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Intestinal injury has long been considered to play a crucial role in the pathophysiology of sepsis and has even been characterized as
the “motor” of it. Thus, we explored the effects of connexin43 (Cx43) on sepsis-induced intestinal injury in order to provide
potential therapeutic strategies. Rat cecal ligation and puncture (CLP) models in vivo and cell models (IEC-6 cells) pretreated
with LPS in vitro were used in the current study. Firstly, different methods, such as Cx43 inhibitors (18-α-GA and oleamide) or
siRNA targeting Cx43 and N-acetyl cysteine (NAC) (a kind of ROS scavenger), were used to observe the effects of Cx43
channels mediating ROS transfer on intestinal injury. Secondly, the influence of ROS content on the activity of the
JNK1/Sirt1/FoxO3a signaling pathway was explored through the application of NAC, sp600125 (a JNK1 inhibitor), and
nicotinamide (a Sirt1 inhibitor). Finally, luciferase assays and ChIP were used to determine the direct regulation of FoxO3a on
proapoptotic proteins, Bim and Puma. The results showed that sepsis-induced intestinal injury presented a dynamic change,
coincident with the alternation of Cx43 expression. The inhibition of Cx43 attenuated CLP-induced intestinal injury in vivo and
LPS-induced IEC-6 injury in vitro. The changes of Cx43 channel function regulated ROS transfer between the neighboring cells,
which mediated the activation of the JNK1/Sirt1/FoxO3a signaling pathway. FoxO3a directly affected its downstream target
genes, Bim and Puma, which are responsible for cell or tissue apoptosis. In summary, our results suggest that Cx43
inhibition suppresses ROS transfer and inactivates the JNK1/Sirt1/FoxO3a signaling pathway to protect against sepsis-
induced intestinal injury.

1. Introduction

Sepsis, a life-threatening syndrome, is characterized by
enhanced inflammatory response accompanied by multiple-

organ dysfunction or failure and the most common cause
of mortality in intensive care units [1]. The prevalence of sep-
sis and sepsis-related mortality remain high worldwide,
which prompt us to further study its underlying mechanism
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and develop novel therapeutic strategies accordingly to
improve the survival outcome of septic patients.

The intestine has always been considered to play a crucial
role in the pathophysiology of sepsis and has even been
characterized as the “motor” of the systemic inflammatory
response. Sepsis causes multiple derangements in the intesti-
nal epithelium, such as increased epithelial apoptosis, barrier
dysfunction, and cytokine production [2]. According to the
previous reports, preventing sepsis-induced intestinal
apoptosis could improve survival 2- to 10-fold in septic peri-
tonitis and pneumonia, although the mechanisms underlying
this survival advantage remained unclear [3, 4]. Their results
indicate that investigation about the mechanisms of sepsis-
induced intestinal injury is instructive in clinics.

As the pathological changes in sepsis-induced intestinal
injury are progressively aggravated, we focused on the func-
tion of gap junction (GJ), which is composed of Cx43 and
played an important part in the process of damage amplifica-
tion and deterioration [5, 6]. Connexins are a big family of
transmembrane proteins, containing 21 isoforms, which
express in all human organs and tissues. Six connexins com-
pose a hemichannel, two of which in the neighboring cells
dock together to form an integral GJ. Small molecules, less
than 1 kDa, such as calcium, cyclic adenosine monopho-
sphate, cyclic guanosine monophosphate, and glutathione,
could be transferred directly through GJ and exert different
functions. If this signal transduction leads to the death of
adjacent cells, we call these signals as “death signals” and this
effect is called “bystander effect,” which is the biological basis
that Cx43 channel-mediated damage continuously deterio-
rated [7, 8]. However, the effects of Cx43 channels on
sepsis-induced intestinal injury have never been reported.

Although the study about “death signals” has been going
on for some time, the intrinsic quality of “death signals” is
still controversial. According to the reports, we found that
massive production of ROS is a remarkable feature of
sepsis-induced intestinal injury and ROS, including oxygen
radicals and nonradical compounds, is but one of the few sig-
nals that could be transmitted through Cx43 channels [9].
Thus, we postulated that ROS transferred by Cx43 chan-
nels would play an important role in sepsis-induced intes-
tinal injury.

JNK1, as a family member of the MAPKs, is often
involved in the increase of ROS, which could phosphorylate
components of the activator protein transcription factor
complex resulting in a change in cellular fate, such as Sirt1
[10]. Sirt1 is a NAD-dependent deacetylase that regulates a
variety of signaling pathways through deacetylation of tran-
scription factors. FoxO3a is the most important one among
these transcription factors [11]. And FoxO3a belongs to the
family of mammalian forkhead transcription factors and is
also a key transcriptional regulator of Bim and Puma expres-
sion. It is also considered to be the most potent of the
proapoptotic BH3-only proteins, due to their ability to bind
to and neutralize all prosurvival BCL2 members [12, 13].
Thus, based on these findings, we postulated that Cx43
channels regulate ROS generation and distribution between
intestinal epithelial cells, thus regulating the activity of the
JNK1/Sirt1/FoxO3a signaling pathway, resulting in the

expression of proapoptotic Bim and Puma and sepsis-
induced intestinal injury aggravation.

