
INTRODUCTION
The dramatic rise in the incidence of

sepsis, a systemic inflammatory response
secondary to infection that leads to mul-
tiorgan failure and death, has been fu-
elled by an increase in the number of in-
vasive surgical techniques performed
during the past several decades. Because
of deficits in our understanding of the
pathophysiology of sepsis, it remains the
most challenging problem in intensive
care and a major cause of morbidity and
mortality. The primary pathophysiologi-
cal event in the septic response is the
overactivation of the innate immune sys-
tem and a countervailing immunosup-
pressed state (1). Recently, the impor-
tance of high mobility group box 1
(HMGB1) in sepsis was suggested by the

observation that increased serum concen-
trations of HMGB1 were associated with
decreased survival in septic patients (2).
With Xigris® (activated protein C) having
shown limited survival benefit in a re-
stricted population (3), there is a sub-
stantial need for an effective therapy that
will decrease morbidity and mortality
 associated with sepsis.

Chlorogenic acid is a phenolic com-
pound found in many plants, and its
 antioxidant activity is more accessible
than many other flavonoids (4). Pheno-
lic compounds are ubiquitous in plants,
and they are also present in beverages
such as wine, tea and coffee (5). Previ-
ous studies have reported that chloro-
genic acid regulates cytokine and
chemokine release (6). Recent studies

have reported that chlorogenic acid is
protective against acute lung injury in-
duced by lipopoly saccharide (LPS) (7),
and chlorogenic acid was shown to pro-
tect animals challenged by intraperi-
toneal injection of LPS via the suppres-
sion of hepatic toll-like receptor (TLR)-4
mRNA expression (8). In addition to its
antioxidant effects, chlorogenic acid
suppresses cellular apoptosis and blocks
the activation of nuclear factor (NF)-κB,
activator protein (AP)-1 and mitogen-
 activated protein  kinase (MAPK) in vitro
(9,10).

In this study, we investigated the ef-
fects of chlorogenic acid treatment in
 experimental models of sepsis, and we
demonstrated a decrease in sepsis-
 induced multiorgan failure and death
with chlorogenic acid. Further study was
undertaken to elucidate the mechanisms
of action of chlorogenic acid. We charac-
terized chlorogenic acid as a potential
therapeutic agent for treating sepsis by
evaluating its effect on cytokine and
chemokine profiles, apoptotic loss of im-
mune cells and signaling pathways. This
work describes a novel strategy to coun-
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teract sepsis, which is currently the most
challenging problem in intensive care.

MATERIALS AND METHODS

Cell Culture and LPS Stimulation
Three days after intraperitoneal injec-

tion of 2 mL thioglycollate broth (4.05 g/
100 mL) (Difco Laboratories, Detroit, MI,
USA) (2), peritoneal exudate cells were
obtained by peritoneal lavage with 5 mL
medium. Macrophages were pooled from
three mice (male C57BL/6, Charles River
Laboratories, Yokohama, Japan) and re-
suspended in RPMI-1640 containing 10%
heat-inactivated fetal bovine serum (FBS),
penicillin (100 IU/mL) and streptomycin
(100 mg/mL) (RPMI-FBS). Adherent
macrophages were gently washed 2 h be-
fore stimulation with bacterial endotoxin
(LPS, Escherichia coli serotype O111:B4;
Sigma-Aldrich, St. Louis, MO, USA).
Peritoneal macrophage cytokine and
chemokine release was determined after
16 h of LPS (100 ng/mL) stimulation in
the presence or absence of various con-
centrations of chlorogenic acid (10, 20
and 40 μmol/L; Sigma-Aldrich).

Animals and Experimental Models of
Sepsis

The in vivo components of this study
were approved by the Sungkyunkwan
University Animal Care Committee, and
all experiments were conducted accord-
ing to the Guide for the Care and Use of
Laboratory Animals of the National Insti-
tutes of Health (11). Polymicrobial sep-
sis was induced in male ICR mice 
(7–8 wks; Charles River Laboratories,
Yokohama, Japan) by cecal ligation and
puncture (CLP) (12). Briefly, animals
were anesthetized with an intramuscu-
lar ketamine injection (55 mg/kg; Yuhan
Corporation, Seoul, Korea) and xylazine
injection (7 mg/ kg; Boehringer Ingel-
heim, St. Joseph, MO, USA). Anes-
thetized mice were then opened with a
midline abdominal incision, and the
cecum was carefully exposed with care
to avoid the surrounding blood vessels.
The cecum was ligated distal to the ileo-
cecal valve to avoid intestinal obstruc-

tion, and the cecal stump was punc-
tured twice with a 20-gauge needle. A
small amount of stool was extracted to
ensure patency of the puncture sites.
The cecum was placed back into its nor-
mal intra-abdominal position, and the
wound was closed with two layers of
running sutures. All animals received
resuscitative normal saline (20 mL/kg
body weight subcutaneously), an im-
portant step in demonstrating a hyper-
dynamic circulatory state. Control mice
received a sham operation consisting of
a laparotomy with intestinal manipula-
tion. However, in control mice, the
cecum was neither ligated nor punc-
tured. Endotoxemia was induced in ICR
mice (7–8 wks) by intraperitoneal injec-
tion of LPS (10 mg/ kg, Escherichia coli
serotype O111:B4; Sigma-Aldrich). Im-
mediately after the induction of sepsis,
chlorogenic acid or ethyl pyruvate was
administered intravenously, and ani-
mals were monitored for survival for up
to 10 d. In parallel  experiments, mice
were euthanized to collect blood or tis-
sue samples at indicated time points.
Ethyl pyruvate was prepared in solution
with sodium (130 mmol/L), potassium
(4 mmol/L), calcium (2.7 mmol/L) 
and chloride (139 mmol/L) (pH 7.0) 
(20 mg/kg, 0.5 h intravenous infusion).
Ethyl pyruvate, an aliphatic ester de-
rived from pyruvic acid, is an inhibitor
of HMGB1. Previous reports have
shown that ethyl pyruvate significantly
inhibits endotoxin- induced release of
proinflammatory cytokines and that it
protects mice against experimental sep-
sis, even when given as late as 12–24 h
after the onset of the disease (13).

