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Genipin Attenuates Sepsis by Inhibiting Toll-Like Receptor
Signaling

Tae-Hoon Kim, Seong-Jin Yoon, and Sun-Mee Lee
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The pathogenesis of sepsis is characterized by overwhelming inflammatory responses that lead to tissue damage and organ
failure. Toll-like receptor (TLR) signaling is crucial for induction of hyperinflammatory responses and tissue injury during sepsis.
Genipin, an aglycon of geniposide, has antiinflarnmatory and antimicrobial activities. The purpose of this study was to test the hy-
pothesis that genipin reduces multiple organ dysfunction and mortality during sepsis through inhibition of TLR signaling. Male ICR
were subjected fo sepsis by cecal ligation and puncture (CLP) or endotoxemia by lipopolysaccharide (LPS). Various doses of
genipin (1, 2.5 and 5 mg/kg) or a vehicle were administered intravenously immediately after CLP or intraperitoneally after LPS
freatment. In another set of survival fests, mice were freated with 2.5 mg/kg of genipin 0 and 24 h affer CLR Genipin was found
to improve survival and to attenuate multiple organ dysfunction. Genipin attenuated production of proinflammatory cytokines
and release of high-mobility group box 1 (HMGB1). Genipin prevented TLR2 and TLR4, myeloid differentiation factor 88 and the
Toll/interleukin-1 receptor domain-containing adaptor protein, inducing inferferon-f overexpression. Phosphorylation of mitogen-
activated protein kinases and interferon regulatory factor 3 and translocation of nuclear factor (NF)-kB were prevented by
genipin. Moreover, genipin attenuated increases in serum tumor necrosis factor-a and HMGBT in LPS-induced endotoxemia.
Pam3CSK4- and LPS-mediated production of nitrites and proinflasnmatory cytokines was suppressed by genipin in RAW264.7 cells.
Genipin atfenuated mortality and organ injuries during sepsis through interference with TLR signaling. Therefore, genipin might be
useful as a potential therapeutic agent for treatment of sepsis.
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INTRODUCTION

Sepsis, leading to multiple organ fail-
ure, remains a leading cause of mortality
and morbidity in intensive care units. An
uncontrolled hyperinflammatory re-
sponse and inappropriate cytokine re-
sponse during early sepsis have been
proposed as the cause of multiple organ
dysfunction syndrome during sepsis.
Control of inflammation during early
sepsis may therefore reduce organ injury
and prevent death after septic insult.

Complex Toll-like receptor (TLR) signal-
ing and associated downstream regulators
play a crucial role in the innate immune
system as the first line of defense against

pathogens (1). TLR2 and TLR4 have been
regarded as the main sensors for recogni-
tion of pathogen-associated molecular pat-
terns from gram-positive and gram-
negative bacteria, respectively. TLR2 and
TLR4 mRNA expression in the lung and
liver of septic mice showed a significant
increase, and the signal transduction in-
hibitors of TLRs and downregulation of
TLRs demonstrated improved survival in
murine models of sepsis (2,3). In addition,
monocytic expression of TLR2 and TLR4
in septic patients was also significantly
upregulated, compared with expression in
healthy individuals (4). Downstream TLR
signaling occurs via two major pathways:
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the myeloid differentiation factor 88
(MyD88)-dependent pathway and the
Toll/interleukin (IL)-1 receptor domain,
containing the adaptor protein-inducing
interferon (IFN)-p (TRIF) pathway, which
finally activates production of proinflam-
matory mediators (5).

Genipin is an aglycon of geniposide,
the major active compound of gardenia
fruit, which has long been used in tradi-
tional medicine formulations for treat-
ment of inflammation and hepatic disor-
ders (6). Genipin inhibited
carrageenan-induced rat paw edema,
croton oil-induced ear edema in mice
and changes in vascular permeability in-
duced by acetic acid (6,7). In murine
macrophage cells, genipin blocked nitric
oxide production on stimulation by
lipopolysaccharide (LPS)/IFN and inhib-
ited LPS-induced degradation of the in-
hibitor of nuclear factor (NF)-kB-a
(IkB-a) and NF-kB activation. Genipin
also reduced the lethality induced by
D-galactosamine /LPS-induced fulminant
hepatic failure through prevention of ox-

MOL MED 18:455-465, 2012 | KIM ET AL. | 455



PROTECTIVE EFFECT OF GENIPIN ON SEPSIS
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Figure 1. Genipin protects mice against
sepsis-induced lethality. (A) Mice were intro-
venously administered various doses of
genipin or vehicle immediately after CLP
(n = 20). Significantly different (*P < 0.05)
from CLP (B) Mice were intravenously ad-
ministered 2.5 mg/kg genipin at 0 h or

0 and 24 h after CLP (n = 20). Significantly
different (*P < 0.05, **P < 0.01) from saline.
A: @, CLP; B, CLP + 1 mg/kg genipin; A,
CLP + 2.5 mg/kg genipin; ¥, CLP + 5 mg/kg
genipin; B: @, saline; M, 0 h; A, 0 and 24 h.

idative stress, apoptosis and NF-kB nu-
clear translocation (8).

