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[ABSTRACT] Esculetin, a natural derivative from the traditional and widely-used Chinese medicinal herb Cortex Fraxini, has a vari-
ety of pharmacological effects, especially in anti-inflammation. However, it is not clear whether esculetin has a therapeutic effect on
sepsis. This study aimed to investigate the anti-inflammatory and protective effects of esculetin on early sepsis. The results showed that
the lung injury was significantly relieved with the treatment of esculetin, accompanied with the restrained production of inflammatory
factors including IL-1β, IL-6, TNF-α, CCL2 and iNOS during the early phase of E.coli-induced sepsis. Of note, activation of NF-κB
and STAT1/STAT3 signals, the main upstream signals of many inflammatory factors, were attenuated by esculetin in both lung tissues
from septic mice and LPS-stimulated macrophage. These findings suggested that the protection of esculetin against early sepsis should
be related to its anti-inflammatory effect, which was at least partly due to its inhibition on NF-κB and STAT1/STAT3 signaling path-
way in  macrophage.  Thus,  esculetin  could  serve  as  a  potential  therapeutic  agent  by  rebalancing  innate  immune  response  in  macro-
phage for the treatment of early sepsis.
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Introduction
Sepsis,  charaterized  as  life-threatening  organ  injury,  is

caused by  a  dysregulated  host  response  to  invasive  patho-
gens [1].  The  uncontrolled  inflammatory  cytokines,  produced
by  excessive  activation  of  the  host  innate  immune  system
during  pathogenic  infections,  are  generally  considered  to  be
the major driving force in the development of sepsis [2]. In the
early stage  of  sepsis,  innate  immune  cells  including  macro-
phages/monocytes and neutrophils are activated by pathogen-
associated molecular  patterns  (PAMPs)  and  release  hyperin-
flammatory  mediators,  which  leads  to  exacerbated  multi-or-
gan dysfunction and high mortality [1]. Thus, rebalance of the
dysregulated macrophage activation and restraint  of  the  crit-

ical regulators in the inflammatory response could be a prom-
ising therapeutic approach for early sepsis treatment.

Transcription factors of the nuclear factor kappa B (NF-
κB)/Rel family play a key role in inflammatory and immune
responses.  It  was  widely  reported  that  NF-κB  signaling  is
markedly activated in peripheral mononuclear cells and alve-
olar macrophages of septic patients, which is highly related to
the severity of sepsis verity of sepsis [3-6]. In animal models of
sepsis,  the  activation  of  NF-κB  signaling  is  solidly  induced
by  bacteria  infection,  LPS  or  cecal  ligation  and  puncture
(CLP),  leading  to  the  production  of  inflammatory  cytoki-
nes [7-9]. Therefore, NF-κB signaling is critical in the develop-
ment of sepsis and promising therapeutic targets.

JAK/STATs signal,  the  critical  pathway  of  many  cy-
tokine  receptor  systems,  is  involved  in  many  physiological
functions including the response to pathogens. In experiment-
al  sepsis  model,  STAT1 and  STAT3 are  markedly  activated
in  macrophages  and  monocytes [10, 11].  However,  STAT1
knock-out  mice  are  resistant  to  LPS-induced  endotoxemia
and CLP-induced septic shock [12, 13]. Although the condition-
al  deletion  of  STAT3  in  macrophages  aggravates  LPS-in-
duced septic shock by increasing production of cytokines and
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decreasing  survival [14],  the  pharmacological  inhibition  of
STAT3  can  protect  against  LPS-induced  acute  lung  injury,
and inhibit hyperactivation of inflammatory response in CLP-
induced  septic  mice [15, 16].  Therefore,  the  balance  of
JAK/STATs signaling activation is important for the therapy
of sepsis.

Cortex  Fraxini,  a  well-known  and  widely  used  herb  in
China,  is  also  named  Qinpi  in  traditional  Chinese  medici-
ne [17].  Qinpi  is  officially  listed  in  the  Pharmacopoeia  of  the
People’s Republic of China [18], and frequently utilized to cure
colitis  and  bacillary  dysentery [19, 20].  Esculetin  is  one  of  the
main  effective  ingredients  of  Qinpi  with  strong  therapeutic
effect  on  anti-inflammation,  such  as  inhibition  of  cartilage
destruction in rheumatoid arthritis and osteoarthritis [21], atten-
uation of the disease progression of psoriatic mouse skin [22],
amelioration of LPS-induced acute lung injury [23].  However,
the therapeutic effect and the underlying mechanism of escu-
letin on sepsis remain unclear.

In  this  study,  the  models  of E.  coli-induced mice  sepsis
and  LPS-stimulated  macrophage  were  introduced,  and  the
protective  effect  and  the  molecular  mechanism  of  esculetin
against sepsis were investigated. The results indicated that es-
culetin ameliorated acute lung injury in E. coli-induced sepsis
by  decreasing  the  levels  of  inflammatory  cytokines  and
chemokines, which at least partly may be due to its inhibition
on  NF-кB,  STAT1  and  STAT3  signals  in  macrophages.  All
together, esculetin could serve as a potential therapeutic agent
for treatment of sepsis. 