Measurement of Cytokine and
Chemokine Levels

The levels of tumor necrosis factor
(TNF)-α, interferon (IFN)-γ, interleukin
(IL)-1β, IL-2, IL-6, IL-10, IL-12, monocyte
chemoattractant protein (MCP)-1 (BD
Biosciences, San Jose, CA, USA), macro-
phage inflammatory protein (MIP)-2
(R&D Systems, Minneapolis, MN, USA)
and HMGB1 (Shino-Test, Tokyo, Japan)
were determined by using enzyme-

linked immunosorbent assay (ELISA)
kits according to the manufacturer’s in-
structions. For measurement of CLP-in-
duced levels of cytokines and
chemokines, serum samples were col-
lected 1, 3, 6, 12, 18, 24 and 48 h after
CLP and treatment with vehicle or
chlorogenic acid (20 mg/kg).

Assessment of Serum Enzyme Activity
and Histological Analysis

Serum lactate dehydrogenase (LDH),
blood urea nitrogen (BUN), creatinine,
alanine aminotransferase (ALT) and as-
partate aminotransferase (AST) were de-
termined by using a Hitachi 7600 auto-
matic analyzer (Hitachi, Tokyo, Japan).
Heart, kidney, liver and lung tissue sam-
ples were removed for histological analy-
sis 24 h after CLP. These tissue samples
were fixed in 10% neutral-buffered for-
malin and stained with hematoxylin-
eosin for a blinded histological assess-
ment. Histological changes were
evaluated in nonconsecutive, randomly
chosen fields at 200× magnification
(Olympus BX51/Olympus DP71; Olym-
pus, Tokyo, Japan).

Quantification of Intercellular
Adhesion Molecule-1

To measure CLP-induced alterations
in the serum levels of intercellular adhe-
sion molecule (ICAM)-1, blood samples
were collected from the abdominal infe-
rior vena cava 6, 12, 18 and 24 h after
CLP and treatment with vehicle or
chlorogenic acid (20 mg/kg). To deter-
mine the change in the level of ICAM-1
in heart, kidney, liver and lung, the tis-
sue samples were harvested 18 h after
CLP and treatment with vehicle or
chlorogenic acid (20 mg/kg). The levels
of ICAM-1 present in serum or whole
tissue homogen ates were determined
quantitatively by an ELISA kit (R&D
Systems) according to the manufac-
turer’s instructions.

TLR4 mRNA and Protein Expression
Total RNA isolation was carried out ac-

cording to a previously described method
(14). First, cDNA was synthesized
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through reverse transcription by using
oligo dT-adaptor primer and avian
myeloblastosis virus (AMV) reverse tran-
scriptase. Polymerase chain reaction
(PCR) amplification was performed with
a 10-μL diluted cDNA sample. PCR was
performed with a  GeneAmp® PCR Sys-
tem 2700 (Applied Biosystems; Life Tech-
nologies, Carlsbad, CA, USA) with an ini-
tial denaturation step at 94°C for 5 min
and a final extension at 72°C for 7 min.
The following PCR amplification cycling
conditions (denaturation, annealing and
extension) were used: 30 cycles of 94°C
for 30 s, 56°C for 30 s and 72°C for 30 s for
TLR4; 26 cycles of 94°C for 30 s, 54°C for
30 s and 72°C for 60 s for β-actin. The
TLR4 upstream primer was 5′-AGTGG
GTCAA GGAAC AGAAG CAG-3′ and
the downstream primer was 5′-CTTTA
CCAGC TCATT TCTCA CCC-3′. To de-
termine TLR4 protein expression, liver tis-
sue samples were collected 6 h after CLP
and homogenized in 1 mL lysis buffer
(150 mmol/L NaCl, 1% Triton X-100, 0.5%
sodium deoxycholate, 0.1% sodium dode-
cyl sulfate and 50 mmol/L Tris, pH 8.0).
The homogenates were incubated on ice
(60 min) and sonicated for 30 s. Proteins
(50 μg) from each sample were separated
by sodium dodecyl sulfate–polyacrylamide
gel electrophoresis. The separated pro-
teins were transferred onto nitrocellulose
membranes for 2 h and then incubated
with primary antibody to TLR4 (1:1,000;
Santa Cruz Biotechnology, Santa Cruz,
CA, USA) overnight at 4°C. After wash-
ing three times with Tris-buffered saline
(TBS)-0.05% Tween-20, we incubated the
membranes with a peroxidase- conjugated
goat anti-rabbit immuno globulin G sec-
ondary antibody (Jackson ImmunoRe-
search, Baltimore, MD, USA) for 1 h at
ambient temperature. Signals were quan-
tified using scanning densitometry and
computer-assisted image analysis.

Mitogen-Activated Protein Kinase
Signaling

Liver tissue samples collected 6 h after
CLP were homogenized in lysis buffer
(150 mmol/L NaCl, 1% Triton X-100, 0.5%
sodium deoxycholate, 0.1% sodium dode-

cyl sulfate, 50 mmol/L Tris, 1 mmol/L
phenylmethylsulfonyl fluoride [PMSF], 
40 mmol/L NaF and 4 mmol/L Na3VO4).
Samples were then sonicated for 30 s and
separated by gel electrophoresis. The sep-
arated proteins were transferred to nitro-
cellulose membranes by a Bio-Rad semi-
dry transfer system for 2 h. After blocking
for 1 h with TBS containing 0.1% Tween-
20 and 5% skim milk, membranes were
probed overnight at 4°C with primary an-
tibodies to extracellular signal–regulated
kinase (ERK), c-Jun NH2-terminal kinase
(JNK), p38 MAPK, phosphorylated ERK,
phosphorylated JNK and phosphorylated
p38 MAPK (Cell Signaling Technology,
Beverly, MA, USA) or β-actin. Peroxidase-
conjugated AffiniPure goat anti-rabbit IgG
and  peroxidase-conjugated Affini Pure
goat anti-mouse IgG (Jackson ImmunoRe-
search) were used as secondary antibod-
ies. After washing, the blots were sub-
jected to an enhanced chemiluminescence
reaction and exposed to X-rays films. The

intensity of the immunoreactive bands
was determined by a densitometric analy-
sis program.

