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Abstract: This study was conducted to investigate the role of the cholinergic anti-inflammatory pathway in LPS-
induced septic cardiomyopathy in mice. C57BL/6 mice were used to construct septic cardiomyopathy models. The
optimal duration of lipopolysaccharide (LPS) treatment was determined by HE staining and TUNEL assay. Blank con-
trols were intraperitoneally injected with saline and models were injected with LPS (10 mg/kg) (LPS), a-bungarotoxin
(BT-LPS), BT and dexmedetomidine (BT-DEX-LPS). The pathological examinations were performed on HE- stained
myocardium tissues, apoptosis was determined using TUNEL assay, mRNA expression of NF-kB p65, Caspase-3,
Caspase-8, Bcl-2, Bax, p53 and a7nACh was quantified using qRT-PCR, protein levels of IL-6, IL-13, TNF-& and phos-
phorylated STAT3 (p-STAT3) were analyzed using Western blot analysis. HE staining and TUNEL assays showed that
the optimal LPS treatment time for septic cardiomyopathy induction was 16 h. Compared with the blank control,
mice in LPS group had significantly higher apoptosis, while DEX and BT reduced apoptosis when they were used
separately and increased apoptosis when they were used jointly. In the LPS-treated mice, the levels of NF-kb p65,
Caspase-3, Caspase-8, Bax, p53, IL-6, IL-13, TNF-a and p-STAT3 were significantly increased, while a7nAChR level
was decreased significantly (P < 0.01); DEX alone had no impact on the expression of these proteins but significantly
up-regulated the expression of these genes except a7nAChR when used jointly with BT (P < 0.01). It is clear that DEX
can alleviate heart injury, while a7nAChR-specific blocker BT is antagonistic against the anti-inflammatory effect of
DEX on sepsis in mice.
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Introduction

Sepsis is an uncontrollable systemic inflam-
matory response syndrome (SIRS) caused by
pathogenic infections, leading to severe septic
shock [1]. In the patients with severe sepsis,
approximately 44% have cardiac dysfunction
[2, 3]. Therefore, it is of great significance to
reduce the mortality of patients with sepsis by
early diagnosis of cardiac dysfunction and pro-
active treatments. Recently, it is found that the
cholinergic anti-inflammatory pathway (CAP)
can stimulate the vague nerve to inhibit the
secretion of pro-inflammatory cytokines such
as tumor necrosis factor-a (TNF-&) to alleviate

excessive systemic inflammatory response [4].
CAP is very important in in vivo immune regu-
lation, because the cholinergic nerve has o7
nicotinic acetylcholine receptor (x7nAChR) to
couple with the immune system [5]. The re-
ceptor regulates the synthesis and secretion
of inflammatory factors such as TNF-a and
IL-1 to modulate inflammatory response [6, 71.
This physiological mechanism stabilizes the
immune system to balance inflammatory and
anti-inflammatory responses. Sedative drugs
are effective in the treatment of severe sep-
tic patients. Dexmedetomidine (DEX) is a hig-
hly selective agonist of a2 adrenergic rece-
ptor. It acts on a2 adrenergic receptor in the
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Table 1. Primers for qRT-PCR

Gene Primer

Caspase-8 F: CCGATTCTCTGGGCAACTGT
R: ATCCACATGTGTCCCGTTCC

a7-nAChR F: ACCTCGTGTGATCCAAAGCC

R: GGTTTCCTCTTGCTCAGGGT
Caspase-3 F: CCACAGCACCTGGTTATT

R: ATTCTATCGCCACCTTCC
NF-kbp65 F: CGACGTATTGCTGTGCCTTC

R: TGAGATCTGCCCAGGTGGTAA
Bax F: CCAGGATGCGTCCACCAA

R: AAAGTAGAAGAGGGCAACCAC
BCL-2 F: GTGGCCTTCTTTGAGTTCG

R: ACCCAGCCTCCGTTATCC
P53 F: TGACGGAGGTCGTGAGAC

R: CCAGATACTCGGGATACAAA
B-actin F: CCTCTATGCCAACACAGTGC

R: GTACTCCTGCTTGCTGATCC

brain and spinal cord to inhibit the activity of
sympathetic nerve with analgesic, sedative and
antisialogogue functions [8, 9]. In addition, it is
also shown to protect kidney, brain and heart
[10]. a-bungarotoxin (BT) is a neurotoxin, which
binds specifically and irreversibly N- type ace-
tylcholine receptor with high affinity. Studies
have shown that it has anti-inflammatory and
antitumor activities [11]. Therefore, in this
study, we investigated the protective role of
DEX and BT against myocardial injury using
septic cardiomyopathy mouse models induced
by LPS. The findings would provide new insights
into clinical treatments of septic myocardial
injury.