2. Materials and Methods

2.1. Animals. Male Sprague-Dawley (SD) rats (200–250 g)
were purchased from Guangzhou University of Chinese
Medicine Animal Center (Guangzhou, China). All rats were
kept in a 25-27°C environment with 12-h light/dark cycles
and were fasted by only being allowed drinking before sur-
gery. This study was performed following institutional cri-
teria for the care and use of laboratory research animals. All
the animal care and research protocols were approved by
the Institutional Animal Care and Use Committee of South-
ern Medical University (Guangzhou, China) and performed
in accordance with the National Institutes of Health guide-
lines for the use of experimental animals.

2.2. Cecal Ligation and Puncture (CLP) Surgery [14]. Rats
were anesthetized with isoflurane inhalation. Importantly,
the body temperature the rats should be kept at 36-38°C
using a heating pad. Anesthetized rats were subjected to mid-
line laparotomy. The cecum was carefully separated and then
ligated just below the ileocecal valve and punctured twice
with a 20-gauge needle. After that, the abdominal cavity
was closed with two epithelium layers. Then rats were given
fluid subcutaneous resuscitation. During the whole opera-
tion, damaging the blood vessels should be avoided.

2.3. Experimental Procedure and Drug Treatments In Vivo.
SD rats were randomly divided into different groups
according to the protocol of in vivo experiments (n = 8
-10 per group). According to the corresponding experi-
mental groups, rats were intraperitoneally pretreated with
18-α-glycyrrhizic acid (18-α-GA) (Sigma-Aldrich) at 30mg/
kg/day for 3 days before CLP surgery, with N-acetyl cysteine
(NAC) (Sigma-Aldrich) at 200mg/kg for 1 hour before CLP
surgery, with sp600125 at 30mg/kg/day for 3 days before
CLP surgery, and with nicotinamide (Sigma-Aldrich) at
120mg/kg/day for 3 days before CLP surgery. Then rats
were sacrificed, and the small intestines were obtained
for further examinations.

2.4. Intestinal Mucosa Collection [15]. At the end of the
experiment, the whole small intestine was removed care-
fully and about 1 cm intestine was cut from 10 cm to
terminal ileum. Then this part was fixed in 10% formalde-
hyde and embedded in paraffin for section. The remaining
small intestine was washed thoroughly with 0°C normal
saline and then opened longitudinally to expose the intes-
tinal epithelium. After being dried with suction paper, the
mucosal layer was harvested and stored at -70°C for fur-
ther examination.

2.5. Assessment of Intestinal Histopathological Injury [15].
Hematoxylin and eosin (H&E) staining was used to evaluate
intestinal histopathological injury. The histopathological
score was estimated by an experienced pathologist who was
blinded to all the groups according to the Chiu’s standard.
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2.6. Assessment of Lactate Dehydrogenase (LDH), Diamine
Oxidase (DAO), and Intestinal Fatty Acid-Binding Protein
(iFABP). At the corresponding time point, 3ml blood sam-
ples were taken from the abdominal aorta. Plasma was iso-
lated from the samples by centrifugation at 1500g for
15min at 4°C. Blood samples and tissues samples were used
to detect the contents of LDH, DAO, and iFABP. LDH assay
was carried out according to the manufacturer’s instruction
(Dojindo). DAO and iFABP were measured by commercial
ELISA kits (Jetway Biotech Co. Ltd.) following the manufac-
turer’s instructions.

2.7. Cell Lines [16] and Treatment. IEC-6 cells were obtained
from the American Tissue Culture Collection and cultured in
DMEM (Gibco), supplemented with 10% fetal bovine serum
(Gibco), 1% nonessential amino acids (Sigma-Aldrich), and
1% glutamine (Sigma-Aldrich) at 37°C in a humidified atmo-
sphere of 5% CO2. IEC-6 cells were pretreated with Cx43
channel inhibitors 18-α-GA (Sigma-Aldrich, 10μM for 1
hour), oleamide (Sigma-Aldrich, 25μM for 1 hour), NAC
(Sigma-Aldrich, 10mM for 1 hour), sp600125 (Sigma-Al-
drich, 20μM for 24 hours), and nicotinamide (Sigma-Al-
drich, 20mM for 24 hours) before LPS (Sigma-Aldrich,
10μg/ml for 24 hours) treatment. The corresponding solvent
of 18-α-GA and oleamide was dimethyl sulfoxide (DMSO)
(Sigma-Aldrich). Supernatant was used to detect the content
of LDH, DAO, and iFABP. The cell survival rate was tested
using Cell Counting Kit-8 (CCK-8) (Dojindo) assay.

2.8. “Parachute” Dye-Coupling Assay [9]. GJ function was
examined with “Parachute” dye-coupling assay in vitro as
described. Cells were grown to confluence in 12-well plates.
Donor cells from one well were incubated with a freshly made
solution of 10μg/ml calcein-AM (Sigma-Aldrich) in growth
medium for 30 minutes, at 37°C and pH7.4. Calcein-AM
was converted intracellularly into the GJ-permeable dye cal-
cein. Unincorporated dye was removed by three consecutive
washes with culture medium. The donor cells were then
trypsinized and seeded onto the receiver cells at the ratio
of 1 : 150 donor/receiver. The cells attached to the mono-
layer of receiver cells and formed GJs for 4 hours at
37°C and pH7.4. The results were examined with a fluo-
rescence microscope (EVOS FL, Life Technologies). The
average number of receiver cells containing calcein per
donor cell was calculated and considered as a measure of
the degree of GJ.