Materials and Methods
 

Reagent
Esculetin  (HPLC  ≥  98%)  was  purchased  from  National

Institutes for Food and Drug Control (Peking, China) and pre-
pared  in  DMSO. Escherichia  coli (ATCC25922) was  ob-
tained  from  American  Type  Culture  Collection.  LPS  (Es-
cherichia coli O111: B4) was purchased from Sigma (Shang-
hai, China) and prepared in ddH2O. Cell Counting Kit-8 was
obtained  from  Dalian  Meilun  Biology  Technology  Co.  Ltd.
(Dalian,  China).  Enzyme-linked  immunosorbent  assay
(ELISA)  kits  of  cytokines  CCL2,  IL-6,  IL-1β and  TNF-α
were ordered from R&D Systems (Minneapolis,  MN, USA).
Trizol  reagent,  HiScript  1st  Strand  cDNA Synthesis  Kit  and
SYBR  Green  Master  Mix  were  purchased  from  Vazyme
(Nanjing,  China).  Antibodies  used  for  western  blot  analysis
were as follow: p-p65 (Ser536), p65, p-IκBα (Ser32), IκBα, p-
IKKα/β (Ser176/180), IKKα, p-p38 (Thr180/Tyr182), p38, p-
JNK (Thr183/Tyr185),  JNK, p-STAT1 (Tyr701),  STAT1, p-
STAT3  (Tyr705),  STAT3,  p-ERK1/2  (Thr202/Tyr204),
ERK1/2,  H3,  iNOS,  SOCS3,  and β-Actin  were  purchased
from  Cell  Signaling  Technology  (Beverly,  MA,  USA).  And
JMJD3 was purchased from Abgent (San Diego, CA). Nucle-
ar and Cytoplasmic Protein Extraction Kit, BCA Protein As-
say Kit and NO Assay Kit were ordered from Beyotime Insti-
tute of Biotechnology (Jiangsu, China). MPO Kit was ordered
from  Nanjing  Jiancheng  Bioengineering  Institute  (Nanjing,
China). 

Mice
Male ICR mice aged 6–7 weeks (weight: 20–25 g) were

purchased from Yangzhou University (Yangzhou, China) and
acclimatized for 1 week before molding. Use and experiment
of mice were performed according to the Laboratory Animal
Care  &  Use  Committee  at  China  Pharmaceutical  University
and  the  Guide  for  the  Care  and  Use  of  Laboratory  Animals
published by the US National  Institutes of  Health.  The mice
were randomly divided into five groups (n = 6−10 per group):
(i) control group; (ii)  sepsis group; (iii)  sepsis with esculetin
(20 mg·kg−1)-treated; (iv) sepsis with esculetin (40 mg·kg−1)-
treated; (v) sepsis with esculetin (60 mg·kg−1)-treated. To in-
duce spesis, E. coli was grown to mid-exponential phase, then
centrifuged, washed and diluted in PBS (6 × 108 CFU·mL−1).
ICR mice were intraperitoneally injected with 0.3 mL E. coli
suspension  (total  3  ×  108 CFU)  or  LPS  (10  mg·kg−1) to  in-
duce sepsis.  Esculetin  was  injected  intraperitoneally  2  h  be-
fore  sepsis  induction.  Finally,  all  animals  were  euthanized
after sepsis induction for 12 h. Moreover, mice were injected
with E. coli (9 × 108 CFU, i.p.) to investigate the effect of es-
culetin on septic mortality for four days. For histopathologic-
al analysis, the right lung tissues were fixed in 10% formalin,
and paraffin-embedded  sections  were  prepared  for  hem-
atoxylin and eosin (H&E) staining. 

Cell culture
RAW264.7 cells  were  purchased from China Center  for

Type Culture Collection (CCTCC, Shanghai, China) and cul-
tured in DMEM medium (GIBCO, Beijing, China) with 10%
fetal  bovine  serum (GIBCO,  NY,  USA),  supplemented  with
100  U·mL−1 penicillin  and  100  mg·mL−1 streptomycin,  at
37 °C in a humidified environment with 5% CO2. For differ-
ent experiments,  RAW264.7 cells  were  pretreated with  vari-
ous concentrations of esculetin (10, 20 and 40 μmol·L−1) for
1  h  and  then  stimulated  with  LPS  (100  ng·mL−1).  Cells  and
medium supernatants were harvested at 0.5, or 6, or 24 h after
LPS stimulation. 

RNA isolation and q-PCR
Total RNA was isolated using the Trizol reagent and re-

verse-transcribed  to  produce  cDNA.  q-PCR  was  performed
on an Applied Biosystems Stepone plus  Sequence Detection
System (Applied  Biosystems,  CA,  USA) using  SYBR green
dye  (Vazyme  Biotech,  Jiangsu,  China).  For  quantification,
the relative mRNA level of specific gene expression was ob-
tained using the 2−ΔCt method. 

Western Blot
RAW264.7 cells were lysed in RIPA buffer with PMSF.

Tissue  proteins  from  mice  lungs  were  prepared  in  the  lysis
buffer (125 mmol·L−1 Tris, 2% SDS, pH 6.8) for 30 min fol-
lowed by centrifugation. Nuclear proteins from cells were ex-
tracted with the Nuclear  and Cytoplasmic Protein Extraction
Kit.  Quantified  proteins  were  separated  by  SDS–PAGE  and
transferred  onto  polyvinylidene  difluoride  membrane.  Bands
were analyzed by ImageJ software. 

ELISA assay
The  lung  tissues  were  weighed  and  homogenized  with

RIPA  buffer  (1  :  9  (W/V))  on  ice  and  then  centrifuged  at

CHENG Yao-Jun, et al. / Chin J Nat Med, 2021, 19(6): 432-441

– 433 –



12 000 g for 15 min at 4 °C. The supernatants were harvested
and used  immediately  or  stored  at  −80 °C.  The  IL-1β,  IL-6,
TNF-α and CCL2 were detected by ELISA kits  according to
the manufacturer’s protocol. 

MPO assay
Myeloperoxidase (MPO) activity in lung tissues was as-

sessed by MPO Kit following the manufacturer’s instructions. 

Cell viability assay and quantification of nitrite
The cell viability was carried out by Cell Counting Kit-8

(CCK-8) in strict accordance with the manufacturer’s instruc-
tions.  The  quantitative  detection  of  NO  was  assayed  with  a
Nitric Oxide Test Kit according to the manufacturer’s instruc-
tions. NaNO2 was used to generate a standard curve, and ni-
trite production was determined by measuring optical density
at 550 nm. 