Materials and methods
Animals

Six-week-old specific-pathogen-free C57BL/6
male mice, weighing 23-27 g, were purchased
from Slackking Experimental Animal Co, Hu-
nan, China, and all mice were housed under
pathogen-free conditions and had access to
standard rodent food and water ad libitum. The
animal study protocols were approved by Har-
bin Medical University Animal Care and Use
Committee.

Animal model and drug treatment

Septic cardiomyopathy models were construct-
ed by injecting LPS (5 mg/kg, Sigma, USA) via
the tail veins. The duration of LPS treatment
for successful modelling was determined us-
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ing HE staining and TUNEL assay according
to the severity of sepsis and apoptosis. For
drug treatments, the animals were randomly
grouped into control, model (LPS) (injected with
LPS (5 mg/kg) only), BT-LPS (injected with
a-bungarotoxin (BT, 1 ug/kg, Sigma, USA) and
LPS), DEX-LPS (injected with dexmedetomidine
(DEX, 10 mg/kg, Sigma, USA) and LPS) and
BT-DEX-LPS (injected with BT, DEX (10 mg/kg)
and LPS). For BT-LPS and DEX-LPS treatments,
BT and DEX were injected 1 h before LPS, and
for BT-DEX-LPS, BT was injected 1 h before DEX
and DEX was injected 1 h before LPS.

HE staining and TUNEL assay

Heart tissue was washed with PBS, fixed in
10% neutral formaldehyde solution, embedded
in paraffin and sectioned. The slides were
stained with HE stains as described [12] and
viewed under light microscope. The sections
were also used to detect apoptosis using the
TUNEL method as reported [13].

qRT-PCR

Total RNA was isolated from heart tissue by
using the TRIzol Reagent (Life Technologies,
Carlsbad, CA, USA) according to the manufac-
turer’s protocol. RNA quantity was measured
by a SmartSpec Plus spectrophotometer (Bio-
Rad, Hercules, CA, USA). RNA purity was evalu-
ated by the A260/A280 ratio. Reverse tran-
scription was performed with 200 ng of RNA in
a total volume of 10 pl using the High Capa-
city cDNA Transcriptase Reverse kit (Applied
Biosystems by Life Technologies, Carlsbad, Ca-
lifornia, USA) according to manufacturer’s rec-
ommendations. A total of 2.5 pl of the resul-
ting cDNA was subjected to pre-amplification
using the SYBR Green gPCR SuperMix (Invi-
trogen, USA) in a total volume of 12 ul. Non-
fluorescent probes were used at 1x. Pre-am-
plification cycling conditions were 10 min at
95°C followed by 14 cycles, each one consi-
sting of 15 s at 95°C and 4 min at 60°C.
RT-gPCR was performed on the 7900HT Fast
Real-Time PCR system using TagMan gene ex-
pression assays probes (Applied Biosystems).
Human B-actin was used as an internal con-
trol. The PCR was carried out in a total volume
of 10 ul containing 1.5 pl of diluted and pre-
amplified cDNA, 10 pl of TagMan Gene Ex-
pression Master Mix and 1 ul of each fluores-
cence TagMan probe using primers listed in
Table 1. The cycling conditions were 50°C for 2
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Figure 1. HE staining and TUNEL results of heart tissues following LPS treatments for different times (100x). A. HE
staining, showing deformation of muscles and leaking of red blood cells. B. TUNEL assay showing increased number

of apoptotic cells following LPS treatment.

min, 95°C for 10 min followed by 40 cycles,
each one consisting of 15 s at 95°C and 1 min
at 60°C. Samples were run in triplicate and the
mean values were calculated for each case.

The data were managed using the Applied Bio-
systems software RQ Manager v1.2.1. Relative
expression was calculated by using compara-
tive Ct method and obtaining the fold change
value (2-AACt) according to previously described
protocol [14].

Western blot analysis

Tissue was washed twice with cold PBS and
lysed with RIPA buffer that contains protease
and phosphatase inhibitors cocktail (Roche,
UK) for 30 min at 4°C. The supernatants were
collected after centrifugation at 12000 rpm for
20 min. The proteins were separated on poly-
acrylamide gel (SDS-PAGE) by electrophoresis,
transferred to PVDF membranes, and then de-
tected by proper primary and secondary anti-
bodies (against IL-6, IL-13, TNF-&, NF-kB p65,
p-STAT3 and o7nAChR, Abcam, USA) before
visualization using a chemiluminescence Kit.
The intensity of blot signals was quantitated
using ImageQuant TL analysis software (Ge-
neral Electric, UK).

Statistical analysis

All data were expressed as means + standard
derivation (s.d.) obtained from at least three
independent experiments. Statistical compari-
sons between experimental and control groups
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were assessed by using the Student’s t-test. P
< 0.05 was considered statistically significant.