Therefore, this study was conducted
for investigation of the effect of genipin
on septic injury and the specific molecu-
lar mechanisms of protection, particu-
larly on the TLR signaling pathways.

MATERIALS AND METHODS

Materials

Dulbecco’s modified Eagle’s medium
(DMEM), Dulbecco’s phosphate-buffered
saline (PBS), penicillin/streptomycin
(10,000 U/mL/10,000 ug/mL, respec-
tively) and fetal bovine serum (FBS) were
obtained from Gibco BRL, Life Tech-
nologies (Grand Island, NY, USA).
Pam3CSK4, a TLR2 agonist, was ob-
tained from InvivoGen (San Diego, CA,
USA). LPS (Escherichia coli serotype
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Figure 2. Effect of genipin on the serum ALT (A), AST (B), BUN (C), creatinine (D), and LDH (E)
level. Mice were infravenously administered 2.5 mg/kg genipin immediately affer CLRThe
results are presented as mean + SEM (n = 8). Significantly different (*P < 0.05, **P < .01) from
sham. Significantly different (*P < 0.05, **P < 0.01) from CLP @, Sham; B, genipin; A, CLP;

V., CLP + genipin.

0127:B8), a TLR4 agonist, 3-(4,5-
dimethyl-2-thiazolyl)-2,5-diphenyl-
tetrazolium bromide (MTT) and all the
other materials required for culturing
cells were purchased from Sigma (St.
Louis, MO, USA). All the other chemicals
used in this study were of reagent grade.

Animails

Male ICR mice, weighing 27-29 g,
were supplied by Orient Bio (Seongnam,
Korea). The animals were housed in
cages located in temperature-controlled
rooms with a 12:12 h light-dark cycle
and received water and food ad libitum.
All animal procedures were approved
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by the Sungkyunkwan University Ani-
mal Care Committee and were per-
formed in accordance with the guide-
lines of the National Institutes of Health.

Cecal Ligation and Puncture
Polymicrobial sepsis was induced by
cecal ligation and puncture (CLP) accord-
ing to the method described by Chaudry
et al. (9). After anesthetization with ether,

a 1-cm ventral midline incision was per-
formed. The cecum was then carefully ex-
posed, ligated just distal to the ileocecal
valve to avoid intestinal obstruction and
punctured twice using a 20-gauge needle.
The punctured cecum was squeezed to
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Figure 3. Histological micrographs of liver (A, B, C, D) and lung (F G, H, I) tissues stained
with hematoxylin and eosin (magnification 200x): sham (A, F), genipin (B, G), CLP (C, H),
and CLP + genipin (D, I). Mice were intravenously administered 2.5 mg/kg genipin imme-
diately after CLR Twenty-four hours after CLR liver and lung tissues were obtained. Semi-
quantitative pathology scores in liver and lung (E, K) were determined by a scoring sys-
tem as described in Materials and Methods. Representative images were chosen from
the different experimental groups. Significantly different (**P < 0.01) from sham. Signifi-

cantly different (*P < 0.05, **P < 0.01) from CLP

expel a small amount of fecal material
and returned to the abdominal cavity, and
the abdominal incision was closed in two
layers. All animals received subcutaneous
administration of 1 mL normal saline im-
mediately after the operation (that is,
fluid resuscitation). Sham-operated ani-
mals were subjected to laparotomy and
intestinal manipulation; however, the
cecum was neither ligated nor punctured.

Administration of Genipin and
Experimental Design

In survival experiments, mice received
intravenous administration of genipin (1,

2.5 and 5 mg/kg) or saline (vehicle) via
tail vein immediately (0 h) or 0 and 24 h
after CLP. Mortality was recorded for up
to 10 d after the procedure; survivors
were followed for 3 wks to ensure that
no late mortalities had occurred. On

the basis of a survival test, a dose of

2.5 mg/kg was chosen for further bio-
chemical studies. The animals were ran-
domly assigned to the following four
groups (each group, n = 6-8): (a) vehicle-
treated sham (sham), (b) shame treated
with 2.5 mg/kg (genipin), (c) vehicle-
treated CLP (CLP), and (d) CLP treated
with 2.5 mg/kg genipin (CLP + genipin).
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Lung and liver tissue were isolated at

6 and 24 h after CLP and immediately
stored at —75°C until assayed. Blood sam-
ples were collected from the abdominal
inferior vena cava at various different
time points after CLP.