Statistical analysis
The data  are  reported  as  mean ± SD.  Statistically  signi-

ficant values were compared using the one-way ANOVA test
and unpaired two tailed student’s t test. Significance of differ-
ences were indicated when P < 0.05, P < 0.01, and P < 0.001.
GraphPad  Prism  8.0.1  (GraphPad  Software  Inc.,  La  Jolla,
CA, USA) was used for statistical analysis. 

Results
 

Esculetin protects against E. coli or LPS-induced sepsis and
attenuates inflammatory response

Gram-positive  bacteria  are  the  most  common  cause  of
sepsis, which  can  ordinarily  induce  severe  systemic  inflam-
matory  response  and  contribute  to  acute  tissue  injury.  Lung
dysfunction,  referred  to  acute  lung  injury  (ALI),  is  the
primary cause of death in sepsis. To investigate whether escu-
letin  could  improve  survival  rates  of  sepsis,  mice  were  pre-
treated with esculetin (20, 40 or 60 mg·kg−1, i.p.) for 2 h, and
then  injected  with E.  coli (9  ×  108 CFU,  i.p.)  (Fig.  1A and
1B).  The  result  showed  that  esculetin  visibly  improved  the
survival  rates  of  septic  mice  in  the  following  four  days
(Fig. 1C). To investigate the anti-inflammatory effect of escu-
letin on sepsis, E. coli or LPS-induced septic models were in-
troduced,  which  were  ordinarily  accompanied  with  severe
lung  inflammation  and  injury.  Before  injection  with E.  coli
(3 × 108 CFU, i.p.) or LPS (10 mg·kg−1, i.p.) to induce experi-
mental sepsis, the mice were pre-treated with esculetin for 2 h
(Fig.  1A and 1B). Then the experimental  mice were euthan-
ized after  sepsis  induction  for  12  h  and  lung  injury  was  as-
sessed  using  histological  analysis.  Lung  tissues  from E.  coli
or  LPS-induced  septic  mice  showed  significant  pathological
changes including inflammatory cell  infiltration and alveolar
septal  thickening,  which  were  attenuated  by  esculetin  pre-
treatment (Fig. 1D and 1E). Neutrophil infiltration in lungs is
a  major  pathophysiological  hallmark  of  lung  inflammation
and injury, and the myeloperoxidase (MPO) is found to be an
effective  measure  of  neutrophil  infiltration  into  tissues [24].
Consistent with the histological assessment, the MPO activit-
ies were significantly decreased by the treatment of esculetin
comparing  to  the  septic  mice  (Fig.  1F and 1G).  These  data
demonstrated  that  esculetin  has  protective  effects  against E.

coli or LPS-induced sepsis in vivo..
Cytokine  storm  refers  to  the  rapid  production  of  many

cytokines in body fluids caused by severe stimulation, which
can  lead  to  systemic  inflammatory  response,  multiple  organ
failure  and even death.  Cytokine  storm has  been reported  in
sepsis  and  ALI [25, 26].  Therefore,  the  inflammatory  factors
were detected in  lung tissues  and peritoneal  macrophages of
the  septic  mice.  The  ELISA  assay  showed  that  the  protein
levels  of  IL-1β,  IL-6,  TNF-α and CCL2 in  lung tissues from
septic mice were significantly decreased by the pre-adminis-
tration  of  esculetin  (Fig.  2A and 2B).  Moreover,  the  mRNA
levels  of  IL-1β,  TNF-α and iNOS  in  the  peritoneal  macro-
phages  from E.  coli induced septic  mice  were  also  signafic-
antly  down-regulated  by  esculetin  pre-treatment  (Fig.  2C).
These findings  suggested  that  the  protective  effects  of  escu-
letin  against  sepsis  should  be  related  to  the  down-regulation
of proinflammatory cytokines. 

Esculetin  reduces  LPS-induced  inflammatory  responses  in
macrophage

Macrophage,  one  of  the  main  cells  of  innate  immunity
system, is heavily involved in the inflammatory response dur-
ing the  early  phase  of  sepsis.  Since  esculetin  suppressed  in-
flammatory responses in septic mice, the underlying mechan-
ism was investigated using the RAW264.7 macrophage cells
in vitro. To determine the non-cytotoxic concentration of es-
culetin, RAW264.7 cells were treated with various concentra-
tions of esculetin for 24 h, and the cell viability was tested us-
ing  CCK-8.  Esculetin  had  few  effect  on  the  cell  viability  at
concentrations  below  40  μmol·L−1 (Fig.  3A).  Therefore,  the
concentrations of esculetin below 40 μmol·L−1 were used for
the subsequent experiments.

LPS is considered to be responsible for the clinical mani-
festations  of  septic  inflammation,  thus  the  LPS-stimulated
macrophage  was  introduced.  To  investigate  the  anti-inflam-
matory  activity  of  esculetin,  RAW264.7  cells  were  pre-
treated with esculetin  in  the indicated concentrations for  1 h
and  then  stimulated  with  LPS  for  another  6  h  or  24  h.  The
cells  and  cultural  supernatants  were  collected  to  detect  the
mRNA  and  protein  levels  of  proinflammatory  factors  by  q-
PCR  and  ELISA.  Consistent  with  the  results  of  the  sepsis
models  (Fig.  2),  both  mRNA and protein  levels  of  IL-6,  IL-
1β,  CCL2 and iNOS  induced  by  LPS  were  significantly  de-
creased with the treatment of esculetin (Fig. 3B, 3C and 3E).
Moreover, the LPS-induced NO generation was also signific-
antly  down-regulated  (Fig.  3D).  Taken  together,  these  data
suggested  that  the  anti-inflammatory  activity  of  esculetin
should  be  mediated  by  the  inhibition  on  the  transcription
level of these proinflammatory cytokines. 