2.9. Inhibition of Cx43 Expression by Small Interfering RNA
(siRNA) Transfection. Specific siRNAs targeting rat Cx43
or FoxO3a (Thermo Fisher Scientific) were used to
knockdown Cx43 and FoxO3a expression. Corresponding
negative control siRNAs (Thermo Fisher Scientific) were
also used (shown as NC in the figures). IEC-6 cells were
transfected with Lipofectamine 2000 transfection reagent
(Thermo Fisher Scientific) according to the manufac-
turer’s instruction.

2.10. ROS Detection [6]. Cells were planted in 24-well plates
to detect the content of ROS. Cells were washed twice
with PBS and incubated in the presence of 10μM

dihydroethidium (DHE) (Sigma-Aldrich) in serum-free
DMEM for 30 minutes at 37°C. Stains of intracellular
ROS were observed with a fluorescence microscope (EVOS
FL, Life Technologies).

2.11. Western Blot Analysis. Western blotting followed the
standard procedures as described. And the following
antibodies were used: Cx43 (1 : 4000; Sigma-Aldrich),
JNK1 (1 : 1000; Cell Signaling Technology), Sirt1 (1 :
1000, Cell Signaling Technology), FoxO3a (1 : 1000, Cell
Signaling Technology), Bim (1 : 1000, Cell Signaling Tech-
nology), Puma (1 : 1000, Cell Signaling Technology), and
β-actin (1 : 5000, Sigma-Aldrich). The images were
scanned with the ImageJ scanning software, and the data
were expressed as the values relative to the Sham or
control value.

2.12. Luciferase Assays [17]. A dual-luciferase reporter kit
(Promega Luciferase Assay System E1501) was used to detect
luciferase activity. SiRNAs targeting FoxO3a (FoxO3a-
siRNA1 or FoxO3a-siRNA2) were transiently transfected
into IEC-6 cells with Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s protocol. Then Bim and
Puma luciferase reporter and internal control pRL-TK plas-
mids were transfected into the IEC-6 cells. The luciferase
activities of the cells were measured using a dual-luciferase
reporter assay kit (Promega). Reporter luciferase activity
was normalized to Renilla luciferase activity.

2.13. ChIP Assays [17]. SiRNAs targeting FoxO3a (FoxO3a--
siRNA1 or FoxO3a-siRNA2) were transiently transfected
into IEC-6 cells with Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s protocol. ChIP assays were
carried out using a ChIP kit (Millipore) according to the
instruction with the use of anti-FoxO3a (Cell Signaling Tech-
nology) antibody. DNA products from the immunoprecipi-
tation were quantified by qRT-PCR relative to input. PCR
were performed against the Bim primers (forward 5′
-CAACACAAACCCAAGTCCT-3′ and reverse 5′-CATT
TGCAAACACCCTCCTT-3′) or Puma primers (forward 5′
-GACGACCTCAACGCACAGTA-3′ and reverse 5′-AGGA
GTCCCATGATGAGATTGT-3′).

2.14. Statistical Analysis. Quantitative data are presented as
mean ± SE. Statistical analysis was performed using SPSS
13.0 (SPSS Inc.) and SigmaPlot 10.0 (Systat Software Inc.).
The Kolmogorov-Smirnov test was used to test the normality
of the data. Multiple comparisons among different groups
were analyzed using one-way ANOVA, followed by Tukey’s
post hoc test. P values less than 0.05 were considered statisti-
cally significantly different.

3. Results

3.1. CLP-Induced Intestinal Injury Presented a Dynamic
Change. Representative images of intestinal injury caused
by CLP revealing Chiu grades from 0 to 5 are shown in
Figures 1(a) and 1(b), which presented a dynamic change.
Twenty-four hours after CLP, intestinal injury reached the
peak and then gradually recovered. This trend of dynamic
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change not only manifested as the intestinal pathological
injury but also coordinated with the changes of LDH,
DAO, and iFABP from intestinal tissues (Figures 1(c)–
1(e)) or serum (Figures 1(f)–1(h)), all of which reached
the peak at about 24 hours after CLP. It was consistent
with the change of the intestinal pathological injury, also
reflecting the degree of CLP-induced intestinal injury.

Given that Cx43 is richly expressed in the intestine and
its overexpression has been shown to be related with organ
damage [18], so, the expression level of Cx43 was determined
after CLP. As shown in Figure 1(i), Cx43 protein was gradu-
ally increased and peaked at 24 hours after CLP, which was
coincident with the most severe intestinal pathological injury
and other intestinal function indicators, such as LDH, DAO,

and iFABP. Results in Figure 1 provided us an evidence
that Cx43 might be closely related to CLP-induced intesti-
nal injury.

