 

pretreatment with cordycepin (Figure  2C and D). These 

results indicate that the reduced expression of iNOS and 

COX-2 at the transcriptional level contributed to the inhibi-

tory effect of cordycepin on LPS-induced NO and PGE
2
 

production.
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Figure 1 Inhibition of nitric oxide and PGE2 production by cordycepin in LPS-stimulated RAW 264.7 macrophages.
Notes: Cells were pretreated with different concentrations of cordycepin for 1 hour before a 24-hour incubation with LPS (100 ng/mL). Nitrite content was measured using 
the Griess reaction (A) and PGE2 concentration was measured in culture medium using a commercial enzyme-linked immunosorbent assay kit (B). Each value indicates the 
mean ± standard deviation and is representative of results obtained from three independent experiments. *P0.05 indicates a significant difference from the value obtained 
for cells treated with LPS in the absence of cordycepin. (C) Total RNA was isolated and reverse-transcribed using iNOS and COX-2 primers after a 6-hour LPS treatment. 
The resulting complementary DNAs were then subjected to polymerase chain reaction. The reaction products were subjected to 1% agarose gel electrophoresis and 
visualized by ethidium bromide staining. (D) The cells were sampled and lysed after a 24-hour treatment, and equal proteins were then separated by electrophoresis on 
sodium dodecyl sulfate-polyacrylamide gels. Western blotting was performed using anti-iNOS and anti-COX-2 antibodies and an enhanced chemiluminescence detection 
system. GAPDH and actin were used as internal controls for the reverse transcriptase polymerase chain reaction and Western blot assays, respectively. 
Abbreviations: COX-2, cyclooxygenase-2; LPS, lipopolysaccharide; iNOS, inducible nitric oxide synthase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; PGE2, 
prostaglandin E2.
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Cordycepin attenuates LPS-induced 
TNF-α and IL-1β production and 
expression in RAW 264.7 macrophages
In a parallel experiment, we investigated the effects of 

cordycepin on synthesis of the proinflammatory cytokines 

TNF-α and IL-1β by LPS treatment. As a result, TNF-α and 

IL-1β levels increased significantly in the culture medium of 

LPS-stimulated RAW 264.7 cells. However, pretreatment with 

cordycepin significantly decreased the release of both cytokines 

in a concentration-dependent manner (Figure 2A and B). Fur-

thermore, the reverse transcriptase polymerase chain reaction 

results indicated that cordycepin markedly suppressed gene 

expression of these cytokines at the mRNA level in a similar 

fashion to the effects observed at the protein level (Figure 2C 

and D), suggesting that cordycepin-mediated inhibition of these 

cytokines may also be regulated at the transcriptional level.

Cordycepin blocks LPS-induced nuclear 
translocation of NF-κB/p65 in RAW 
264.7 macrophages
Previous reports suggested that NF-κB is an important 