NF-κB and IκB-α Activity
Nuclear and cytosol extracts were pre-

pared from liver samples collected 6 h
after CLP by NE-PER® Nuclear and Cy-
toplasmic Extraction Reagents according
to the manufacturer’s protocol (Pierce
Biotechnology, Rockford, IL, USA). After
the separated proteins were transferred
to nitrocellulose membranes as described
above, they were blocked and probed
overnight at 4°C, with primary antibod-
ies to NF-κB and an inhibitor of NF-κB
(NF-κB inhibitor α [IκB-α]) (1:1,000;
Santa Cruz Biotechnology). The intensity
of the immunoreactive bands was deter-
mined as described above.

Detection of Apoptosis
Thymi and spleens obtained from ex-

perimental mice were gently ground by
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Figure 1. The effect of chlorogenic acid on in vitro cytokine and chemokine release.
 Cytokine and chemokine release from macrophages were determined after 16 h of LPS
stimulation in the presence or absence of various concentrations of chlorogenic acid
(CA). The effects of CA on basal and LPS-induced release of HMGB1 (A), MIP-2 (B),
MCP-1 (C), TNF-α (D), IL-1β (E), IL-6 (F) and IL-12 (G) were determined. Data are presented
as mean ± SEM; n = 8. Statistically significant differences from the control group (**P <
0.01). Statistically significant differences from the LPS-treated control group (+P < 0.05 and
++P < 0.01).



using a glass homogenizer to dissociate
the cells and washed twice in phosphate-
buffered saline (PBS). Blood samples ac-
quired from experimental animals were
lysed with FACS™ Lysing Solution (BD
Biosciences) for lymphocyte subset analy-
sis. Fluorescent- labeled monoclonal anti-
bodies, rat anti-mouse cluster of differen-
tiation (CD) 8 (FITC) antibody and rat
anti-mouse CD4 (R-PE) antibody (Invitro-
gen; Life Technologies), were used to
quantify lymphocyte subpopulations
present in the thymus, spleen and blood.
The proportion of cells undergoing apo-
ptosis was determined by using a com-
mercially available fluorescein- labeled an-
nexin V kit (ApoTarget™;  Annexin-V FITC
Apoptosis Kit, BioSource International,
Camarillo, CA, USA). Flow cytometric
analysis was performed by using a Bryte-
HS flow cytometer (Bio-Rad Laboratories,
Hercules, CA, USA). Blood samples were
collected, and differential leukocyte counts
were obtained with an electronic cell
counter (LH750; Beckman Coulter, Miami,
FL, USA) 24 h after CLP with or without
chlorogenic acid treatment.

In Vivo Bacterial Clearance,
Phagocytosis and Bactericidal
Activity

Mice were anesthetized and peritoneal
fluid, blood, spleen and lung samples

were acquired 24 h after CLP and treat-
ment with vehicle or chlorogenic acid
(20 mg/kg). After serial dilutions with
PBS, peritoneal fluid, blood and tissue
homogenates were cultured overnight on
blood-agar base plates (Trypticase Soy
Agar Deeps; BD Biosciences) maintained
at 37°C, and colony-forming units
(CFUs) were counted. Phagocytosis was
determined by incubating peritoneal
macrophages with 5 × 106 particles/mL
zymosan and 600 mg/mL nitro blue
tetrazolium (NBT) (15). The supernatant
was removed after 1 h of incubation. The
optical density of the reduction product
of NBT was determined at 540 nm by
using a microplate reader (Molecular De-
vices, Sunnyvale, CA, USA). Nitric oxide
(NO) production and hydrogen peroxide
(H2O2) levels were determined at 24 h
after chlorogenic acid treatment. Culture
supernatants were collected and the ac-
cumulation of NO2

– in culture super-
natants was measured by using an assay
system described previously (16). The
level of NO2

– is indicative of NO produc-
tion. The level of H2O2 in culture super-
natants was measured by using a com-
mercially available hydrogen peroxide
assay kit (Amplex® Red Hydrogen Per-
oxide Assay Kit; Molecular Probes; Life
Technologies) according to the manufac-
turer’s instructions.

Statistical Analysis
Survival data were analyzed by the

Kaplan-Meier log-rank test. All other data
were analyzed by analysis of variance,
and the Bonferroni test was used for post
hoc comparisons. Differences between
groups were considered statistically signif-
icant at P < 0.05. Results are presented as
mean ± standard error of the mean (SEM).

RESULTS

Chlorogenic Acid Inhibits LPS-Induced
HMGB1 Release and Modulates the
Release of Cytokines and
Chemokines in Murine Peritoneal
Macrophages

Chlorogenic acid suppressed endotoxin-
induced HMGB1 release in murine peri-
toneal macrophages in a concentration-
 dependent manner (Figure 1A). To further
evaluate its role in modulating cytokine
and chemokine release, the effect of chloro-
genic acid on basal and LPS-induced 
TNF-α, IL-1β, IL-6, IL-12, MIP-2 and MCP-1
release was determined. Chlorogenic acid
suppressed the release of MIP-2, TNF-α
and IL-1β in LPS-stimulated macrophages
(Figures 1B, D, E), but it did not affect the
release of IL-6. However, chlorogenic acid
increased the release of MCP-1 and IL-12,
suggesting a possible role in activation of
the Th1 response (Figures 1C, G).
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Figure 2. Chlorogenic acid protected against sepsis-induced mortality. Chlorogenic acid was administered at various doses after the in-
duction of sepsis via an intraperitoneal injection of LPS or CLP. Mice were monitored for survival for up to 10 d. (A) LPS-injected mice were
given chlorogenic acid or ethyl pyruvate. (B) CLP mice were given various doses of chlorogenic acid or ethyl pyruvate. The results of
treatment groups were compared with the vehicle-treated group. n = 10–30 per group.