Endotoxemia

Endotoxemia was induced by intraperi-
toneal injection of LPS (10 mg/kg). In sur-
vival tests, 1, 2.5 and 5 mg/kg genipin
was intraperitoneally administered to
mice immediately and 24 after LPS treat-
ment. Mortality was recorded for up to
10 d after the LPS injection. On the basis
of a survival test, a dose of 2.5 mg/kg
was chosen for further biochemical stud-
ies. Blood samples were collected from
the abdominal inferior vena cava at 1 and
24 h after LPS treatment.

Assessment of Hepatic, Renal and
Heart Damage

Under anesthesia, blood samples were
collected at 1, 3, 6, 12, 24 and 48 h after
CLP. Serum was separated by centrifuga-
tion at 7,700g for 10 min at 4°C. Serum
alanine aminotransferase (ALT) and as-
partate aminotransferase (AST), blood
urea nitrogen (BUN), creatinine and lac-
tate dehydrogenase (LDH) levels were
determined using a Hitachi 7600 auto-
matic analyzer (Hitachi, Tokyo, Japan).

Histological Analysis

Twenty-four hours after CLP, tissue
samples of liver and lung were removed
for histological analysis. Each sample
was fixed by immersion in 10% neutral-
buffered formalin. The sample was then
embedded in paraffin, sliced into 5-um
sections and stained with hematoxylin
and eosin for a blinded histological as-
sessment. For lung injury, vascular con-
gestion, edema and inflammatory cell in-
filtration were assessed and, for liver
injury, hepatocellular necrosis, portal in-
flammation and inflammatory cell infil-
tration were evaluated. Each parameter
was graded on a scale of 0-3, with 0
meaning “absent,” 1 meaning “mild,”
2 meaning “moderate,” and 3 meaning
“severe.” The total injury score was ex-
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Figure 4. Effect of genipin on the serum TNF-a (A), IL-18 (B). IL-6 (C) and HMGBT1 (D) levels.
Mice were intravenously administered 2.5 mg/kg genipin immediately after CLR (A-C) The
serum was collected at various time points and assayed for TNF-a, IL-1p and IL-6 levels by
use of ELISA kits. (D) Twenty-four hours after CLR the serum was obtained and assayed for
HMGBT levels by Western blot analysis. The results are presented as mean + SEM (n = 8).
Significantly different (**P < 0.01) from sham. Significantly different (**P < 0.01) from CLP

@, Sham; W, genipin; A, CLP; ¥, CLP + genipin.

pressed as the sum of the scores for all
parameters, with the maximum being 9.
Histological changes were evaluated in
random, nonconsecutive and 200x histo-
logical fields (Olympus BX51/Olympus
DP71, Olympus, Japan).

Cell Culture and Treatment

Mouse macrophage cell line
RAW264.7 cells were obtained from
American Type of Culture Collection
(Manassas, VA, USA). The cells were
cultured in DMEM supplemented with
10% FBS and 1% penicillin/streptomycin
and maintained at 37°C in a humidified
atmosphere with 5% CO,. Experiments
were carried out 24 h after the cells were
seeded. Cells were plated at a density of
3 x 10° cells/mL in six-well plates with
3 mL culture medium, incubated for
24 h, pretreated with genipin (1, 10, 50
and 100 umol /L) or a vehicle (dimethyl
sulfoxide [DMSO]) for another 2 h and
then challenged with Pam3CSK4 or LPS
(1 ug/mL). After 24 h incubation, the

culture media and cell lysates were
harvested for further analysis.

Cell Viability

Cells (1 x 10* cells/ well) were seeded
in a 96-well plate and incubated at 37°C
for 24 h. The cells were treated with vari-
ous concentrations of genipin or a vehi-
cle (DMSO) and were incubated at 37°C
for an additional 24 h. After incubation,
100 uL MTT solution (5 mg/mL in PBS)
was added to each well, and the plates
was further incubated for 3 h at 37°C.
Subsequently, 100 uL DMSO was added
to each well to solubilize any deposited
formazan. The optical density of each
well was measured at 450 nm using a
microplate reader (Emax; Molecular De-
vices, Sunnyvale, CA, USA).

Nitrite Assay

RAW?264.7 cells were plated at a den-
sity of 2 x 10° cells/well in a 24-well cell
culture plate, incubated for 24 h, pre-
treated with genipin (1, 10, 50 and
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100 umol /L) or a vehicle for another 2 h
and then challenged with Pam3CSK or
LPS (1 ug/mL) for an additional 24 h.
Equal volumes of culture medium and
Griess reagent (1% sulfanilamide in 5%
phosphoric acid and 0.1% naphthylethyl-
enediamine dihydrochloride in distilled
water) were mixed, and the absorbance
of the mixture at 540 nm was determined
with a microplate reader (Emax).