Esculetin  suppresses  NF-κB  activation  induced  by  LPS  in
macrophages

NF-κB is a central participant in modulating the expres-
sion  of  various  proinflammatory  genes  in  response  to  LPS,
and the suppression of which is a potent strategy for the treat-
ment  of  endotoxic  sepsis [27].  To  investigate  whether  NF-κB
signaling could be regulated by esculetin, the active forms of
the  typical  NF-κB  family  members  were  evaluated  in  LPS-
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stimulated  RAW264.7  cells.  The  phosphorylated  levels  of
IKKα/β, IκBα (the upstream regulators of p65) and p65 were
extremely upregulated in LPS-stimulated RAW264.7 cells as
reported,  which  were  significantly  attenuated  by  esculetin
(Fig. 4A). Furthermore, JMJD3, a downstream target of NF-
κB  signal,  was  also  down-regulated  in  LPS-stimulated
RAW264.7 cells (Fig. 4A). In addition, the translocation of p-
p65 from cytoplasm to nucleus was enhanced in LPS-stimu-

lated cells, which was inhibited by esculetin (Fig. 4B). Taken
together, these results indicated that esculetin suppressed LPS-
induced  NF-κB  activation  in  macrophages,  suggesting  that
the anti-inflammatory activity of esculetin may rely on its in-
hibition on NF-κB activation. 

Effects  of  esculetin  on  MAPK  signaling  in  LPS-stimulated
RAW264.7 macrophages

MAPKs  are  well  known  as  a  specific  class  of
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serine/threonine kinases, playing an important role in the reg-
ulation of  LPS-induced  inflammatory  responses  in  macro-
phages.  The  classical  MAPKs  cascades  are  comprised  of
ERK1/2,  JNK  and  p38.  Therefore,  it  was  not  clear  whether
the  anti-inflammatory  response  of  esculetin  was  mediated
through the MAPK pathways. The phosphorylation levels of
ERK1/2,  JNK,  and p38 were  significantly  increased by LPS
stimulation for 30 min, which was barely affected by the pre-
treatment with esculetin (Fig. 5). These results suggested that
esculetin  has  few  regulatory  effect  on  the  classical  MAPK
pathways. 

Esculetin  suppresses  STAT1  and  STAT3  activation  induced
by LPS in macrophages

The  signal  transducers  and  activators  of  transcription
(STATs)  play  important  roles  in  LPS-induced  production  of
inflammatory factors such as iNOS, IL-6 and other cytokines.
Suppression of  STAT1  and/or  STAT3  activation  is  con-
sidered to  be  a  therapeutic  target  for  sepsis  through  regulat-
ing inflammation [15, 16].  To address  whether  esculetin  has  an
inhibitory effect on STATs activation in LPS-stimualted mac-
rophges, the phosphorylation levels of both STAT1 (Tyr701)
and STAT3 (Tyr705) were detected. The results showed that

the  expression  levels  of  both  phosphorylated  STAT1  and
STAT3  in  LPS-stimualted  RAW264.7  cells  were  dose-de-
pendently down-regulated by the treatment of esculetin in the
whole cell lysate (Fig. 6A), cytoplasm and nucleus (Fig. 6B).
Furthermore,  SOCS3  (Fig.  6A)  and  iNOS  (Fig.  3E),  the
STAT1 and STAT3 downstream targets, were also down-reg-
ulated by esculetin. These data suggested the anti-inflammat-
ory activity  of  esculetin  should  also  be  related  to  the  sup-
pressed activation of STAT1 and STAT3. 

Esculetin suppresses NF-κB, STAT1 and STAT3 activation in
septic mice

To  further  confirm  the  effects  of  esculetin  on  NF-κB,
STAT1 and STAT3 signals,  the expression levels of the key
pathways  components  were  detected  in  the E.  coli-induced
septic mice. The elevated phosphorylation levels of IKK-α/β,
IκB-α,  p65,  STAT1  and  STAT3  in  the  lungs  of  the  septic
mice were significantly down-regulated by esculetin, and the
elevated  levels  of  iNOS  and  JMJD3  were  also  decreased
(Fig. 7A and 7B). These results were consistent with our ex-
periments in  vitro,  suggesting  the  protection  of  esculetin
against sepsis is at least partly due to the down-regulated ac-
tivation of NF-κB, STAT1 and STAT3 signals. 
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Fig. 2    The effects of esculetin on the proinflammatory cytokines in the lungs from septic mice. The expression of IL-1β, IL-6,
TNF-α and CCL2 in the lungs of E. coli-induced sepsis (A) and LPS-induced sepsis (B) were measured by ELISA. (C) The mRNA
expression level of IL-1β, TNF-α and iNOS in peritoneal macrophages from the septic mice were determined by q-PCR. iNOS, in-
ducible nitric oxide synthase. The results were representative of three independent experiments and expressed as the mean ± SD.
*P < 0.05, **P < 0.01, ***P < 0.001
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Discussion

Esculetin is a coumarin compound, extracted from a tra-
ditional  and  widely-used  Chinese  medicine  named Cortex
Fraxini. In  the  past  few years,  it  was  reported  that  esculetin
has many kinds of biological activities, such as antibacterial,
anti-inflammatory, immunomodulatory  and  sedative  activit-
ies [17]. In this study, esculetin exhibited a significant protec-
tion  against E.  coli-induced and LPS-induced sepsis in  vivo,
and relieved inflammation of the sepsis at least partly through
inhibition of NF-κB pathway, STAT1 and STAT3 signals in
vivo and in vitro. Therefore, the elucidation of esculetin regu-

lation  on  inflammation  can  shed  light  on  therapeutic
strategies for early sepsis.