3.2. Cx43 Inhibition Attenuated CLP-Induced Intestinal
Injury. Results in Figure 1 provided a clue that Cx43 might
play an important role in CLP-induced intestinal injury.
Therefore, 18-α-GA, considered to be a commonly used
inhibitor of Cx43 channels, was employed to explore roles of
Cx43 in this pathology [19]. Results in Figure 2 indicated that,
after being pretreated with 18-α-GA, intestinal pathological
injury (Figures 2(a) and 2(b)), as well as LDH, DAO, and
iFABP from intestinal tissues (Figures 2(c)–2(e)) or serum
(Figures 2(f)–2(h)), was attenuated obviously. The results
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Figure 1: CLP-induced intestinal injuries were coincident with the changes of Cx43 expression. (a) Small intestine tissue slices were stained
with H&E at different time points after CLP; (b) the histopathological score was estimated according to Chiu’s standard; (c–e) levels of LDH,
DAO, and iFABP in small intestine tissues; (f–h) levels of LDH, DAO, and iFABP in serum; (i) Cx43 expression of small intestine tissues at
different time points after CLP. Data are shown asmean ± SD, n = 8-10 for each group; ∗p < 0 05 vs. the Sham group and #p < 0 05 vs. the CLP
24 h group.
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demonstrated that Cx43 inhibition attenuated CLP-induced
intestinal injury. DMSO as the vehicle control of 18-α-GA
had no effect on the parameters.

3.3. Cx43 Inhibition Attenuated LPS-Induced IEC-6 Injury In
Vitro. Results in Figure 2 indicated that intestinal damage
caused by CLP could be attenuated by inhibiting Cx43 func-
tion. To confirm this mechanism, we further tested it on
IEC-6 cells, which is an intestinal epithelial cell line [16].
IEC-6 cells were pretreated with two commonly used inhibi-
tors of Cx43, 18-α-GA, and oleamide. The results showed
that the dye coupling (reflecting Cx43 channel function,
detected by “Parachute” dye-coupling assay) was reduced
significantly in pretreated IEC-6 cells (Figure 3(a)). At the
same time, LPS-induced IEC-6 injury (Figure 3(b)), as well
as LDH, DAO, and iFABP (Figures 3(c)–3(e)), was also
attenuated subsequent to pretreatment with 18-α-GA and
oleamide. In order to confirm the conclusion that Cx43 inhi-
bition could reduce LPS-induced IEC-6 injury, two different
Cx43 siRNAs (Cx43-siRNA1 and Cx43-siRNA2) were used
to specifically knockdown Cx43 expression in IEC-6 cells.
These two siRNAs effectively depressed Cx43 expression
and dye coupling between the neighboring IEC-6 cells
(Figures 3(f) and 3(g)). Certainly, as Cx43 inhibition with

siRNAs, LPS-induced IEC-6 injury (Figure 3(h)), as well as
LDH, DAO, and iFABP (Figures 3(i)–3(k)), was also
reduced. The data indicated that Cx43 played a key role in
LPS-induced IEC-6 injury.

3.4. Cx43 Inhibition Attenuated LPS-Induced IEC-6 Injury In
Vitro and CLP-Induced Intestinal Injury In Vivo via Reducing
ROS Transmission. As far as we know, ROS is but one of the
few signals that can be transmitted through Cx43 channels,
which has been reported to play an important part in
multiple-organ damage [6]. Therefore, we investigated the
effects of ROS mediated by Cx43 channels on LPS-induced
IEC-6 injury in vitro and CLP-induced intestinal injury
in vivo. Figure 4(a) showed that both 18-α-GA and oleamide
attenuated ROS generation and distribution effectively and
NAC, a kind of ROS scavenger, also depressed the content
of ROS. Of note, with the clearance of ROS, LPS-induced
IEC-6 injury was attenuated, manifested as the increase of
cell survival rate and the reduction of LPS, DAO, and iFABP
(Figures 4(b)–4(e)). Meanwhile, in in vivo experiments,
NAC application also attenuated CLP-induced intestinal
injury, manifested as the improvement of intestinal patholog-
ical injury (Figures 4(f) and 4(g)) and the reduction of LPS,
DAO, and iFABP from intestinal tissues (Figures 4(h)–4(j))
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Figure 2: Cx43 inhibition with 18-α-GA attenuated CLP-induced intestinal injuries. (a) Small intestine tissue slices were stained with H&E.
Rats were intraperitoneally pretreated with 18-α-GA (30mg/kg/day) for 3 days before CLP surgery. (b) The histopathological score was
estimated according to Chiu’s standard. (c–e) Levels of LDH, DAO, and iFABP in small intestine tissues. (f–h) Levels of LDH, DAO, and
iFABP in serum. Data are shown as mean ± SD, n = 8-10 for each group; ∗p < 0 05 vs. the Sham group and #p < 0 05 vs. the CLP group.
Vehicle control of 18-α-GA is DMSO.
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or serum (Figures 4(k)–4(m)). Thus, in this part, we con-
cluded that ROS clearance could protect against intestinal
injury in vitro or in vivo and Cx43 inhibition could attenu-
ate ROS generation and distribution. Along with the fact
that in Figures 2 and 3, we had demonstrated that Cx43
inhibition could improve intestinal injury. Therefore, we
postulated that Cx43 inhibition protects against CLP-
induced intestinal injury via regulating ROS generation
and distribution.