transcription factor regulating the expression of iNOS, 

COX-2, and inflammatory cytokines; thus, we explored 

whether cordycepin could block the NF-κB signaling path-

way. Western blot analyses using cytosolic and nuclear 

fractions showed that the amount of NF-κB/p65 in the 

nucleus was markedly increased after 30 minutes of expo-

sure to LPS alone, concomitant with degradation of Iκ B- 

alpha (IκBα) in the cytosol. However, LPS-induced NF-κB/p65 

levels in the nuclear fraction were concentration-dependently 

reduced by cordycepin pretreatment, and LPS-induced IκBα 

degradation was obviously blocked by pretreatment with 

cordycepin (Figure 3A). Furthermore, the shift of NF-κB to 

the nucleus in RAW 264.7 cells was analyzed using immu-

nofluorescence staining to clearly determine the influence 

of cordycepin on NF-κB/p65 nuclear translocation by LPS 

treatment (Figure  3B). The immunofluorescence images 

revealed that NF-κB/p65 was normally sequestered in the 

cytoplasm (Figure  3B, control panel), and that nuclear 

accumulation of NF-κB/p65 was strongly induced after 

stimulating RAW 264.7 cells with LPS (Figure  3B, LPS 

panel). However, nuclear translocation of NF-κB/p65 was 

not induced in the cells after pretreatment with cordycepin 

alone (Figure 3B, cordycepin panel), and the LPS-induced 

translocation of NF-κB/p65 was completely abolished after 

pretreating the cells with cordycepin (Figure 3B, LPS + 

cordycepin panel).
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Figure 2 Inhibitory effects of cordycepin on TNF-α and IL-1β release induced by LPS in RAW 264.7 macrophages.
Notes: Cells were treated with cordycepin following 1 hour of LPS treatment. The supernatants were prepared following 24 hours of treatment, and the amounts of TNF-α 
(A) and IL-1β (B) were measured by enzyme-linked immunosorbent assay. Data are shown as the mean ± standard deviation of three independent experiments. (*P0.05 
between the treated and the untreated control group). (C) Levels of IL-1β and TNF-α mRNA were assessed by reverse transcriptase polymerase chain reaction after 6 
hours of treatment. (D) IL-1β and TNF-α protein expression was determined by Western blot analysis after 24 hours of treatment. GAPDH and actin were used as internal 
controls for the reverse transcriptase polymerase chain reaction and Western blot assays, respectively. 
Abbreviations: LPS, lipopolysaccharide; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; IL, interleukin; TNF-α, tumor necrosis factor-alpha.
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Cordycepin suppresses LPS-induced 
phosphorylation of MAPKs in RAW 
264.7 macrophages
Because MAPK signaling molecules also play a critical role in 

regulating the LPS-induced inflammatory process, we analyzed 

the phosphorylation levels of MAPKs in LPS-treated RAW 

264.7 cells by Western blotting. As depicted in Figure 4, 

phosphorylation of p38 MAPK, ERK, and JNK by LPS 

stimulation occurred at 15 minutes and was sustained until 1–2 

hours; however, pretreatment with cordycepin significantly 

suppressed phosphorylation in a concentration-dependent 

manner. In contrast, the levels of total MAPK proteins were 

unaffected by either LPS or cordycepin treatment, suggesting 

that inactivation of MAPK signaling may be involved in the 

inhibitory effect of cordycepin on the production of LPS-

induced proinflammatory mediators and cytokines in RAW 

264.7 cells.

Cordycepin inhibits LPS-induced 
TLR4 and MyD88 expression, and 
the interaction between LPS and TLR4 
in RAW 264.7 macrophages
We next assessed the effects of cordycepin on the LPS-activated 

TLR4 signaling pathway to further determine the mechanisms 
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Figure 3 Effects of cordycepin on LPS-induced nuclear translocation of NF-κB and degradation of IκBα in RAW 264.7 macrophages.
Notes: Cells were treated with the indicated concentrations of cordycepin for 1 hour before LPS treatment (100 ng/mL) for the indicated times. (A) Nuclear and cytosolic 
proteins were resolved on 10% sodium dodecyl sulfate-polyacrylamide gels followed by Western blotting using anti-NF-κB/p65 and anti-IκBα antibodies. Nucleolin and actin 
were used as internal controls for the nuclear and cytosolic fractions, respectively. (B) Cells were pretreated with 30 μg/mL cordycepin for 1 hour prior to stimulation with 
LPS for 1 hour. Localization of NF-κB/p65 was visualized with a fluorescence microscope after immunofluorescence staining with anti-NF-κB/p65 antibody and fluorescein 
isothiocyanate-labeled anti-rabbit immunoglobulin G antibody (green). Nuclei of the corresponding cells were visualized with 4,6-diamidino-2-phenylindole (DAPI, blue). 
The cells were visualized using a fluorescence microscope.
Abbreviations: LPS, lipopolysaccharide; IκBα, inhibitor kappa B-alpha; NF-κB, nuclear factor kappa B.
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underlying the anti-inflammatory effects of cordycepin. As 

indicated in Figure 5A, TLR4 protein expression increased 

significantly in RAW 264.7 cells treated with LPS compared 

with that in untreated cells, which was accompanied by 

up-regulation of MyD88 expression. However, treatment 

with cordycepin before LPS stimulation almost completely 

blocked the LPS-induced induction of TLR4 and MyD88. In 

addition, treatment with LPS in the presence of cordycepin 

significantly prevented the binding of LPS to the BV2 cell 

surface (Figure 5B). We further tested whether cordycepin 

could inhibit the interaction between LPS and TLR4 in RAW 

264.7 cells using AF-LPS (Figure 5C). When cells were 

treated with AF-LPS alone, the fluorescence intensities of 

LPS and TLR4 were observed outside the cell membrane by 

immunofluorescence assay (Figure 5B, LPS panel). However, 

in the presence of cordycepin, the fluorescence intensity of 

TLR4 was markedly inhibited (Figure 5C, LPS + cordycepin 

panel), suggesting LPS-stimulated activation of TLR4 signal-

ing pathway was potently blocked by cordycepin.

Blocking TLR-4 with CLI-095 
synergistically increases the anti-
inflammatory potential of cordycepin 
in RAW 264.7 macrophages
To confirm involvement of the TLR4 signaling pathway in 

the cordycepin-mediated anti-inflammatory potential, we 

next evaluated the effects of the pharmacological agent CLI-

095, which blocks TLR4-mediated signaling. As shown in 

Figure 6, we found that cordycepin and CLI-095 cotreatment 

synergistically inhibited LPS-induced production of NO and 

PGE
2
 as well as iNOS and COX-2 expression. Furthermore, 

the effects of LPS-enhanced TNF-α and IL-1β release were 

successfully inhibited by blocking TLR4 signaling with 

CLI-095, and cotreatment of cordycepin with CLI-095 

almost completely inhibited the production of those proin-

flammatory cytokines to background levels similar to that 

in the untreated control (Figure 7). Taken together, these 

results verify that the inhibitory effects of cordycepin on the 

LPS-induced inflammatory response results, at least, from 

suppression of TLR4 signaling cascades in RAW 264.7 

macrophages.