Sepsis is  a  condition  of  life-threatening  organ  dysfunc-
tion caused by both invading pathogens and the dysregulated
host  response [28].  The  systemic  hyperinflammatory  response
syndrome (SIRS) is a cardinal feature and the major cause of
multiple  organ failure  (MOF) during the  early  phase  of  sep-
sis [29]. Therefore,  the  inhibition  of  hyperinflammatory  re-
sponse  has  become  the  focus  of  therapeutic  strategies  for
early sepsis. Moreover, SIRS and sepsis are closely related to
the dysregulated inflammatory immune network. As a critic-
al effector cells of innate immune system, macrophage plays
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Fig. 3    Esculetin reduced LPS-induced inflammatory responses in macrophage. (A) RAW264.7 cells were pretreated with the in-
dicated  concentrations  of  esculetin  for  24  h.  The  cytotoxicity  of  esculetin  on  macrophage  was  tested  by  the  cell  counting  kit-8
(CCK-8) assay. (B) The relative mRNA levels of IL-1β, IL-6, CCL2 and iNOS were determined by q-PCR. (C) The proinflam-
matory cytokines levels of IL-1β, IL-6 and CCL2 were measured by ELISA. (D) The NO levels were measured by Griess reagent
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a  key  role  in  host  defense  against  invading  microbe  and  its
excessive activation  contributes  to  hyperinflammatory  re-
sponse and induces organ dysfunction in early sepsis. Hence,
the  rebalance  of  the  hyperactivated  macrophages  might  be  a
rational therapeutic strategy for the early sepsis.

NF-кB plays an central role in the regulation of cytokine
production, and the level of NF-кB activity is strongly correl-
ated with the severity of sepsis [3, 30, 31]. In bacterial sepsis, NF-
кB can be activated by verious Toll-like receptors, leading to
the synthesis  and  release  of  various  proinflammatory  cy-
tokines  and  factors,  including  TNF-α,  IL-1β,  IL-6,  iNOS,
JMJD3 etc.  These  cytokines  and  factors  were  markedly  in-
creased  in  patients  with  sepsis  compared  to  those  in  healthy
control subjects [32]. JMJD3, a key enzyme for demethylation
of H3K27, is a critical regulator on the transcription of many
inflammatory genes. Pharmacological inhibition of JMJD3 by
GSKJ4 protected mice against early septic death and reduced
proinflammatory  cytokine  production [33].  Interestingly,  the
expression of  JMJD3 can be can quickly induced by the ac-
tivation of NF-κB, and the interaction of JMJD3 and NF-κB
co-regulates  the  expression  of  the  inflammatory  cytokin-

es [33, 34]. In this study, the mRNA and protein levels of TNF-
α, IL-1β, IL-6, iNOS and JMJD3 were downregulated by es-
culetin in lungs of E. coli-induced sepsis, as well as in LPS-
induced  RAW264.7  cells.  Furthermore,  the  phosphorylated
levels of IKKα/β,  IκBα and p65 were repressed by the treat-
ment  of  esculetin.  All  these  results  above  suggested  that  the
protection  against E.  coli-induced  sepsis  of  esculetin  is  at
least partly due to its inhibition on the NF-κB/JMJD3 signal-
ing pathway.

The JAK/STATs pathway, mediating the singal transduc-
tion  of  many  cytokines,  is  considered  to  be  involved  in  the
pathogenesis of sepsis [10]. Of note, STAT1 is a critical medi-
ator for the transcription of proinflammatory factors in mac-
rophage,  such  as  IL-1β,  TNF-α,  iNOS  and  high  mobility
group box (HMGB)-1, and contributes to hyperinflammatory
state [12, 35]. On the other hand, the plasma concentrations of IL-
6,  MIP-2,  CXCL10  and  IFN-α were  significantly  lower  in
STAT1-deficient  mice,  and  the  STAT1-knockout  mice  are
resistant  to LPS- or  CLP- induced sepsis [12].  Moreover,  it  is
suggested that the occurrence of SIRS is mainly mediated by
STAT1  activation,  and  then  leading  to  tissue  damage  and
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Fig. 4    Esculetin suppressed NF-κB activation induced by LPS in macrophages. RAW264.7 cells were pretreated with esculetin
for 1 h and then stimulated with LPS (100 ng·mL−1) for 0.5 h. (A) The protein levels of p-p65 (ser356), p-IKKα/β (ser176/180), p-
IκBα (ser32) and JMJD3 were determined by western blotting. (B−C) The nuclear and cytoplasmic protein levels of p-p65. H3
was used as a nuclear internal control while β-actin as the cytoplasmic internal control. Densitometric analysis was performed to
determine the relative ratios of each protein. The results are representative of three independent experiments and expressed as
the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001
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Fig. 6    Esculetin suppressed STAT1 and STAT3 activation induced by LPS in macrophages.  RAW264.7 cells  were pretreated
with esculetin for 1 h and then stimulated with LPS for another 6 h. The protein levels of p-STAT1 (Tyr701), p-STAT3 (Tyr705),
and SOCS3 were detected by western blotting in the whole cell lysate (A), or nuclear (B), or cytoplasm (C). Densitometric analys-
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ments and expressed as the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001
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multiple  organ  failure  syndrome,  even  to  mortality [10, 12].
STAT3, another critical component of JAK/STATs pathway,
was  reported  to  be  activated  in  an  experimental  mammalian
sepsis  model,  and  the  IL-6/JAK2/STAT3  pathway  was
mainly  involved  in  regulating  the  inflammatory  respon-
se [10, 11, 36]. Interestingly, STAT3 is activated before the occur-
rence of severe lung injury, which is related to production of
the  proinflammatory  molecules  TNF-α,  IL-1β and  CCL2.
However, the suppression of STAT3 activity ameliorates lung
inflammatory  responses  in  LPS-induced  acute  lung  injury
(ALI) [15, 36], suggesting that STAT3 may play a critical role in
initiating pulmonary inflammation in ALI [37]. Although mice
with conditional  deletion  of  STAT3  in  macrophages  or  en-
dothelial  cells  are  susceptible  to  LPS-induced  septic  shock,
and accompanied with increased production of cytokines and
adverse survival [14, 38], the inhibition of STAT3 can markedly
limit  the  hyperactivation  of  the  inflammatory  response,

alleviate  lung  injury  and  improve  the  survival  in  septic
mice [15, 16].  Therefore,  STAT1 and STAT3 are considered to
be potential therapeutic targets of sepsis. In this paper, escu-
letin treatment  dose-dependently  down-regulated  the  expres-
sion  levels  of  both  phosphorylated  STAT1  and  STAT3  in
LPS-stimualted  RAW264.7  cells  and  in E.  coli-induced
sepsis mice. Meanwhile, the levels of p-STAT1 and p-STAT3
were downregulated  in  the  nucleus  by  esculetin.  Taken  to-
gether, these findings suggested the protective effect of escu-
letin against sepsis is multi-targets and the most potent escu-
letin activity also needs further research.