3.5. ROS Transfer Mediated by Cx43 Channels Regulated the
Activation of the JNK1/Sirt1/FoxO3a Signaling Pathway,
Which Also Affected LPS-Induced IEC-6 Injury In Vitro and
CLP-Induced Intestinal Injury In Vivo. ROS could regulate
many different kinds of signaling pathways, the most impor-
tant one is JNK1 [20]. And in recent years, a few documents
reported that the JNK signaling pathway blockade might be a
rational therapeutic approach to modulate sepsis [21, 22] but
the underlying mechanism was still unknown. As a protein
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Figure 3: Cx43 inhibition attenuated LPS-induced IEC-6 injuries. (a) 18-α-GA (10 μM for 1 hour) and oleamide (25 μM for 1 hour)
attenuated dye transfer between the neighboring IEC-6 cells with “Parachute” dye-coupling assay; (b) survival rate of IEC-6 cells
pretreated with LPS (10 μg/ml for 24 hours) using CCK-8 assay; (c–e) levels of LDH, DAO, and iFABP in supernatants; vehicle control of
18-α-GA and oleamide is DMSO; (f) Cx43 siRNAs (Cx43-siRNA1 and Cx43-siRNA2) attenuated dye transfer between the neighboring
IEC-6 cells with “Parachute” dye-coupling assay; (g) Cx43 siRNAs (Cx43-siRNA1 and Cx43-siRNA2) attenuated Cx43 expression in
IEC-6 cells; (h) survival rate of IEC-6 cells pretreated with LPS (10 μg/ml for 24 hours) using CCK-8 assay; (i–k) levels of LDH, DAO, and
iFABP in supernatants; NC: negative control; data are shown as mean ± SD, n = 3-5; ∗p < 0 05 vs. the control group and #p < 0 05 vs. the
LPS group.
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kinase, JNK1 phosphorylates components of the activator
protein transcription factor complex resulting in a change
in cellular fate and this viewpoint has been widely accepted
by researchers [23]. For example, it had been reported that
JNK1 could phosphorylate Sirt1 and promote its enzymatic

activity [24]. Thus, we investigated the effects of the
JNK1/Sirt1/FoxO3a signaling pathway mediated by ROS on
CLP-induced intestinal injury. Figure 5(a) illustrated that
(1) CLP led to drastic changes in JNK1/Sirt1/FoxO3a signal-
ing pathways and its downstream genes, Bim and Puma:

Control 18-�훼-GADMSO Oleamide NAC
LPS

(a)

0.0

0.5

1.0

1.5

LPS

#

⁎

C
on

tro
l

N
AC

Su
rv

iv
al

 ra
te

 n
or

m
al

iz
ed

to
 co

nt
ro

l (
IE

C-
6)

(b)

0

2

4

6

LPS

#

⁎

C
on

tro
l

N
AC

Re
lat

iv
e L

D
H

 n
or

m
al

iz
ed

to
 co

nt
ro

l (
IE

C-
6)

(c)

0

2

4

6

8

LPS

#

⁎

C
on

tro
l

N
AC

Re
lat

iv
e D

AO
 n

or
m

al
iz

ed
to

 co
nt

ro
l (

IE
C-

6)
 

(d)

0

2

4

6

LPS

#

⁎

C
on

tro
l

N
AC

Re
lat

iv
e i

FA
BP

 n
or

m
al

iz
ed

to
 co

nt
ro

l (
IE

C-
6)

(e)

Sham NAC
LPS

(f)

0

2

4

6

CLP

#

⁎

Sh
am

N
ACCh

iu
′s 

sc
or

es

(g)

0

4

8

12

CLP

#

⁎

Sh
am

N
ACRe

la
tiv

e L
D

H
no

rm
al

iz
ed

 to
 S

ha
m

(h)

0

4

8

12

CLP

#

⁎

Sh
am

N
ACRe

la
tiv

e D
AO

no
rm

al
iz

ed
 to

 S
ha

m

(i)

0

5

10

15

CLP

#

⁎

Sh
am

N
ACRe

lat
iv

e i
FA

BP
no

rm
al

iz
ed

 to
 S

ha
m

(j)

0

3

6

9

CLP

#

⁎

Sh
am

N
AC

Se
ru

m
-r

el
at

iv
e L

D
H

no
rm

al
iz

ed
 to

 S
ha

m

(k)

0

3

6

9

CLP

#

⁎

Sh
am

N
AC

Se
ru

m
-r

el
at

iv
e D

AO
no

rm
al

iz
ed

 to
 S

ha
m

(l)

0

4

8

12

CLP

#

⁎

Sh
am

N
AC

Se
ru

m
-r

el
at

iv
e i

FA
BP

no
rm

al
iz

ed
 to

 S
ha

m

(m)