Chlorogenic Acid Protects Mice
Against Lethal Endotoxemia

On the basis of the capacity of chloro-
genic acid to modulate endotoxin- induced

cytokine and chemokine release, the effi-
cacy of chlorogenic acid for the treatment
of experimentally induced lethal endotox-
emia in mice was investigated. Endotox-

emia was induced by intraperitoneal injec-
tion of LPS (10 mg/kg) and a significant
improvement in murine survival was ob-
served with the administration of chloro-
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Figure 3. Chlorogenic acid protected against CLP-induced organ injury. Assessment of serum enzyme activities and histological analysis
were performed to evaluate the protective effects of chlorogenic acid on multiorgan dysfunction induced by sepsis. (A) Serum levels of
LDH, BUN, creatinine, ALT and AST were determined at various time points after CLP. Histological analysis of heart (B), kidney (C), liver (D)
and lung tissue (E) collected 24 h after CLP. Significant histopathological changes (such as inflammatory cell infiltration, congestion,
necrosis and degeneration) were observed in the CLP group (200×, scale bar 50 μm), and these pathological changes were ameliorated
by the administration of chlorogenic acid (20 mg/kg). The serum levels of soluble ICAM-1 were measured 6, 12, 18 and 24 h after CLP (F),
and the changes in the level of ICAM-1 in heart, kidney, liver and lung tissues were determined 18 h after CLP (G). Treatment with chloro-
genic acid (20 mg/kg) suppressed the increase in ICAM-1 levels induced by CLP. Data are presented as mean ± SEM; n = 8–10. Statisti-
cally significant differences compared with the sham group (*P < 0.05 and **P < 0.01). Statistically significant differences compared with
the vehicle-treated CLP group (+P < 0.05 and ++P < 0.01).



genic acid at 10 mg/kg (P = 0.0078) and
20 mg/kg (P = 0.0001) (Figure 2A). When
animals were treated with ethyl pyruvate
(20 mg/kg), an effective inhibitor of
HMGB1 (13), mortality was also signifi-
cantly reduced (P < 0.0001).

Chlorogenic Acid Protects Against
Cecal Ligation and Puncture-Induced
Mortality

The therapeutic effect of chlorogenic
acid was confirmed in a well-established
animal model of sepsis induced by CLP.
Among the various animal models of sep-
sis, CLP more closely mimics clinical sep-
sis and is currently the most widely used
model (17). CLP was performed as de-
scribed above, and animals were treated
with chlorogenic acid (1–40 mg/ kg) or
ethyl pyruvate (20 mg/kg) after CLP. Con-
sistent with the results from the model of
endotoxemia, chlorogenic acid provided
significant protection against CLP-induced
death at a dose of 10 mg/ kg (P = 0.0051)
and a higher level of mortality reduction
at 20 mg/kg (P = 0.0003) (Figure 2B).

Effects of Chlorogenic Acid on 
CLP-Induced Organ Injury

To determine the effect of chlorogenic
acid on sepsis-induced multiorgan dys-
function, we assessed serum enzyme lev-
els and performed organ-specific histolog-
ical analysis. The serum level of LDH was
significantly increased by CLP, reaching a
maximum 24 h after the induction of sep-
sis (2,178.8 ± 286.3 IU/L) (Figure 3A). 
The administration of chlorogenic acid 
(20 mg/kg) significantly attenuated this
increase 12 and 24 h after CLP (1,385.4 ±
191.6 IU/L), and both doses of chlorogenic
acid (10 and 20 mg/ kg) markedly attenu-
ated the increase in LDH 24 h after CLP
(624.4 ± 110.7 and 726.3 ± 173.0 IU/L, re-
spectively). CLP caused increases in the
levels of BUN, creatinine, ALT and AST,
with all serum enzyme levels reaching
their peak 12–24 h after CLP (312.6 ± 
14.2 mg/dL, 0.7 ± 0.1 mg/dL, 187.0 ± 
11.0 U/L and 375.7 ± 40.2 U/L, respec-
tively). Treatment with chlorogenic acid
conferred protection against CLP-induced
organ injury on the basis of both serum

enzyme levels and histological analysis.
Heart, kidney, liver and lung samples
were removed for histological analysis 
24 h after CLP. Histological analysis
showed normal cell structure in the heart,
kidney, liver and lung of sham-operated
animals (Figures 3B–E). Significant
histopathological changes (such as inflam-
matory cell infiltration, congestion, necro-
sis and degeneration) were observed in
CLP-treated mice, and these pathological
changes were ameliorated by the adminis-
tration of chlorogenic acid (20 mg/kg).
Chlorogenic acid treatment alone did not
induce any histological alterations.

Effects of Chlorogenic Acid on
Intercellular Adhesion Molecule-1

The serum levels of soluble ICAM-1 in-
creased significantly after the induction of
sepsis by CLP. The level of serum ICAM-1
in vehicle-treated mice 6 h after CLP was
twofold higher than the ICAM-1 level 6 h
after sham surgery in control mice (Figure
3F). The ICAM-1 level in the CLP group
continued to rise, and by 18 h after CLP,
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Figure 4. The effects of chlorogenic acid on CLP-induced cytokine and chemokine release. The levels of HMGB1 (A), MIP-2 (B), MCP-1 (C),
TNF-α (D), (E) IL-1β (E), IL-6 (F), IFN-γ (G), IL-2 (H), IL-12 (I) and IL-10 (J) were determined after CLP, with or without treatment with chlorogenic
acid (20 mg/kg). Data are presented as mean ± SEM; n = 8–10. Statistically significant differences compared with the sham group (*P <
0.05 and **P < 0.01). Statistically significant differences compared with the vehicle-treated CLP group (+P < 0.05 and ++P < 0.01).