Cytokine Levels

Concentrations of tumor necrosis fac-
tor (TNF)-a, IL-1p and IL-6 were mea-
sured using commercially available en-
zyme-linked immunosorbent assay
(ELISA) kits (BD Biosciences, San Diego,
CA, USA) according to the manufac-
turer’s instructions.

High-Mobility Group Box 1 (HMGB1)
Preparation

Serum and culture medium were fil-
tered and concentrated through Centri-
con YM-100 and YM-10 (Millipore, Biller-
ica, MA, USA) with a fixed angle (35°) at
7,500¢ for 15 min, 4°C. The concentrated
samples were then subjected to sodium
dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE).

Total, Cytosolic and Nuclear Protein
Extraction

Isolated liver and lung tissues and
cells were homogenized in PRO-PREP™
Protein Extraction Solution (iNtRON
Biotechnology, Seongnam, Korea) in a
microcentrifuge tube. After standing in a
cold ice-bath for a period of 30 min for
cell lysis, the whole homogenate was
centrifuged at 13,000g for 5 min.
NE-PER® (Pierce Biotechnology, Rock-
ford, IL, USA) was used for extraction of
nuclear and cytosolic fractions according
to the manufacturer’s instructions. Pro-
tein concentrations were determined
using the BCA Protein Assay kit (Pierce
Biotechnology).

Western Blot Analysis

Protein samples were loaded on
7.5-15% polyacrylamide gels and were
then separated by SDS-PAGE and trans-
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Figure 5. Effect of genipin on the TLR2 (A, B) and TLR4 (C, D) protein expression levels 6 and
24 h after CLR Left and right panels show the data from liver and lung tissues, respectively.
Mice were intravenously administered 2.5 mg/kg genipin immediately after CLR The results
are presented as mean + SEM (n = 6). Significantly different (*P < 0.05, **P < 0.01) from
sham. Significantly different (*P < 0.05, **P < 0.01) from CLR AU, arbitrary units. &, Sham;

B2, genipin; £, CLP; [, CLP + genipin.

ferred to polyvinylidene fluoride mem-
branes using the Semi-Dry Trans-Blot
Cell (Bio-Rad Laboratories, Hercules, CA,
USA). After transfer, the membranes
were washed with Tris-buffered saline
with 0.1% Tween-20 (TBS/T) and blocked
for 1 h at room temperature with 5%
skim milk powder in TBS/T. Blots were
then incubated overnight at 4°C with pri-
mary antibodies. After washing three
times for 5 min each in TBS/T, the mem-
branes were incubated with appropriate
secondary antibodies for 1 h at room tem-
perature, followed by detection using an
ECL detection system (iNtRON Biotech-
nology), according to the manufacturer’s
instructions. Intensity of the immunore-
active bands was determined using Total-
Lab TL120 software (Nonlinear Dynam-
ics, Newscastle, UK). Primary antibodies
against mouse TLR2, TLR4, MyD88,
NF-kB/p65 and IkB-o (Santa Cruz
Biotechnology, Santa Cruz, CA, USA);

TRIF and high-mobility group box
(HMGB)-1 (Abcam, Cambridge, MA,
USA); p38, extracellular signal-regulated
kinase (ERK), c-Jun N-terminal kinase
(JNK), IFN regulatory factor (IRF)-3,
phospho-p38, phospho-ERK, and
phospho-JNK; and phospho-IRF3 (Cell
Signaling Technology, Beverly, MA, USA)
were used and the signals were standard-
ized to B-actin (Sigma) for whole lysate
and lamin B1 (Abcam) for the nuclear
fraction.

Statistical Analysis

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

RESEARCH ARTICLE

RESULTS

Effect of Genipin on CLP-Induced
Mortality

In the vehicle-treated CLP group, the
survival rate on the first day of observa-
tion was 60% and reached a stable 20%
survival on the fifth day after CLP. Log-
rank analysis of 10-d survival demon-
strated that genipin at doses of 2.5 and
5 mg/kg significantly improved survival
of septic mice, compared with sham ani-
mals (P = 0.0119 and P = 0.0435, respec-
tively; Figure 1A). Repeated administra-
tion of 2.5 mg/kg genipin at 24-h
intervals resulted in a further increase of
the survival rate at 10 d after CLP
(Figure 1B).