Figure 4: ROS inhibition improved LPS-induced IEC-6 injuries in vitro and CLP-induced intestinal injuries in vivo. (a) 18-α-GA (10 μM for 1
hour), oleamide (25 μM for 1 hour), and NAC (10mM for 1 hour) pretreatment attenuated ROS generation and distribution between the
neighboring IEC-6 cells. (b) Survival rate of IEC-6 cells pretreated with LPS (10 μg/ml for 24 hours) using CCK-8 assay. (c–e) Levels of
LDH, DAO, and iFABP in supernatants. In (a–e), data are shown as mean ± SD, n = 3 − 5; ∗p < 0 05 vs. the control group and #p < 0 05
vs. the LPS group. (f) Small intestine tissue slices were stained with H&E. Rats were intraperitoneally pretreated with NAC (200mg/kg)
for 1 hour before CLP surgery. (g) The histopathological score was estimated according to Chiu’s standard. (h–j) Levels of LDH, DAO,
and iFABP in small intestine tissues. (k–m) Levels of LDH, DAO, and iFABP in serum. In (f–m), data are shown as mean ± SD, n = 6-8
for each group; ∗p < 0 05 vs. the Sham group and #p < 0 05 vs. the CLP group.
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Figure 5: ROS regulated the activation of the JNK1/Sirt1/FoxO3a signaling pathway. (a) Effects of NAC (intraperitoneally, 200mg/kg for 1
hour), sp600125 (intraperitoneally, 30mg/kg for 1 hour), and nicotinamide (intraperitoneally, 120mg/kg/day for 3 days) pretreatment before
CLP surgery on JNK1, Sirt1, FoxO3a, Bim, and Puma expression. (b) Small intestine tissue slices were stained with H&E. Rats were
intraperitoneally pretreated with NAC, sp600125, and nicotinamide before CLP surgery. (c) The histopathological score was estimated
according to Chiu’s standard. (d) Levels of LDH, DAO, and iFABP in small intestine tissues. (e) Levels of LDH, DAO, and iFABP in
serum. In (a–e), data are shown as mean ± SD, n = 6 − 8 for each group; ∗p < 0 05 vs. the Sham group and #p < 0 05 vs. the CLP group. (f)
Survival rate of IEC-6 cells pretreated with NAC (10mM for 1 hour), sp600125 (20 μM for 24 hours), and nicotinamide (20mM for 24
hours) before LPS (10 μg/ml for 24 hours) exposure, using CCK-8 assay. (g) Levels of LDH, DAO, and iFABP in supernatants. In (f–g),
data are shown as mean ± SD, n = 4-5; ∗p < 0 05 vs. the control group and #p < 0 05 vs. the LPS group.
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JNK1, FoxO3a, Bim, and Puma were all upregulated obvi-
ously, but Sirt1 was downregulated, (2) importantly, with
the clearance of ROS by NAC, the expression of JNK1,
FoxO3a, Bim, and Puma decreased to varying degrees and
Sirt1 expression was restored to some extent, (3) the effects
of JNK1 inhibition with sp600125 was similar to those of
NAC caused by ROS clearance by downregulating JNK1,
FoxO3a, Bim, and Puma expression, but upregulating Sirt1
expression, and (4) of note, Sirt1 inhibition with nicotin-
amide resulted in the dramatic increase of FoxO3a and its
downstream-related genes, Bim and Puma, but had no effects
on JNK1 expression, which indicated that Sirt1 was located in
the downstream of JNK1. Thus, Figure 5(a) showed that the
regulation of ROS on the JNK1/Sirt1/FoxO3a signaling path-
way might be the intrinsic mechanism of CLP-induced intes-
tinal injury. Therefore, we found that NAC (ROS clearance)
and sp600125 (JNK1 inhibition and Sirt1 recovery) protected
against CLP-induced intestinal injury, while nicotinamide
(Sirt1 inhibition) caused more serious damage, manifested
as intestinal pathological injury (Figures 5(b) and 5(c)) and
biochemical indicator (Figure 5(d): LDH, DAO, and
iFABP in tissue; Figure 5(e): LDH, DAO, and iFABP in
serum). In addition, we obtained similar results in the
in vitro experiments that LPS-induced IEC-6 injury was
alleviated by NAC and sp600125 but aggravated by nico-
tinamide (Figures 5(f) and 5(g)).

Although the JNK1/Sirt1/FoxO3a signaling pathway was
activated by sepsis, the changes of the key points were differ-
ent. Figure 5(a) showed that in CLP models, JNK1 was
increased but Sirt1 was decreased. As reported, continuous
activation of JNK1 resulted in the increase of ser46 phos-
phorylation of Sirt1, which caused proteasome-mediated
Sirt1 degradation [25]. In Figure 5(a), we found that with
JNK1 expression downregulated by its related inhibitor,
sp600125, Sirt1 expression was restored (Figure 5(a) Sirt1
expression). Therefore, we believed that JNK1 negatively reg-
ulated Sirt1 in the model of CLP-induced intestinal injury.
Sirt1 was a NAD-dependent deacetylase that could regulate
the deacetylation of FoxO3a [26]. Thus, the downregulation
of Sirt1 weakened the deacetylation of FoxO3a, which
resulted in the activity of FoxO3a being enhanced [27].
FoxO3a was the key transcriptional regulator of Bim and
Puma expression, responsible for cell or tissue apoptosis [13].

Thus, Figure 5(a) demonstrated that CLP resulted in an
increase in the expression of JNK1, but a decrease in Sirt1.
The downregulation of Sirt1 weakened the deacetylation of
FoxO3a, which enhanced the activity of FoxO3a. When we
used nicotinamide (Sirt1 inhibitor) to inhibit Sirt1 in CLP
models, FoxO3a, Puma, and Bim were dramatically increased
compared to those of the CLP group.