In summary, esculetin shows the protective effect on the
histological indices and biochemical indexes of E.coli or LPS-
induced  sepsis  at  least  partly  through  regulation  of  NF-κB
pathway,  STAT1  and  STAT3  signals.  These  data  suggested
that, though rebalancing the innate immune response in mac-
rophage, esculetin may serve as a potential therapeutic agent
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Fig. 7    Esculetin suppressed NF-κB, STAT1 and STAT3 activation in E. coli-induced septic mice. The total proteins were seper-
ated from lung tissues of E. coli-induced septic mice, and the protein levels of (A) p-IκBα, p-p65, JMJD3 and iNOS, (B) p-STAT1
(Tyr701), p-STAT3 (Tyr705) and SOCS3 were determined by western blotting. Densitometric analysis was performed to determ-
ine  the  relative  ratios  of  each  protein.  The  results  are  representative  of  three  independent  experiments  and  expressed  as  the
mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001
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for the clinical treatment of early sepsis. 

References
 van  der  Poll  T,  van  de  Veerdonk  FL,  Scicluna  BP, et  al.  The
immunopathology  of  sepsis  and  potential  therapeutic
targets [J]. Nat Rev Immunol, 2017, 17(7): 407-420.

[1]

 Schulte W, Bernhagen J, Bucala R. Cytokines in sepsis: potent
immunoregulators and  potential  therapeutic  targets--an  up-
dated view [J]. Mediators Inflamm, 2013, 2013: 165974.

[2]

 Arnalich F, Garcia-Palomero E, López J, et al. Predictive value
of nuclear factor kappaB activity and plasma cytokine levels in
patients with sepsis [J]. Infect Immun, 2000, 68(4): 1942-1945.

[3]

 Böhrer H, Qiu F, Zimmermann T, et al.  Role of NFkappaB in
the mortality of sepsis [J]. J Clin Invest, 1997, 100(5): 972-985.

[4]

 Moine P, McIntyre R, Schwartz MD, et al. NF-kappaB regulat-
ory  mechanisms  in  alveolar  macrophages  from  patients  with
acute respiratory distress syndrome [J]. Shock, 2000, 13(2): 85-
91.

[5]

 Wang L,  Zhao H, Wang D. Inflammatory cytokine expression
in  patients  with  sepsis  at  an  intensive  care  unit [J]. Exp  Ther
Med, 2018, 16(3): 2126-2131.

[6]

 Choi JH, Park SH, Jung JK, et al. Caffeic acid cyclohexylam-
ide rescues  lethal  inflammation  in  septic  mice  through  inhibi-
tion of IκB kinase in innate immune process [J]. Sci Rep, 2017,
7: 41180.

[7]

 Sheehan M, Wong HR, Hake PW, et al. Parthenolide, an inhib-
itor of  the  nuclear  factor-kappaB  pathway,  ameliorates  cardi-
ovascular derangement and outcome in endotoxic shock in ro-
dents [J]. Mol Pharmacol, 2002, 61(5): 953-963.

[8]

 Oliver FJ, Ménissier-de Murcia J, Nacci C, et al. Resistance to
endotoxic shock as a consequence of defective NF-kappaB ac-
tivation in  poly  (ADP-ribose)  polymerase-1  deficient  mice [J].
EMBO J, 1999, 18(16): 4446-4454.

[9]

 Cai B, Cai JP, Luo YL, et al. The specific roles of JAK/STAT
signaling  pathway  in  sepsis [J]. Inflammation,  2015, 38(4):
1599-1608.

[10]

 Hui L, Yao Y, Wang S, et al. Inhibition of Janus kinase 2 and
signal  transduction  and  activator  of  transcription  3  protect
against  cecal  ligation  and  puncture-induced  multiple  organ
damage and mortality [J]. J Trauma, 2009, 66(3): 859-865.

[11]

 Herzig D, Fang G, Toliver-Kinsky TE, et  al.  STAT1-deficient
mice are resistant to cecal ligation and puncture-induced septic
shock [J]. Shock, 2012, 38(4): 395-402.

[12]

 Kamezaki  K,  Shimoda K,  Numata  A, et  al.  The role  of  Tyk2,
Stat1  and  Stat4  in  LPS-induced  endotoxin  signals [J]. Int  Im-
munol, 2004, 16(8): 1173-1179.

[13]

 Matsukawa  A,  Takeda  K,  Kudo  S, et  al. Aberrant  inflamma-
tion and lethality to septic peritonitis in mice lacking STAT3 in
macrophages  and  neutrophils [J]. J  Immunol,  2003, 171(11):
6198-6205.

[14]

 Zhao  J,  Yu  H,  Liu  Y, et  al.  Protective  effect  of  suppressing
STAT3  activity  in  LPS-induced  acute  lung  injury [J]. Am  J
Physiol Lung Cell Mol Physiol, 2016, 311(5): L868-L880.

[15]

 Xu  S,  Pan  X,  Mao  L, et  al.  Phospho-Tyr705  of  STAT3  is  a
therapeutic  target  for  sepsis  through  regulating  inflammation
and coagulation [J]. Cell Commun Signal, 2020, 18(1): 104.

[16]

 Liang C, Ju W, Pei S, et al. Pharmacological activities and syn-
thesis  of  esculetin  and  its  derivatives:  a  mini-review [J]. Mo-
lecules, 2017, 22(3): 387.