Effect of Genipin on Organ Injuries
Induced by CLP

Serum ALT activity in the sham group
remained at 9.8 + 0.8 to 16.1 + 1.5 U/L
throughout the experiments. Whereas no
significant change was observed in ALT
activity until 3 h after CLF, serum ALT
activity began to increase from 6 h after
CLP, peaked at 202.8 + 23.8 U/L at 24 h
after CLP and then declined to 88.3 +
42 U/L at 48 h after CLP. Increases in
serum ALT activity that occurred at 12
and 24 h after CLP were attenuated by
genipin. Serum AST activity in the sham
group remained at the basal level until
48 h after surgery. Serum AST activity
began to increase from 3 h after CLP,
peaked at 375.6 + 50.8 U/L at 24 h after
CLP and then declined to 196.0 +
23.3 U/L at 48 h after CLP. Genipin at-
tenuated elevations in serum AST activ-
ity that occurred at 12 and 24 h after
CLP. The serum BUN level averaged
11.4 £ 0.7 mg/dL in the sham group. The
serum BUN level began to increase from
6 h after CLP; this elevation persisted
until 12 h (66.9 + 10.6 mg/dL) and,
thereafter, showed a gradual decrease
until 48 h after CLP. Elevations in the
serum BUN level that occurred at 12 and
24 h after CLP were attenuated by
genipin. Serum creatinine level showed
elevation from 3 h after CLP, was maxi-
mal at 0.43 + 0.05 mg/dL at 24 h after

MOL MED 18:455-465, 2012 | KIM ET AL. | 459



PROTECTIVE EFFECT OF GENIPIN ON SEPSIS

Liver

A

0.6

0.4

o
N
h

MyD88 protein expression (AU)

°
hd

C
L — ——

B-actin » em— ——
= 1.5

2

[

S

g 1.0

o

x

[

£

[ -

2 0.5

o

w

['3

= 0.0

6h 24h

Lung
B
Mydss » - c———
B-actin »

1.5

1.0

14
3
1

6h 24h

Figure 6. Effect of genipin on the MyD88 (A, B) and TRIF (C, D) protein expression levels 6
and 24 h after CLP Left and right panels show the data from liver and lung tissues, re-
spectively. Mice were intravenously administered 2.5 mg/kg genipin immediately after
CLRThe results are presented as mean + SEM (n = 6). Significantly different (*P < 0.05,
**P < 0.01) from sham. Significantly different (*P < 0.05, **P < 0.01) from CLP AU, arbitrary
units. B, Sham; B, genipin; E, CLP; [, CLP + genipin.

CLP and, thereafter, decreased to 0.25 +
0.02 mg/dL at 48 h after CLP. Genipin
attenuated increases in the serum creati-
nine level that occurred at 12 and 24 h
after CLP. Serum LDH activity began to
increase from 1 h after CLP and further
increased until 24 h after CLP (2691.0 +
482.4 IU/L) and, thereafter, declined to
940.0 £ 201.5 U/L at 48 h after CLP.
Genipin attenuated the increases occur-
ring at 12 and 24 h after CLP (Figure 2).

Histological Analysis

Histological features revealed normal
cell structure in the liver and lung of
sham-operated animals. Liver sections
isolated 24 h after CLP showed increase
in inflammatory cell infiltration, as well
as moderate portal inflammation and
hepatocellular necrosis. CLP induced
marked histopathological changes, in-
cluding edema, interstitial inflammation
and inflammatory cell infiltration in

lung tissues obtained from septic ani-
mals at 24 h after CLP. These pathologi-
cal changes in both lung and liver tis-
sues were attenuated by genipin
(Figure 3).

Effect of Genipin on CLP-Induced
Serum Cytokine Levels

In the sham group, the serum level of
TNF-o was between 31.3 + 2.1 and 32.5 +
2.6 pg/mL at all experimental time points.
The serum TNF-a level began to increase
from 1 h after CLP, peaked at 373.6 +
41.7 pg/mL 3 h after CLP and showed a
gradual decrease until 12 h after CLP, fol-
lowed by a slight elevation at 24 h after
CLP. Genipin induced marked suppres-
sion of increases in the serum TNF-a level
that occurred at 3, 6 and 24 h after CLP
(Figure 4A). Serum concentrations of
IL-1B and IL-6 were very low in the sham
group at all time points (IL-1f, 30.2 + 2.2
t0 34.6 £ 0.9 pg/mL; IL-6, 22.0 + 1.3 to 31.0
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+2.1 pg/mL). In the CLP group, the
serum IL-1p level began to increase from
3 h after CLP, peaked at 136.5 + 11.4 pg/mL
at 6 h after CLP and, thereafter, showed a
gradual decline until 24 h after CLP.
Genipin attenuated increases that oc-
curred at 6, 12 and 24 h after CLP (Fig-
ure 4B). The serum IL-6 level showed a
significant increase at 3, 6 and 12 h after
CLP, compared with that of the sham
group (8.0+£1.0,19.7 £22 and 22.5 =

1.9 ng/mL, respectively). Genipin in-
duced marked suppression of these in-
creases (Figure 4C).

Effect of Genipin on CLP-Induced
Serum HMGB1 Release

The serum level of HMGBI increased
approximately 6.6-fold that of the sham
group at 24 h after CLP. Genipin attenu-
ated this increase (Figure 4D).