the level of ICAM-1 was 4.2-fold higher
than that in the sham control mice. Treat-
ment with chlorogenic acid (20 mg/kg)
attenuated the increase in ICAM-1 in-
duced by CLP, and 18 h after chlorogenic
acid treatment, the level of ICAM-1 in
chlorogenic acid–treated CLP mice was
46.5% of that observed in the vehicle-
treated CLP group. Furthermore, in vehi-

cle-treated CLP mice 18 h after CLP, the
levels of ICAM-1 in the homogenates of
heart, kidney, liver and lung tissues were
increased by 1.5-, 2.6-, 2.7- and 1.4-fold,
respectively, compared with sham control
mice (Figure 3G). Chlorogenic acid treat-
ment attenuated this increase, and in
chlorogenic acid–treated CLP mice, the
levels of ICAM-1 in heart, kidney, liver

and lung were 86.6%, 71.7%, 80.7% and
73.8% of that observed in vehicle-treated
CLP mice, respectively.

Effects of Chlorogenic Acid on 
CLP-Induced Release of Cytokines
and Chemokines

We evaluated the systemic accumula-
tion of HMGB1 after the induction of sep-
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Figure 5. The effects of chlorogenic acid on TLR4 and signaling pathways. The influences of chlorogenic acid on TLR4 and MAPK activation
were evaluated to understand the mechanisms underlying chlorogenic acid–mediated survival. TLR4 mRNA expression was quantified in
heart (A), kidney (B), liver (C) and lung tissues (D) at various time points after CLP. (E) The protein expression of TLR4 was increased 6 h after
CLP in the liver, and this increase was attenuated by chlorogenic acid treatment (20 mg/kg). The phosphorylation of JNK (F), p38 (G) and
ERK (H) were assessed 6 h after CLP-induced sepsis. (I) NF-κB activation was determined in nuclear fraction of liver samples collected 6 h
after CLP. (J) The decrease in the level of cytosolic IκB-α expression after CLP was significantly attenuated by the administration of chloro-
genic acid (20 mg/kg). Data are presented as mean ± SEM; n = 6–8. Statistically significant differences compared with the sham group 
(*P < 0.05 and **P < 0.01). Statistically significant differences compared with the vehicle-treated CLP group (+P < 0.05 and ++P < 0.01). 



sis by CLP. Consistent with previous re-
ports (18), HMGB1 levels peaked 24 h
after CLP (134.2 ± 12.5 ng/mL) (Fig-
ure 4A). Administration of chlorogenic
acid significantly attenuated circulating
HMGB1 levels in septic mice. TNF-α and
IL-1β levels peaked 3 h after CLP (967.5 ±
67.8 and 160.0 ± 9.1 pg/mL, respectively),
whereas IL-6 levels peaked 6 h after CLP
(9,821.2 ± 583.5 pg/mL). Treatment with
chlorogenic acid significantly lowered
TNF-α, IL-1β and IL-6 levels, and it de-
creased MIP-2 levels both 3 and 6 h after
CLP (Figures 4B, D, E, F). Meanwhile,
Th1 cytokines (IFN-γ, IL-2 and IL-12)
were increased when mice were treated
with chlorogenic acid after CLP, and the
level of MCP-1 was augmented 3 h after
CLP by chlorogenic acid (Figures 4C, G,
H, I). Chlorogenic acid did not affect the
Th2 cytokine IL-10 (Figure 4J).

Effect of Chlorogenic Acid on TLR4
Expression

To gain insights into the protective
mechanisms of chlorogenic acid, we in-

vestigated its effect on TLR4. Recent in
vitro evidence has suggested that TLR4
acts as a receptor for HMGB1 (19), and
previous reports have demonstrated that
blunting TLR4 gene and protein expres-
sion correlates with improved long-term
survival in sepsis (20). In this study,
TLR4 mRNA expression was quantified
in heart, kidney, liver and lung tissue at
various time points after CLP (Fig-
ures 5A–D). In the heart, kidney and
liver at all measured time points, CLP in-
duced a significant increase in TLR4
mRNA expression compared with the
sham control mice. In the heart, chloro-
genic acid administration markedly de-
creased TLR4 mRNA expression both 6
and 12 h after CLP. In the kidney and
liver, the difference between TLR4
mRNA expression in the CLP group and
chlorogenic acid–treated CLP group was
significant from 3 to 24 h after CLP. In
the lung, TLR4 mRNA expression was in-
creased significantly 3 h after CLP and
peaked 6 h after CLP. More than 6 h after
CLP in the lung, TLR4 mRNA expression
gradually decreased. Chlorogenic acid
treatment did not affect TLR4 mRNA ex-
pression in the lung. The protein expres-
sion of TLR4 was increased 6 h after CLP
in the liver, and this increase was attenu-
ated by chlorogenic acid treatment.

Chlorogenic Acid Modulates
Inflammatory Signaling Pathways

To further elucidate the mechanisms of
action of chlorogenic acid, we deter-
mined its influence on MAPK activation.
Phosphorylation of JNK, p38 and ERK
was assessed 6 h after the induction of
sepsis by CLP. We confirmed that CLP
increased the phosphorylation of JNK,
p38 and ERK in the liver compared with
sham control mice (Figures 5F–H). The
increased phosphorylation of JNK and
p38 were attenuated by chlorogenic acid
treatment. However, chlorogenic acid did
not affect the phosphorylation of ERK,
which is consistent with previous in vitro
results (9). NF-κB activation was also in-
creased after CLP, and this increase was
blocked by chlorogenic acid treatment.
The decrease in cytosolic IκB-α expres-
sion after CLP was significantly reversed
by the administration of chlorogenic acid
(Figures 5I, J).