3.6. FoxO3a Directly Regulated Bim and Puma Expression.
We have demonstrated that ROS transfer is mediated by
Cx43 channels and regulated the activation of the
JNK1/Sirt1/FoxO3a signaling pathway, as well as its down-
stream genes, Bim and Puma. In order to further confirm
the regulation of FoxO3a to Bim and Puma, we designed
two siRNAs targeting to FoxO3a (Figure 6(a), FoxO3a--
siRNA1, FoxO3a-siRNA2) and observed the effects of

FoxO3a silence on Bim and Puma. LPS exposure resulted
in the increase of Bim and Puma luciferase activities, which
was attenuated by FoxO3a-siRNA1 and FoxO3a-siRNA2
(Figures 6(b) and 6(d)). Next, chromatin immunoprecipita-
tion (ChIP) assay was applied in our current study to inves-
tigate whether FoxO3a directly interacted with Bim and
Puma promoters in this process. ChIP analysis revealed that
the recruitment of FoxO3a protein found in the Bim and
Puma promoters was both markedly reduced in response to
FoxO3a-siRNA1 and FoxO3a-siRNA2 (Figures 6(c) and
6(e)). Taken together, these results supported that FoxO3a
directly affects Bim and Puma expression, both were always
considered to play an important part in regulating apoptosis.

4. Discussion

Sepsis is a life-threatening syndrome with high morbidity
and mortality worldwide. Although, the intestinal injury
has long been hypothesized to play a crucial role in sepsis
and is frequently characterized as the “motor” of the systemic
inflammatory response, the explicit mechanisms responsible
for the pathogeny were not fully understood, which lead to
the lack of satisfactory treatments on sepsis in clinics [2].
Thus, in the current study, we explored the underlying mech-
anism of intestinal injury caused by sepsis and its possible
therapeutic strategies with rat CLP models in vivo and cell
models (IEC-6 cells, a kind of intestinal epithelial cell line)
pretreated with LPS in vitro. The current study presented that
intestinal injury caused by CLP presented a dynamic change,
which was coincident with the alternation of Cx43 expres-
sion. More importantly, Cx43 inhibition attenuated CLP-
induced intestinal injury in vivo and LPS-induced IEC-6
injury in vitro. Our findings provide evidence that ROS trans-
fer mediated by Cx43 channels regulated the activation of the
JNK1/Sirt1/FoxO3a signaling pathway, as well as its down-
stream target genes, Bim and Puma, responsible for cell or
tissue apoptosis which might be the underlying mechanisms.

Intestinal injury in sepsis is a progressively deteriorating
the pathophysiological process. If not intervened, sepsis-
induced intestinal injury, as the “motor” of the systemic
inflammatory response, will lead to multiple-organ dysfunc-
tion and even organism death [28, 29]. In the present study,
we found that Cx43 channels played an important part in
the process of injury amplification and deterioration through
“death signals” transmitting between the neighboring cells.
Until now, 21 isoforms of connexins have been found; they
express in all human organs and tissues with different regula-
tions and permeabilities. Connexin isoforms form GJs which
regulate intercellular signal transmission between the neigh-
boring cells, exerting different physiological and pathological
roles. These molecular signals were called “death signals,”
which resulted in the cytotoxicity being amplified and deteri-
orated continuously. This kind of effect caused by “death sig-
nals” is called “bystander effect” [7, 30]. Compared to other
connexins, Cx43 distribution is more universal and Cx43
channels have larger permeability for intercellular signals.
These characteristics determine that Cx43 plays a more
important role in regulating cell life activities. For example,
it has been reported that Cx43 inhibition protected the brain

9Mediators of Inflammation



and heart against ischemia-reperfusion injuries [31, 32]. And
in our experiments, we clarified that Cx43 inhibition attenu-
ated CLP-induced intestinal injury in vivo and LPS-induced
IEC-6 injury in vitro, which prompts us that Cx43 might be
a potential target to prevent further deterioration of
sepsis-induced intestinal injury.

The transmission of “death signals” is always considered
to be the main mechanism of Cx43 channels to exert biolog-
ical effects; however, the intrinsic quality of “death signals” is
still controversial. ROS, including oxygen radicals and non-
radical compounds, is but one of the few signals that can be
transmitted through Cx43 channels. Both oxygen radicals
and nonradical compounds had much less molecular mass
than the upper limit of Cx43 channel permeability [9]. Our
previous study had also preliminarily confirmed the possibil-
ity of ROS as “death signals”: inhibition of ROS transmission
between the neighboring cells mediated by Cx32 channels
could alleviate acute kidney injury after liver transplantation
[9]. And in our current study, we firstly demonstrated that
inhibition of ROS transmission mediated by Cx43 channels
attenuated sepsis-induced intestinal injuries.

As a strong oxidative stress signal, ROS could not only
directly damage cells or tissues but also indirectly activate a
series of damage-related signaling pathways [10, 20].