Effect of Genipin on CLP-Induced TLR2
and TLR4, MyD88 and TRIF Protein
Expression

In both lung and liver, the levels of
TLR2 and TLR4 and MyD88 protein ex-
pression showed a significant increase at
6 and 24 h after CLP, compared with lev-
els of the sham group, which was attenu-
ated by genipin. The level of TRIF pro-
tein expression showed a marked
increase at 6 and 24 h after CLP in liver
and 24 h after CLP in lung, respectively.
Genipin attenuated increases in the level
of TRIF protein expression that occurred
at 24 h after CLP in both lung and liver
(Figures 5 and 6).

Effect of Genipin on CLP-Induced
Mitogen-Activated Protein Kinase
Activation

In the lung, p38, ERK and JNK were
markedly phosphorylated at 6 and 24 h
after CLP. Genipin induced markedly
suppressed phosphorylation of p38 and
ERK. In the liver, phosphorylation of p38,
ERK and JNK was significantly elevated
at 6 h after CLP, which was prevented by
genipin. At 24 h after CLP in the liver,
phosphorylation of ERK and JNK was
markedly increased. Genipin prevented
these phosphorylations (Figure 7).
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Effect of Genipin on CLP-Induced
NF-xB/p65 Nuclear Translocation,
IxB-a Expression and IRF3
Phosphorylation

Translocation of NF-kB/p65 to the nu-
cleus in both lung and liver showed a
significant increase at 6 and 24 h after
CLP (3.9- and 2.4-fold in the lung and
7.0- and 5.4-fold in the liver, compared
with the sham group, respectively).

These increases were blocked by genipin.

The level of cytosolic IkB-a protein ex-
pression in both lung and liver showed a
marked reduction at 6 and 24 h after CLP
(78.1% and 70.1% in the lung and 67.9%
and 64.1% in the liver, compared with
the sham group, respectively), which
was prevented by genipin (Figure 8).
Phosphorylation of IRF3 in the liver in-
creased 3.1- and 3.4-fold the levels in the
sham group at 6 and 24 h after CLP, re-
spectively. In the lung, phosphorylation

RESEARCH ARTICLE

of IRF3 showed an increase at 24 h after
CLP. Genipin suppressed phosphoryla-
tion of IRF3 that occurred at 24 h after
CLP in both lung and liver (Figure 9).

Effect of Genipin on LPS-Induced
Mortality

The survival rate on the first day of ob-
servation was 60% and reached a stable
20% survival on the sixth day in vehicle-
treated LPS-challenged mice. Genipin, 2.5
and 5 mg/kg, significantly improved sur-
vival of LPS-treated mice, compared with
vehicle-treated animals (P = 0.0067 and P =
0.0390, respectively). Genipin, 1 mg/kg,
did not confer the protection against LPS-
induced lethality (Figure 10A).

Effect of Genipin on LPS-Induced
Serum TNF-o and HMGBI1 Levels

The serum level of TNF-a. in the con-
trol group was 10.04 + 2.0 pg/mL. One
hour after LPS injection, the serum level
of TNF-a markedly increased (66.48 +
7.1 pg/mL), which was prevented by
2.5 mg/kg genipin (Figure 10B). The
serum level of HMGB1 24 h after the LPS
challenge increased by approximately
5.7-fold that of the control group.
Genipin significantly attenuated this
increase (Figure 10C).

Effect of Genipin on Nitrites and
Proinflammatory Cytokine Production
in Pam3CSK4- or LPS-Treated
RAW264.7 Cells

Genipin did not display any cellular
toxicity on RAW264.7 cells up to
100 umol /L (Figure 11A). As shown in
Figure 11B, Pam3CSK4 and LPS increased
nitrite production by approximately 11.4-
and 27.3-fold, respectively, and genipin
markedly suppressed nitrite production at
the concentration of 50 and 100 umol /L.
After 24 h incubation of cells with
Pam3CSK4, the production of TNF-q,
IL-1f and IL-6 markedly increased (0.06 +
0.003 to 24.2 £ 1.7 ng/mL, 124.7 £ 3.1 to
233.9+ 7.8 pg/mL and 38.1 + 1.5 to 1,662.3
+150.2 pg/mL, respectively).
LPS also increased the production of
TNF-a, IL-1p and IL-6 (0.05 + 0.003 to
36.3+1.7ng/mL, 129.4+ 3.5 to 3749 + 7.4
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pg/mL and 37.9 + 1.5 to 3,644.9 £ 270.6
pg/mL, respectively). Genipin significantly
suppressed the production of proinflamma-
tory cytokines in a concentration-depen-
dent manner (Figures 11C-E).