Finally, to examine whether cordycepin or CLI-095 is 

cytotoxic to RAW 264.7 cells, the cells were exposed to 

cordycepin alone and together with CLI-095 for 24 hours in 

the presence or absence of LPS, and cell viability was mea-

sured by the MTT assay. The results showed no cytotoxic 

effects within our tested concentrations (Figure 8). These 

results clearly indicate that the anti-inflammatory activity 

of cordycepin in LPS-stimulated RAW 264.7 macrophages 

was not due to cytotoxicity.

Discussion
Cordycepin is a specific polyadenylation inhibitor that was 

originally extracted from Cordyceps militaris and possesses 

many pharmacological activities, including immunological 

stimulation and antitumor activity. In the past few years, 

several investigations have indicated that cordycepin has an 

anti-inflammatory potential by suppressing the NF-κB sig-

naling pathway, suggesting that cordycepin could be used as 

an anti-inflammatory agent in the treatment of inflammation-

associated disorders. For example, cordycepin inhibits LPS-

induced proinflammatory mediators and/or cytokines in RAW 

264.7 macrophage26 and BV2 microglial cell models24 by 
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blocking NF-κB activation. Cordycepin also prevents LPS-

induced airway neutrophilia in mice and effectively blocks 

LPS-induced expression of vascular adhesion molecule-1 in 

human lung epithelial cells.27 Other studies have shown that 

this compound has anticancer effects by inhibiting the levels 

of some critical genes involved in cancer cell growth and 

metastasis by suppressing NF-κB activation.32–34 Although 

these observations suggest that cordycepin has anti-inflam-

matory and anticancer effects by modulating NF-κB signaling 

pathway, although the detailed anti-inflammatory signaling 

pathways remain to be explored.

Accumulating evidence indicates that NO and PGE
2 

are critical mediators of inflammation. NO plays a pivotal 

role in many body functions; however, its overproduc-

tion, particularly in macrophages, can lead to cytotoxic-

ity, inflammation, and autoimmune disorders.35,36 iNOS is 

one of the key enzymes generating NO from arginine in 

response to various inflammatory stimuli. PGE
2
, which is 
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produced by the inducible enzyme COX-2, has also been 

implicated as an important mediator in the development of 

many chronic inflammatory diseases. Therefore, produc-

tion of endotoxin-induced NO and PGE
2 
can be used as a 

measure of the progression of inflammation, and inhibi-

tion of their production might have potential therapeutic 

value for preventing inflammatory reactions and disease. 

Consistent with previous results,25,26 we found that cordyce-

pin significantly inhibited LPS-stimulated NO and PGE
2
 

production in RAW 264.7 cells. This suppression was pos-

sibly due to inhibiting iNOS and COX-2 upregulation at 

the transcriptional level during RAW 264.7 cell activation 

by LPS (Figure 1).

Excessive production of proinflammatory cytokines such 

as TNF-α and IL-1β has also been linked to the development 

of chronic inflammatory diseases, including rheumatoid 

arthritis, septic shock, psoriasis, and cytotoxicity.37,38 This 

process is further increased by autocrine and paracrine 

routes, which markedly increased the severity of the immune 

response.39,40 Moreover, production of TNF-α and IL-1β 

is required for the synergistic induction of NO and PGE
2
 

production in LPS-stimulated macrophages.37,41 Thus, 

overproduction of these cytokines is a histopathological 

hallmark of various inflammation-related diseases, and 

selective inhibition of their production and function may 

be effective therapeutically in the control of inflammatory 

disorders. As reported previously,25,26 our data also indicate 

that cordycepin significantly inhibits LPS-induced release of 

TNF-α and IL-1β in RAW 264.7 cells. This inhibitory effect 

may be attributable to the suppression of TNF-α and IL-1β 

transcription and subsequent decreased protein expression 

(Figure 2).