Combining with the fact that Cx43 channels mediated the
continuous diffusion of ROS between the neighboring cells,
we believed that Cx43 channel-mediated ROS transduction
directly damage adjacent cells or activate downstream
injury-related signaling pathways which might be one of
the most important mechanisms of sepsis-induced intestinal
injury continuously deteriorating. The activation of MAPKs
family often involves in the increase of ROS. JNK1, a family
member of the MAPKs, plays a key role in signal transduc-
tion. JNK1 is regulated by cytokines, growth factors, and cel-
lular stresses such as heat shock, UV radiation and ROS [33].
JNK1 phosphorylated components of the activator protein
transcription factor complex resulting in a change in cellular
fate, such as Sirt1 [34, 35]. Sirt1 phosphorylation mediated by
JNK1 had been reported to exert two opposite effects in dif-
ferent situations, enhancing or weakening the deacetylation
of Sirt1 [25, 35], which indicated that the regulation of
JNK1 on Sirt1 is not completely clear. As reported, continu-
ous activation of JNK1 resulted in the increase of ser46 phos-
phorylation of Sirt1, which caused proteasome-mediated
Sirt1 degradation [25]. Ultimately, the function of Sirt1 was
inhibited. Results obtained from our present study were
consistent with the above reports: with JNK1 expression
being downregulated by its related inhibitor, sp600125, Sirt1
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Figure 6: FoxO3a directly regulated Bim and Puma expression. (a) FoxO3a siRNAs (FoxO3a-siRNA1 and FoxO3a-siRNA2) attenuated
FoxO3a expression in IEC-6 cells. (b) The increase of Bim luciferase activity was attenuated by FoxO3a siRNA transient transfection into
IEC-6 cells with Lipofectamine 2000. (c) IEC-6 cells were pretreated with FoxO3a siRNAs (FoxO3a-siRNA1 and FoxO3a-siRNA2) and
then subjected to LPS (10 μg/ml) for 24 hours. ChIP analyses were performed with antibodies against FoxO3a and primers for the Bim
promoter regions. (d) The increase of Puma luciferase activity was attenuated by FoxO3a siRNA transient transfection into IEC-6 cells
with Lipofectamine 2000. (c) IEC-6 cells were pretreated with FoxO3a siRNAs (FoxO3a-siRNA1 and FoxO3a-siRNA2) and then subjected
to LPS (10 μg/ml) for 24 hours. ChIP analyses were performed with antibodies against FoxO3a and primers for the Puma promoter
regions. Data are shown as mean ± SD, n = 3; ∗p < 0 05 vs. the control group and #p < 0 05 vs. the LPS group.
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expression was restored. Therefore, we think that JNK1 neg-
atively regulates Sirt1 in the model of CLP-induced intestinal
injury. Sirt1 is a NAD-dependent deacetylase that regulates a
variety of signaling pathways through deacetylating tran-
scription factors such as FOXOs, p53, NF-κB-mediated
stress resistance, apoptosis, and inflammatory responses
[26, 36]. FoxO3a belongs to the family of mammalian fork-
head transcription factors. Its activity is regulated by phos-
phorylation and deacetylation. And Sirt1 plays a major role
in the deacetylation regulation of FoxO3a. Deacetylation
results in a significant decrease of FoxO3a activity. FoxO3a
has also emerged as a key transcriptional regulator of Bim
and Puma expression, both of which are the most potent
of the proapoptotic BH3-only proteins, due to their ability
to bind to and neutralize all prosurvival BCL2 members
[13]. Thus, we mainly focused on the regulation of FoxO3a
on Bim and Puma with different methods, such as two spe-
cific siRNAs targeting FoxO3a, luciferase assays and ChIP
assays. The results indicated that FoxO3a directly affects
Bim and Puma expression. Bim-mediated apoptosis and
Puma-mediated apoptosis always play an important role in
many intestinal diseases, such as intestinal ischemia-
reperfusion injury or inflammatory bowel disease [37, 38].
It has been found that most of the intestinal epithelial exfo-
liated cells are apoptotic cells. Apoptosis of intestinal muco-
sal cells leads to damage of intestinal mucosal barrier and
aggravation of intestinal injury [39, 40]. For IBD, the abnor-
mal regeneration and apoptosis of intestinal epithelium lead
to changes in the morphology of the crypt and villi and then
cause changes in intestinal barrier function, which ultimately
promotes the occurrence of IBD [41, 42]. In our current
study, we found that with the increase of Bim and Puma
expression, CLP-induced intestinal injury in vivo and
LPS-induced IEC-6 injury in vitro were both deteriorated.
In contrast, with the downregulation of Bim and Puma
expression, intestinal injury was improved. Therefore, regu-
lating the expression of Bim and Puma might have an
important clinical significance in improving intestinal injury
in sepsis.

5. Conclusions

We have conducted a series of in vitro and in vivo studies
and firstly described a completely different new mecha-
nism of sepsis-induced intestinal injuries. The enhance-
ment of Cx43 channel function results in ROS increase,
and redistribution regulates the activation of the JNK1/
Sirt1/FoxO3a signaling pathway, as well as its downstream
target genes, Bim and Puma, responsible for cell or tissue
apoptosis. Because of the existence of Cx43 channels,
ROS transmits continuously between adjacent cells and
activated downstream of the JNK1/Sirt1/FoxO3a signaling
pathway, which results in the intestinal injury continuously
enlarging and deteriorating. This is more in line with the
pathological process of sepsis-induced intestinal injury
but also different from the traditional research about its
mechanism, so we believed that our research is more
instructive in clinics.
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