Flow Cytometry and Apoptosis
The percentage of apoptotic lympho-

cytes was quantified by annexin V stain-
ing. An increase in lymphocyte apoptosis
was observed 24 h after CLP, and chloro-
genic acid effectively suppressed lym-
phocyte apoptosis (Figure 6). Table 1
shows percentages of apoptotic lympho-
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Figure 6. Lymphocyte apoptosis deter-
mined by annexin V staining. Lymphocytes
were identified by characteristic forward
and side scatter properties. The percent-
age of lymphocytes undergoing apoptosis
was quantified by annexin V in the follow-
ing experimental groups: sham, vehicle-
treated CLP and chlorogenic acid 
(20 mg/kg)-treated CLP groups 24 h after
CLP-induced sepsis. Data are presented
as mean ± SEM; n = 5–7. Statistically signifi-
cant differences compared with the sham
group (**P < 0.01). Statistically significant
differences compared with the  vehicle-
treated CLP group (++P < 0.01).

Table 1. Percentage of various lymphocyte subpopulations.

CD4+CD8– CD4+CD8+ CD4–CD8– CD4–CD8+

Blood cells
Sham 33.6 ± 2.8 12.6 ± 1.8 50.5 ± 3.9 3.3 ± 0.7
CLP 11.4 ± 0.5b 17.4 ± 2.7 67.2 ± 3.7a 4.0 ± 1.2
CLP + chlorogenic acid 21.4 ± 2.1c 10.9 ± 2.6 64.6 ± 5.2 3.1 ± 0.8

Splenocytes
Sham 12.3 ± 1.1 11.3 ± 0.1 69.7 ± 1.0 6.7 ± 0.5
CLP 5.6 ± 0.9b 10.4 ± 1.6 78.3 ± 1.6b 5.8 ± 0.6
CLP + chlorogenic acid 11.5 ± 0.5c 11.5 ± 0.6 69.7 ± 1.0c 7.3 ± 0.6

Thymocytes
Sham 12.3 ± 0.1 43.0 ± 1.0 34.1 ± 1.0 10.6 ± 0.1
CLP 3.3 ± 0.1b 65.5 ± 0.8b 22.8 ± 0.6b 8.3 ± 0.2
CLP + chlorogenic acid 9.5 ± 0.4c 42.6 ± 1.2c 39.9 ± 1.6c 8.1 ± 0.5

The effect of chlorogenic acid (20 mg/kg) on lymphocyte subpopulations was
determined via flow cytometry and CD markers. The results are presented as mean ± SEM.
n = 5–7 per group.
aStatistically significant differences from the sham group (P < 0.05).
bStatistically significant differences from the sham group (P < 0.01).
cStatistically significant differences from the vehicle-treated CLP group (P < 0.01).



cyte subsets. In septic mice, we observed
a statistically significant decrease in the
percentage of CD4+CD8– T cells.

Chlorogenic Acid Enhances Bacterial
Clearance In Vivo

We examined whether the administra-
tion of chlorogenic acid enhanced the
clearance of CLP-induced bacteria. CFUs
in peritoneal fluid, blood, lung and
spleen were counted 24 h after CLP. In
peritoneal fluid, blood and lung, chloro-
genic acid administration significantly
decreased the number of CFUs, but in the
spleen, the decrease in CFUs induced by
chlorogenic acid failed to reach statistical
significance (Figures 7A–D). To investi-
gate the effect of chlorogenic acid treat-
ment on bactericidal activity, the levels of
NO and hydrogen peroxide production
by macrophages were measured. Chloro-
genic acid at concentrations of 10, 20, and
40 μmol/L activated NO (1.4-, 1.6- and
2.0-fold, respectively) and hydrogen per-
oxide (1.2-, 1.5- and 1.6-fold, respectively)
production. When measured with zy-
mosan and NBT, chlorogenic acid at 10,
20 and 40 μmol/L increased the phago-
cytic activity of macrophages (1.3-, 1.3-
and 1.5-fold,  respectively).

DISCUSSION
Despite extensive research, the patho-

physiology of sepsis is still poorly under-
stood. Historically, sepsis was considered

to be caused by hyperactivation of the
inflammatory system in response to mi-
crobial infection or trauma. However, be-
cause of the failure of antiinflammatory
therapies to improve prognosis in septic
patients and the fact that most septic pa-
tients succumb after the hyperinflamma-
tory phase, we began to place equal
 emphasis on the state of “immune paral-
ysis” during sepsis. Immune paralysis
occurs when important signaling path-
ways collapse and the immune system
fails, leading to prolonged immunosup-
pression in the later stages of sepsis (21).
Substances that act on various signaling
cascades are likely to be more beneficial
in the treatment of sepsis compared with
drugs that target a single mediator.
Therefore, in this study, we characterized
chlorogenic acid as a potential therapy
in sepsis.

The magnitude of the inflammatory
response influences the development of
tissue damage and multiorgan dysfunc-
tion in sepsis, and advances have been
made in understanding the role of in-
flammatory mediators in the pathogene-
sis of sepsis. TNF and IL-1β, powerful
pathological cytokines, cause cell degen-
eration, apoptosis and necrosis, leading
to multiorgan dysfunction. Chlorogenic
acid treatment significantly lowered
TNF-α and IL-1β levels in vivo after the
induction of sepsis as well as in vitro.
IL-6 is an important pleiotropic acute re-