In particular, recent evidence had shown that LPS-mediated 

inflammation is highly associated with various intracellular 

signaling pathways, such as the NF-κB and MAPK cas-

cades. Of these, NF-κB is important for LPS-stimulated 

inflammation, which regulates a number of inflammatory 

genes, including iNOS, COX-2, TNF-α, and IL-1β.42,43 It 

is well known that inactive NF-κB predominantly resides 

in the cytoplasm in a complex with IκBα, which is an IκB 

protein.44,45 However, IκB proteins are rapidly phosphory-

lated in response to proinflammatory stimuli and are subse-

quently degraded by the proteosomal pathway. The resulting 

free NF-κB then translocates to the nucleus where it binds to 

κB-binding sites in the promoter regions of target genes to 

promote their transcription, thereby reducing inflammation. 
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NF-κB-targeted therapeutics could be effective for treating 

inflammatory diseases, as many anti-inflammatory agents 

exhibit their potency by suppressing NF-κB signaling. In 

agreement with previous observations,24,26,33 our data dem-

onstrate that the anti-inflammatory effects of cordycepin 

appeared to involve inhibition of NF-κB activation by 

blocking LPS-stimulated IκBα degradation and translocation 

of the NF-κB/p65 protein to the nucleus (Figure 3).

The MAPK families, including p38 MPAK, ERK, 

and JNK, are a group of serine/threonine kinases that are 

activated in response to diverse extracellular stimuli and 

control cellular signal transduction from the cell surface to 

the nucleus.46,47 Moreover, phosphorylation and activation 

of MAPKs have previously been implicated in the signaling 

pathways relevant to LPS-induced inflammation, suggesting 

that MAPKs are important targets for anti-inflammatory 

molecules.40 Kim et al26 reported that cordycepin inhibits 

NO production and COX-2 gene expression by suppressing 

p38 MAPK phosphorylation, and a similar observation was 

made in this study. Moreover, pretreatment with cordycepin 

inhibited ERK and JNK phosphorylation (Figure 4). These 

results demonstrate that inactivation of MAPK signaling by 

cordycepin may contribute to suppressing proinflammatory 

responses in LPS-stimulated RAW 264.7 macrophages.

TLRs are pattern recognition receptors that play a central 

role in helping direct the innate immune system, which is 

generally involved in host defense mechanisms, either by 

identifying pathogens or as receptors for proinflammatory 

molecules.48–50 Among them, TLR4 is the most important 
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LPS receptor.51 LPS-activated TLR4 induces activation of 

specific intracellular pathways through receptor dimeriza-

tion and recruitment of different adapter molecules such as 

MyD88.52 Previous studies have shown that MAPKs become 

phosphorylated following TLR4 activation by LPS, and that 

the transcription factor NF-κB is directly activated.53,54 In the 

present study, we demonstrated that increased expression of 

TLR4 and Myd88 proteins was concentration-dependently 

reduced in the presence of cordycepin (Figure  5A). Our 

observations also show that pretreatment with genistein 

markedly attenuated LPS binding to the cell surface  

(Figure 5B), suggesting that genistein may interfere with the 

clustering of TLR4 with MyD88. In addition, pretreatment 

with cordycepin markedly inhibited LPS binding to the RAW 

264.7 cell surface (Figure 5C), indicating the antagonistic 

effect of cordycepin against TLR4. Furthermore, cotreatment 

of cordycepin with CLI-095, a specific TLR4 signaling inhib-

itor, synergistically attenuated the release of NO and PGE
2
 

as well as iNOS and COX-2 mRNA and protein expression 

(Figure 6). Similarly, we found that cotreatment inhibited 

the production and expression of TNF-α and IL-1β to a 

greater degree than that in the groups treated with cordycepin 

alone (Figure 7). In addition, under the same experimental 

conditions, no cytotoxic effect was observed within our 

tested concentrations of cordycepin, LPS, and CLI-095 in 

RAW 264.7 cells, indicating that the inhibitory effect did 

not result from cytotoxicity (Figure 8). These observations 

suggest that cordycepin inhibits the initiation of intracellular 

signaling cascades, which subsequently suppress activa-

tion of the MAPK and NF-κB signaling pathways. Several 

studies have reported that certain anti-inflammatory agents 

compete with LPS for binding to TLR4, resulting in suppres-

sion of downstream signaling pathways.55,56 Therefore, the 

antagonistic function of cordycepin against TLR4 may be 

responsible for the anti-inflammatory effects of cordycepin 

in LPS-stimulated RAW 264.7 macrophages.

Conclusion
In summary, we report herein the anti-inflammatory effects 

of cordycepin in activated macrophages, and analyze 

the molecular mechanisms. Our results demonstrate that 

cordycepin significantly reduced production of proinflam-

matory mediators and cytokines by inactivating their cor-

responding genes at the transcriptional levels, which was 

connected with inhibition of MAPK and NF-κB signaling 

cascades (Figure 9). Furthermore, we found that cordycepin 

inhibits TLR4 signaling by interfering with LPS and TLR4 

interactions in RAW 264.7 cells. Based on these findings, 
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we suggest that cordycepin blocks the initiation of intracel-

lular signaling cascades through LPS and through inhibiting 

MAPK and NF-κB activation by regulating the binding of 

LPS to TLR4 on macrophages.
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