Effect of Genipin on HMGB1 Release
in Pam3CSK4- or LPS-Treated
RAW264.7 Cells

HMGB] release into the culture medium
increased approximately 2.4- and 4.3-fold
by Pam3CSK4 and LPS, respectively.
Genipin markedly suppressed HMGB1 re-
lease into the culture medium (Figure 11F).

Effect of Genipin on the NF-kB/p65
Nuclear Translocation and Cytosolic
lkB-a Expression in Pam3CSK4- or
LPS-Treated RAW264.7 Cells

As shown in Figure 12, the nuclear
translocation of NF-kB/p65 showed a
significant increase after 24-h incubation
with Pam3CSK4 and LPS (1.4- and 1.5-

fold, respectively), and genipin markedly
inhibited these increases. In contrast, the
level of cytosolic IkB-a protein expres-
sion showed a marked reduction after
24-h incubation with Pam3CSK4 and LPS
(81.2% and 79.2%, respectively), which
was inhibited by genipin.

DISCUSSION

Despite significant advances in the de-
velopment of antimicrobial chemother-
apy and supportive strategies, mortality
from sepsis remains unacceptably high
(10). Inflammatory and immune re-
sponse during the early stage of sepsis
involves a vast array of mediators; there-
fore, control of this complex inflamma-
tory cascade is critical for management
of sepsis. Genipin is the main bioactive
compound in exhibition of the pharma-
cological activities of gardenia fruit,
which has long been used as an antiin-
flammatory agent in folk medicine.
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Genipin not only reveals remarkable an-
tiinflammatory and antimicrobial effects
(11), but also possesses the ability for in-
hibition of lipid peroxidation and pro-
duction of nitric oxide (12). Here, we
demonstrated the protective effect of
genipin against septic injury.

In a survival study, we showed that a
single dose of genipin administered im-
mediately after CLP induced markedly
improved survival. Twice administration
of genipin at a 24-h interval further con-
ferred protection against lethal sepsis.
Because widening of the therapeutic
window is a critical necessity, we tried
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delayed administration of genipin after
onset of sepsis. Unfortunately, genipin
only showed a tendency to increase sur-
vival when administered 6 or 24 h after
CLP (data not shown). In vivo studies
with acute endotoxemia demonstrated
that genipin improved survival.

A largely unopposed early proinflam-
matory response is known to occur in
severe sepsis and leads to death (13). In-
deed, the serum level of proinflammatory
cytokines TNF-q, IL-1p and IL-6 peaked
at early time points during sepsis. Early
proinflammatory cytokines, such as TNF-
o and IL-1p, can also activate mono-
cytes/macrophages for release of
HMGB], a late mediator of lethal sepsis
(14). Circulating HMGB1 levels are
elevated in a delayed fashion in septic
mice and in patients with sepsis and are
well correlated with the lethal outcome of
human sepsis (15). A number of agents
that blocked HMGB1 release, resulting in

improved survival in experimental sepsis,
have been identified (16,17). In our study,
genipin induced marked suppression of
the systemic release of early proinflamma-
tory cytokines and subsequent HMGB1
accumulation in polymicrobial sepsis.
Excessive production of proinflamma-
tory cytokines causes capillary leakage,
tissue injury and lethal organ failure in
cases of severe sepsis. Multiple organ
dysfunction syndrome is a serious clini-
cal entity and a common cause of death
in the critically ill patient. Overall mor-
tality rates range from 30% to 100%, de-
pending on the number of organ systems
involved (18). In our study, LDH, a rep-
resentative marker of tissue breakdown,
particularly in the heart, began to in-
crease from 1 h after CLP, indicating that
heart muscle is damaged earlier than in
other vital organs during sepsis. The
serum level of ALT, AST, creatinine and
LDH reached their peak at 24 h after
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onset of sepsis, whereas the maximal
level of BUN appeared at 12 h after CLP.
Our results indicate the difference in the
vulnerability of the vital organs affected
by sepsis. Histology analysis in lung and
liver supported development of multiple
organ dysfunction syndrome during sep-
sis. Treatment with genipin not only re-
sulted in a decrease of serum markers of
organ dysfunction, but also attenuated
pathological changes in both lung and
liver. These results suggest that genipin
is capable of attenuating multiple organ
dysfunction during polymicrobial sepsis.

TLR signaling plays an important role
in initiation of the inflammatory re-
sponse in sepsis. Given their large popu-
lation of resident macrophages and ex-
tensive endothelial surface, the lung and
liver play a prominent role and, in turn,
are affected by the host immune re-
sponse to infection (19-21). Recent stud-
ies have revealed that upregulated ex-
pression of TLR2 and TLR4 in multiple
organs, including liver and lung, may
play a role in high mortality and patho-
physiology of sepsis (22,23). TAK-242, a
novel small-molecule cyclohexane deriv-
ative, which selectively inhibits TLR4
signaling, was reported to inhibit in-
creases in serum cytokine levels and to
improve survival in an E. coli-induced
sepsis model (24). In our study, TLR2
and TLR4 protein expression were signif-
icantly upregulated in both lung and
liver at 6 and 24 h after CLP. Of particu-
lar interest, TLR2 and TLR4 protein ex-
pression showed a more dramatic in-
crease in the lung than in the liver.
Genipin attenuated increases in TLR2
and TLR4 protein expression in lung and
liver, suggesting that the protective effect
of genipin against septic injury might be
mediated by suppression of TLR2 and
TLR4 overexpression.