actant cytokine involved in inflamma-
tory responses, with elevated plasma
levels documented in numerous condi-
tions such as shock, trauma and liver al-
lograft rejection (22). However, IL-6 was
found to have potent antiinflammatory
properties, particularly in preventing in-
juries related to endotoxemia (23). Fur-
thermore, IL-6 is produced by various
types of lymphoid and nonlymphoid
cells (24). Chlorogenic acid significantly
reduced IL-6 level in septic mice, but not
in a peritoneal macrophage treated by
LPS. It is now evident that specifically
targeting proinflammatory cytokines,
such as TNF-α, IL-1β and IL-6, is not an
effective treatment for sepsis because
these cytokines are released early in the
development of the inflammatory re-
sponse, even before a patient is diag-
nosed with sepsis. Recently, HMGB1
was identified as a late mediator of
lethal systemic inflammation in sepsis
(25). HMGB1 is released from endotoxin-
stimulated macrophages in the late
phase of sepsis, approximately 10 h after
TNF and IL-1β have peaked. A similar
delay in HMGB1 accumulation is ob-
served in the serum of animals exposed
to endotoxin (2). Consistent with these
findings, anti-HMGB1 therapies have
shown the ability to protect against sep-
sis-induced mortality (26). The delayed
kinetics and protective role of anti-
HMGB1 therapies in vivo indicate that
HMGB1 is an important therapeutic tar-
get for the treatment of sepsis (13). In
this study, chlorogenic acid suppressed
the accumulation of serum HMGB1 in
septic mice and inhibited HMGB1 re-
lease from macrophages. Our results in-
dicate that chlorogenic acid inhibits
HMGB1 release from macrophages, at-
tenuates circulating levels and improves
survival in septic mice. The sources of
circulating HMGB1 are secretion from
monocytes and macrophages in response
to LPS, TNF-α or IL-1β and release from
damaged or necrotic cells (27).

Our study showed that the adminis-
tration of chlorogenic acid in septic mice
 effectively reduced mortality. CLP is
generally accepted as the most clinically
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Figure 7. Chlorogenic acid enhanced in vivo bacterial clearance. CFUs were counted in
peritoneal fluid (A), blood (B), lung (C) and spleen (D) 24 h after CLP to examine whether
the administration of chlorogenic acid (20 mg/kg) enhanced the clearance of CLP-
 induced bacteria. After serial dilutions with PBS, peritoneal fluid, blood and tissue ho-
mogenates were cultured overnight on blood-agar base plates maintained at 37°C. 
Data are presented as mean ± SEM; n = 8. Statistically significant differences compared
with the sham group (**P < 0.01). Statistically significant differences compared with the
vehicle-treated CLP group (+P < 0.05 and ++P < 0.01).



relevant animal model for sepsis and has
been a mainstay of basic sepsis research.
In the CLP model, chlorogenic acid
given at 20 mg/kg was a potent and effi-
cacious therapy. The effect of chloro-
genic acid was equivalent to the efficacy
conferred by ethyl pyruvate, an HMGB1
inhibitor, which we also used in the cur-
rent study. Chlorogenic acid ameliorated
multiorgan dysfunction, enhanced bacte-
rial elimination and inhibited the actions
of LPS. Multiorgan dysfunction is the
critical cause of death in patients with
sepsis. Levels of LDH, BUN, creatinine
and AST peaked 12 h after the induction
of sepsis, whereas ALT peaked 24 h after
CLP. The time-dependent profile of CLP-
induced enzymes shows the differences
in the vulnerability of various organs af-
fected by sepsis. Histological analysis
also confirmed that CLP was associated
with substantially increased inflamma-
tory cell infiltration and congestion. Al-
though leukocyte migration to the site of
infection is crucial for the local control of
bacterial growth and the prevention of
bacterial dissemination, during the sep-
tic response, excessive cellular infiltrates
cause direct tissue damage by releasing
lysosomal enzymes and superoxide-
 derived free radicals (28). The tissue
damage induced by oxygen free radicals
may lead to organ dysfunction. The pre-
viously reported potent antioxidant ac-
tivity of chlorogenic acid may have pro-
vided protection against sepsis-induced
multiorgan dysfunction (4). In addition
to the ICAM-1 expression of the surface
of cells, increased levels of circulating
soluble form of ICAM-1 were found in
septic patients and correlated with
severity of sepsis, as well as subsequent
organ failure and eventual outcome (29).
The results of this study indicated that
increased cellular adhesion, an impor-
tant contributor to septic pathophysiol-
ogy, was reversed by chlorogenic acid
administration, and this decrease in cel-
lular adhesion protected vital organs
from sepsis-induced damage and dys-
function. Defects in monocyte function
play an important role in sepsis-induced
mortality. Enhanced in vivo bacterial

elimination after CLP and increased
phagocytosis suggested that chlorogenic
acid stimulated macrophages, which
may have contributed to improved in-
nate immunity and increased survival in
murine sepsis (30).

Previous studies have suggested that
NF-κB and MAPK are involved in im-
portant signaling pathways involved in
the proinflammatory functions of
HMGB1 (31). The classic NF-κB path-
way is essential for innate immunity,
and the activation and nuclear translo-
cation of NF-κB is associated with in-
creased transcription of genes encoding
adhesion molecules, cytokines,
chemokines and growth factors. NF-κB,
which resides in the cytoplasm, translo-
cates to the nucleus when activated and
induces gene transcription. In the pres-
ence of appropriate stimuli, NF-κB can
be activated within minutes by the deg-
radation of IκB-α. Stimuli that rapidly
activate NF-κB include TNF-α, IL-1β, 
T-cell activation signals and stress in-
ducers (32). The identification of TLRs
as specific pattern recognition molecules
and the finding that stimulation of TLRs
results in the activation of NF-κB has
improved our understanding of how
several different factors activate NF-κB
(33). Signaling via the TLR4 receptor is
responsible for gram-negative bacteria-
 induced activation of IκB kinase (IKK),
kinase complex phosphorylation, degra-
dation of IκB, nuclear translocation of
NF-κB and enhanced expression of 
NF-κB–dependent proinflammatory cy-
tokine genes (34). In the systemic
HMGB1- induced inflammation model,
pattern recognition receptors, especially
TLR4 and the receptor for advanced
glycation end products (RAGE), were
implicated in release of cytokines, acti-
vation of coagulation and neutrophil re-
cruitment (35). Recent studies have also
reported that TLR4 is required for
HMGB1- dependent activation of macro-
phage TNF release (36). Studies have
shown that HMGB1-induced enhance-
ment of NF-κB–dependent transcription
involves the IKK complex in a similar
manner to LPS. The MAPK family rep-