[17]

 Chinese  Pharmacopoeia  Commission.  Pharmacopoeia  of  the
People’s Republic of China. Pharmacopoeia of the Peoples Re-
public  of  China [S].  Vol  1,  Beijing:  China  Chinese  Medical
Science Press, 2020: 282.

[18]

 Zhou  L,  Kang  J,  Fan  L, et  al. Simultaneous  analysis  of  cou-[19]

marins and secoiridoids in Cortex Fraxini by high-performance
liquid chromatography-diode  array  detection-electrospray  ion-
ization  tandem  mass  spectrometry [J]. J  Pharm  Biomed  Anal,
2008, 47(1): 39-46.
 Fang LH, Lv Y, Du GH. Progress in study of pharmacological
effect  of  Cortex  Fraxini [J]. China  J  Chin  Mater  Med,  2008,
33(23): 2732-2736.

[20]

 Rzodkiewicz  P,  Gąsińska  E,  Gajewski  M, et  al. Esculetin  re-
duces  leukotriene  B4 level  in  plasma of  rats  with  adjuvant-in-
duced arthritis [J]. Reumatologia, 2016, 54(4): 161-164.

[21]

 Chen Y, Zhang Q, Liu H, et al. Esculetin ameliorates psoriasis-
like skin disease in mice by inducing CD4+ Foxp3+ regulatory T
Cells [J]. Front Immunol, 2018, 9: 2092.

[22]

 Lee HC, Liu FC, Tsai CN, et al. Esculetin ameliorates lipopoly-
saccharide-induced acute lung injury in mice via modulation of
the  AKT/ERK/NF-κB  and  RORγt/IL-17  Pathways [J]. Inflam-
mation, 2020, 43(3): 962-974.

[23]

 Gaines P,  Chi  J,  Berliner  N.  Heterogeneity  of  functional  re-
sponses in differentiated myeloid cell lines reveals EPRO cells
as a valid model of murine neutrophil functional activation [J].
J Leukoc Biol, 2005, 77(5): 669-679.

[24]

 Chousterman BG, Swirski FK, Weber GF. Cytokine storm and
sepsis  disease  pathogenesis [J]. Semin  Immunopathol,  2017,
39(5): 517-528.

[25]

 Karbian N, Abutbul A, El-Amore R, et al. Apoptotic cell ther-
apy for  cytokine storm associated with acute  severe sepsis [J].
Cell Death Dis, 2020, 11(7): 535.

[26]

 Abraham E. Nuclear factor-kappaB and its role in sepsis-asso-
ciated organ failure [J]. J Infect Dis, 2003, 187(Suppl 2): S364-
369.

[27]

 Singer M, Deutschman CS, Seymour CW, et al. The third inter-
national  consensus  definitions  for  sepsis  and  septic  Shock
(Sepsis-3) [J]. JAMA, 2016, 315(8): 801-810.

[28]

 Bauer M, Giamarellos-Bourboulis EJ, Kortgen A, et al. A tran-
scriptomic  biomarker  to  quantify  systemic  inflammation  in
sepsis - a prospective multicenter phase II diagnostic study [J].
EBioMedicine, 2016, 6: 114-125.

[29]

 Chaudhry  H,  Zhou  J,  Zhong  Y, et  al.  Role  of  cytokines  as  a
double-edged  sword  in  sepsis [J]. In  Vivo,  2013, 27(6):  669-
684.

[30]

 Liu  SF,  Malik  AB.  NF-kappa  B  activation  as  a  pathological
mechanism of septic shock and inflammation [J]. Am J Physiol
Lung Cell Mol Physiol, 2006, 290(4): L622-L645.

[31]

 Lawrence T. The nuclear factor NF-kappaB pathway in inflam-
mation [J]. Cold  Spring  Harb  Perspect  Biol,  2009, 1(6):
a001651.

[32]

 Pan  Y,  Wang  J,  Xue  Y, et  al.  GSKJ4  protects  mice  against
early sepsis via reducing proinflammatory factors and up-regu-
lating MiR-146a [J]. Front Immunol, 2018, 9: 2272.

[33]

 Na J, Lee K, Na W, et al. Histone H3K27 demethylase JMJD3
in cooperation with NF-κB regulates keratinocyte wound heal-
ing [J]. J Invest Dermatol, 2016, 136(4): 847-858.

[34]

 Deng M, Tang Y, Li  W, et  al.  The endotoxin delivery protein
HMGB1 mediates  caspase-11-dependent  lethality  in  sepsis [J].
Immunity, 2018, 49(4): 740-753, e747.

[35]

 Peña  G,  Cai  B,  Liu  J, et  al. Unphosphorylated  STAT3 modu-
lates alpha 7 nicotinic receptor signaling and cytokine produc-
tion in sepsis [J]. Eur J Immunol, 2010, 40(9): 2580-2589.

[36]

 Severgnini M, Takahashi S, Rozo LM, et al.  Activation of the
STAT pathway in acute lung injury [J]. Am J Physiol Lung Cell
Mol Physiol, 2004, 286(6): L1282-1292.

[37]

 Takeda K, Clausen BE, Kaisho T, et al. Enhanced Th1 activity
and  development  of  chronic  enterocolitis  in  mice  devoid  of
Stat3  in  macrophages  and  neutrophils [J]. Immunity,  1999,
10(1): 39-49.

[38]

Cite this article as: CHENG Yao-Jun, TIAN Xin-Lei, ZENG Ya-Zhi, LAN Nan, GUO Ling-Feng, LIU Ke-Feng, FANG Hui-
Long, FAN Hong-Ye, PENG Zhong-Lu. Esculetin protects against early sepsis via attenuating inflammation by inhibiting NF-
κB and STAT1/STAT3 signaling [J]. Chin J Nat Med, 2021, 19(6): 432-441.