TLR2 signaling occurs exclusively
through MyD88, whereas TLR4 can acti-
vate both MyD88-dependent and MyD88-
independent pathways. Weighardt et al.
(25) showed that genetic deficiency of
MyD8S8 partially protected mice from the
lethal effects of polymicrobial sepsis and
that the hyperinflammatory response to
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sepsis was strongly attenuated in the ab-
sence of MyD88. MyD88 is the central
adaptor protein for signal transduction
of most TLRs and interacts with TLRs,
leading to activation of the mitogen-
activated protein kinase (MAPK) cascade
and NF-kB, causing expression of proin-
flammatory mediators (26). In the pres-
ent study, the MyD88 protein expression
in both lung and liver showed an in-
crease at 6 and 24 h after CLP. Genipin
attenuated the increase in MyD88 protein
expression in both lung and liver.
Among MAPKSs, activation of p38 and
JNK was shown to contribute to sepsis-in-
duced end organ injury (27,28). Removal of
ERK by specific inhibitors resulted in re-
duced activation of NF-«B, suppressed
transcription of NF-kB-dependent genes
and protection against LPS-induced endo-
toxemia (29). In our study, p38, ERK and
JNK were activated at 6 and 24 h after CLP
in the lung. However, in the liver, p38 was
activated only at 6 h after CLP, whereas
ERK and JNK were activated at both 6 and
24 h after CLP. Maitra et al. (30) reported
that p38 in the liver is activated early in
sepsis; however, this activation was dimin-
ished at 24 h after CLP. Genipin sup-
pressed activation of all three MAPKSs in
the liver and prevented p38 and EKR acti-
vation in the lung. Activation of NF-kB
with its translocation to the nucleus is able
to induce an increase in TNF-a and IL-6 in
septic animals (31). Genipin attenuated the
increase in translocation of NF-kB and
serum and tissue levels of proinflamma-
tory cytokines. Taken together, our results
provide evidence that genipin inhibits
overexpression of TLR2 and TLR4; activa-
tion of p38, ERK and J]NK MAPKSs; and
translocation of NF-kB. To further clarify
the inhibitory effect of genipin on TLR2
and TLR4 signaling, Pam3CSK4 and LPS
were exploited to activate TLR2 and TLR4,
respectively. These agonists are well
known to transmit signals culminating NF-
kB activation and the induction of proin-
flammatory cytokines (32). In our study,
genipin markedly suppressed Pam3CSK4-
or LPS-induced nuclear translocation of
NF-xB/p65 and subsequent production of
proinflammatory mediators, nitrites and



HMGBI. Moreover, genipin attenuated the
increases in serum level of TNF-a and
HMGB1 LPS-induced endotoxemia.

TLR4 use a MyD88-independent signal-
ing pathway, using the adapter protein
TRIF. TRIF deficiency inhibits production
of several cytokines and chemokines and
expression of type 1 IFN-regulated genes
in macrophages and dendritic cells (33).
Microarray analysis of the LPS transcrip-
tome demonstrated that the majority of
LPS-inducible genes are regulated in an
MyDB88-independent fashion, suggesting a
crucial role for the TRIF pathway in in-
flammatory responses (34). Signaling of
TRIF to its downstream effector molecules
triggers activation of IRF3 and induction
of IFN-f. In the present study, increased
TRIF protein expression was observed 6
and 24 h after CLP in the liver. However,
in the lung, TRIF protein expression
showed an increase at 24 h after CLP,
showing that TRIF in the lung was upreg-
ulated in a delayed manner during sepsis.
Activation of IRF3 showed similar pat-
terns with TRIF expression. Of particular
interest, genipin markedly suppressed
overexpression of TRIF and activation of
IRF3 at 24 h after CLP in both the lung
and liver, which resulted in decreased ex-
pression of IFN- mRNA (data not
shown). Our results suggest that genipin
could prevent TRIF/IRF3/IFN-f signaling
as well as MyD88-dependent pathways.

CONCLUSION

In conclusion, genipin attenuated mor-
tality and organ injury in sepsis through
inhibition of TLR-dependent inflammatory
signaling pathways. Thus, we propose that
genipin might be useful as a potential ther-
apeutic medication for treating sepsis.
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