resents a group of proteins that is in-
volved in signal transduction from a va-
riety of cellular stimuli. The JNK sub-
group of MAPKs, also known as
stress-activated protein kinases, are acti-
vated in response to environmental
stresses, and JNK activation was re-
ported in the liver after hemorrhagic
shock (37). The engagement of TLR4 re-
sults in phosphorylation and activation
of p38, and activated p38 modulates
NF-κB transcriptional activity. In this
manner, activated p38 plays a critical
role in the HMGB1-induced enhance-
ment of NF-κB activation. Therefore, 
we investigated the potential inhibitory
effects of chlorogenic acid on CLP-
 induced activation of MAPKs and 
NF-κB. Our results showed that chloro-
genic acid significantly inhibited NF-κB,
JNK and p38 MAPK activation, but no
ERK inhibitory effects were observed.
Treatment with chlorogenic acid was
also able to suppress the increase in
TLR4 mRNA expression in the liver,
heart and kidney of CLP mice.

In human sepsis, two immunologically
distinct stages are observed: an early
proinflammatory phase and a late, com-
pensatory antiinflammatory phase. CLP-
induced sepsis increases lymphocyte
apoptosis, which causes immunosup-
pression during the late phase of human
sepsis (1). Immunological cytokines are
functionally categorized into two groups:
those with Th1 properties or those with
Th2 properties. Activated CD4+ T cells
are programmed to secrete cytokines
with inflammatory (Th1-type cytokines;
IFN-γ, IL-2 and IL-12) or antiinflamma-
tory (Th2-type cytokines; IL-4 and IL-10)
properties (38). In addition to attenuating
the abrupt release of proinflammatory
cytokines such as TNF-α, IL-1β and IL-6,
treatment with chlorogenic acid aug-
mented serum Th1 cytokines during the
late phase of sepsis without affecting Th2
cytokine release. A similar pattern of cy-
tokine regulation was observed in LPS-
stimulated macrophages incubated with
chlorogenic acid. The differential effects
of chlorogenic acid on different types of
cytokines may be caused by distinct sets

1 4 4 6 |  L E E  E T  A L .  |  M O L  M E D  1 8 : 1 4 3 7 - 1 4 4 8 ,  2 0 1 2

E F F E C T  O F  C H L O R O G E N I C  A C I D  O N  S E P S I S



of target cells that chlorogenic acid af-
fects. Accumulating data suggest that in-
creases in Th1 cytokines are beneficial in
the late-stage of sepsis when immuno-
suppression predominates and can cause
death (39). Decreased Th1 function was
reported in patients with peritonitis, and
defective T-cell proliferation and cyto -
kine secretion correlates with mortality
(40). Although the chlorogenic acid–
 induced changes in cytokine levels may
not play a key role in the protective ef-
fect of chlorogenic acid because of the
transient nature of these effects, we can-
not exclude the possibility that the com-
bined effect of the changes in cytokines
may partially contribute to improved
survival.

Previous research has shown that
HMGB1 induces the secretion of
chemokines MCP-1 and MIP-2 (41).
MCP-1 belongs to the CC chemokine
family and is under the control of 
NF-κB, Sp1 and early growth response-1
(42,43). MCP-1 recruits immune cells,
such as monocytes and T lymphocytes,
to sites of infection, and it is responsible
for various inflammatory reactions (44).
MIP-2 is a member of the CXC
chemokine family of inflammatory and
immunoregulatory cytokines. Increased
MIP-2 expression was associated with
neutrophil influx in various inflamma-
tory conditions (45). In this study, the
serum level of MCP-1 increased signifi-
cantly 3 h after CLP, and the MCP-1
level steadily increased until 12 h after
CLP. Treatment with chlorogenic acid
augmented this increase 3 h after CLP.
The level of MIP-2 increased after CLP,
and chlorogenic acid suppressed this in-
crease both 3 and 6 h after CLP. In LPS-
stimulated macrophages incubated with
chlorogenic acid, a similar pattern was
observed. These changes in chemokines
support the chlorogenic acid–induced
changes in cytokine levels.

The programmed cell death of im-
mune cells, responsible for the substan-
tially impaired immune response
 observed in sepsis, is a novel and poten-
tially important therapeutic target in the
treatment of sepsis. In CLP, previous re-

ports demonstrated profound thymy-
ocyte apoptosis due to robust comple-
ment activation (46). Also, treatment
with antibodies to C5a or its receptor
(C5aR) was found to improve survival
(47). Results obtained by flow cytometric
analysis indicated that chlorogenic acid
prevented immune cell apoptosis. Apo-
ptosis after CLP is related to the appear-
ance of C5a and its interaction with C5a
receptors C5aR and C5L2 (48). However,
further investigation is necessary to elu-
cidate the exact mechanisms of the effect
of chlorogenic acid on lymphocyte apo-
ptosis. Further evidence to support our
observations included the fact that ad-
ministration of chlorogenic acid to mice
undergoing CLP-induced sepsis mark-
edly enhanced bacterial clearance and ac-
tivated the phagocytic activity of macro-
phages in vitro.

CONCLUSION
The current study shows that chloro-

genic acid may have therapeutic poten-
tial for the treatment of sepsis. Chloro-
genic acid is an effective modulator of
inflammatory mediators and an inhibitor
of lymphocyte apoptosis. No adverse ef-
fects of chlorogenic acid were observed
in this experimental system. Indeed,
chlorogenic acid is relatively nontoxic,
and the protective effects were demon-
strated in therapeutically achievable and
safe doses. However, extending the use
of chlorogenic acid to human patients
will depend on dosage. This work identi-
fies chlorogenic acid as a new therapeu-
tic agent for the treatment of sepsis, as a
multistep therapeutic agent for use in
combination with other immunomodula-
tory agents or as a supplement to other
therapies. The promising results pre-
sented here may warrant prospective
clinical trials.
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