CHENG Yao-Jun, et al. / Chin J Nat Med, 2021, 19(6): 432-441

– 441 –

https://doi.org/10.1038/nri.2017.36
https://doi.org/10.1128/IAI.68.4.1942-1945.2000
https://doi.org/10.1172/JCI119648
https://doi.org/10.1097/00024382-200013020-00001
https://doi.org/10.1038/srep41180
https://doi.org/10.1124/mol.61.5.953
https://doi.org/10.1093/emboj/18.16.4446
https://doi.org/10.1007/s10753-015-0135-z
https://doi.org/10.1097/SHK.0b013e318265a2ab
https://doi.org/10.1093/intimm/dxh118
https://doi.org/10.1093/intimm/dxh118
https://doi.org/10.1093/intimm/dxh118
https://doi.org/10.4049/jimmunol.171.11.6198
https://doi.org/10.1152/ajplung.00281.2016
https://doi.org/10.1152/ajplung.00281.2016
https://doi.org/10.1186/s12964-020-00603-z
https://doi.org/10.3390/molecules22030387
https://doi.org/10.3390/molecules22030387
https://doi.org/10.1016/j.jpba.2007.12.009
https://doi.org/10.3389/fimmu.2018.02092
https://doi.org/10.1007/s10753-020-01182-4
https://doi.org/10.1007/s10753-020-01182-4
https://doi.org/10.1189/jlb.1004567
https://doi.org/10.1007/s00281-017-0639-8
https://doi.org/10.1038/s41419-020-02748-8
https://doi.org/10.1001/jama.2016.0287
https://doi.org/10.1016/j.ebiom.2016.03.006
https://doi.org/10.1152/ajplung.00477.2005
https://doi.org/10.1152/ajplung.00477.2005
https://doi.org/10.3389/fimmu.2018.02272
https://doi.org/10.1016/j.jid.2015.11.029
https://doi.org/10.1016/j.immuni.2018.08.016
https://doi.org/10.1002/eji.201040540
https://doi.org/10.1152/ajplung.00349.2003
https://doi.org/10.1152/ajplung.00349.2003
https://doi.org/10.1016/S1074-7613(00)80005-9
https://doi.org/10.1038/nri.2017.36
https://doi.org/10.1128/IAI.68.4.1942-1945.2000
https://doi.org/10.1172/JCI119648
https://doi.org/10.1097/00024382-200013020-00001
https://doi.org/10.1038/srep41180
https://doi.org/10.1124/mol.61.5.953
https://doi.org/10.1093/emboj/18.16.4446
https://doi.org/10.1007/s10753-015-0135-z
https://doi.org/10.1097/SHK.0b013e318265a2ab
https://doi.org/10.1093/intimm/dxh118
https://doi.org/10.1093/intimm/dxh118
https://doi.org/10.1093/intimm/dxh118
https://doi.org/10.4049/jimmunol.171.11.6198
https://doi.org/10.1152/ajplung.00281.2016
https://doi.org/10.1152/ajplung.00281.2016
https://doi.org/10.1186/s12964-020-00603-z
https://doi.org/10.3390/molecules22030387
https://doi.org/10.3390/molecules22030387
https://doi.org/10.1016/j.jpba.2007.12.009
https://doi.org/10.3389/fimmu.2018.02092
https://doi.org/10.1007/s10753-020-01182-4
https://doi.org/10.1007/s10753-020-01182-4
https://doi.org/10.1189/jlb.1004567
https://doi.org/10.1007/s00281-017-0639-8
https://doi.org/10.1038/s41419-020-02748-8
https://doi.org/10.1001/jama.2016.0287
https://doi.org/10.1016/j.ebiom.2016.03.006
https://doi.org/10.1152/ajplung.00477.2005
https://doi.org/10.1152/ajplung.00477.2005
https://doi.org/10.3389/fimmu.2018.02272
https://doi.org/10.1016/j.jid.2015.11.029
https://doi.org/10.1016/j.immuni.2018.08.016
https://doi.org/10.1002/eji.201040540
https://doi.org/10.1152/ajplung.00349.2003
https://doi.org/10.1152/ajplung.00349.2003
https://doi.org/10.1016/S1074-7613(00)80005-9
https://doi.org/10.1038/nri.2017.36
https://doi.org/10.1128/IAI.68.4.1942-1945.2000
https://doi.org/10.1172/JCI119648
https://doi.org/10.1097/00024382-200013020-00001
https://doi.org/10.1038/srep41180
https://doi.org/10.1124/mol.61.5.953
https://doi.org/10.1093/emboj/18.16.4446
https://doi.org/10.1007/s10753-015-0135-z
https://doi.org/10.1097/SHK.0b013e318265a2ab
https://doi.org/10.1093/intimm/dxh118
https://doi.org/10.1093/intimm/dxh118
https://doi.org/10.1093/intimm/dxh118
https://doi.org/10.4049/jimmunol.171.11.6198
https://doi.org/10.1152/ajplung.00281.2016
https://doi.org/10.1152/ajplung.00281.2016
https://doi.org/10.1186/s12964-020-00603-z
https://doi.org/10.3390/molecules22030387
https://doi.org/10.3390/molecules22030387
https://doi.org/10.1016/j.jpba.2007.12.009
https://doi.org/10.3389/fimmu.2018.02092
https://doi.org/10.1007/s10753-020-01182-4
https://doi.org/10.1007/s10753-020-01182-4
https://doi.org/10.1189/jlb.1004567
https://doi.org/10.1007/s00281-017-0639-8
https://doi.org/10.1038/s41419-020-02748-8
https://doi.org/10.1001/jama.2016.0287
https://doi.org/10.1016/j.ebiom.2016.03.006
https://doi.org/10.1152/ajplung.00477.2005
https://doi.org/10.1152/ajplung.00477.2005
https://doi.org/10.3389/fimmu.2018.02272
https://doi.org/10.1016/j.jid.2015.11.029
https://doi.org/10.1016/j.immuni.2018.08.016
https://doi.org/10.1002/eji.201040540
https://doi.org/10.1152/ajplung.00349.2003
https://doi.org/10.1152/ajplung.00349.2003
https://doi.org/10.1016/S1074-7613(00)80005-9