Results
Optimal time for myocardial injury modelling

We treated the mice with LPS for different
times and then examined their myocardial inju-
ry. The results showed that the myocardial tis-
sues from the normal mice were evenly stained
with normal morphology, regularly arranged
fibers and without leakage of red blood cells on
the muscle and had no infiltration of inflamma-
tory cells. On other hand, 9 h after LPS treat-
ment, the myocardial gap was widened; 16 h
after LPS treatment, the mice had obvious myo-
cardial tissue disorders with severe swelling of
myocardial cells, widened muscle gap, hyper-
emia in the small blood vessels and leakage of
a large number of red blood cells in the inter-
muscular space. Also, fibrosis, necrosis and
aggregation were evident with increased num-
ber of adherent inflammatory cells. There were
even fiber breakages, and these deteriorations
were worsen after longer LPS treatment (18 h),
which resulted in severely damaged signs of
life, rapid temperature decline and increased
mortality (Figure 1A). TUNEL assays showed
that there was barely apoptosis in control and
mice treated with LPS for 9 h. Apoptosis in-
creased from 16 to 18 h after LPS treatment
(Figure 1B). However, at 18 h, the animals had
a sharply reduced body temperature with very
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poor mental state. Therefore, mice treated with
LPS for 16 h were chosen for subsequent
experiments in this study.

Pathological results following drug treatments
We first examined the pathological changes fol-

lowing drug treatments. No red cells and infil-
tration of inflammatory cells were observed in
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Figure 2. HE staining and TUNEL
results of heart tissues following
different drug treatments (200x).
A. HE staining showing deforma-
tion of muscles and leaking of red
blood cells. B. TUNEL assay show-
ing apoptotic cells following vari-
ous treatments.

control mice (Figure 2A). However, the models
had obviously disordered heart tissue with
swollen myocardial cells, widened muscle gap
and marked hyperemia in the small blood ves-
sels. A large number of red blood cells were
leaked to the intermuscular space. Fibrosis,
necrosis and aggregation were evident with
increased number of adherent inflammatory
cells. Mice in BT-LPS group showed myocardial
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Expression of NF-kB and
a7nAChR mRNA

In the cardiac tissue, the ex-
pression of NF-kB p65 and
o7nAChR was significantly up-
and down-regulated in the mo-
del group, respectively (P <
0.01, Figure 3A), as compared
with the blank control. DEX
alone did not increased the ex-
pression further in the model
(P > 0.05), but significantly in-
creased NF-kb p65 expression
and decreased o7nAChR ex-
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pression when applied toge-
ther with BT (P < 0.01, Figure

a-bungarotoxin+dexmedetomidin+LPS 3A).
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Figure 3. Relative mRNA level of NF-kB, a7nAChR, Caspase-3, Caspase-8,
Bcl-2, Bax and p53 mRNA in cardiac tissue following DEX, BT and LPS treat-
ments. A. NF-kB and a7nAChR expression; B. Caspase-3, Caspase-8, Bcl-2,
Bax and p53 expression. ***denote P < 0.01 vs control.

disorders, degeneration, dissolution with the
accumulation of inflammatory cells between
the muscle gaps, focal hemorrhage and infiltra-
tion of inflammatory cells. These injuries were
more serious than in the LPS group, resulting in
severely damaged signs of life, rapid tempera-
ture decline and increased mortality. In DEX-
LPS group, the mice had widened myocardial
muscle gap but not leaked red blood cells, nor
the aggregation of inflammatory cells. Their
damage was significantly less than that of LPS
group. Compared with DEX-LPS group, BT-DEX-
LPS group had more damage. TUNEL assays
showed that compared with the blank control,
the model group had significantly greater apo-
ptosis. DEX and BT reduced the apoptosis
when used separately and increased the apop-
tosis when used jointly (Figure 2B), suggesting
that BT can partially block the anti-inflammato-
ry effect of DEX.
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Expression of Caspase-3,
Caspase-8, Bcl-2, Bax and p53
mRNA

We then assayed the mRNA
levels of Caspase-3, Caspase-
8, anti-apoptotic protein Bcl-2,
pro apoptotic protein Bax and
p53 in the cardiac tissue. The
results showed that compared
with the blank control, LPS sig-
nificantly increased the mRNA
levels of all these genes except
Bcl-2, which was decreased
significantly (P < 0.01, Figure
3B). Again, DEX alone did not
change the expression (P > 0.05), but enhanced
the expression of these genes significantly
except Bcl-2, which was decreased significantly
(P < 0.01, Figure 3B) when it was used with BT.

Expression of IL-6, IL-13, TNF-oc and p-STAT3

Western blot analyses showed that the levels of
IL-6, IL-1B, TNF-a and p-STAT3 were significantly
up-regulated following LPS treatment. Similarly,
DEX alone did not change the expression (P >
0.05), but enhanced the expression of these
proteins significantly (P < 0.01, Figure 4,

Supplementary Figure 1) when it was used with
BT.

Discussion

LPS is commonly used to construct model of
sepsis. In this study, mice were injected with

Am J Transl Res 2017;9(11):5040-5047
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Figure 4. Expression of IL-6, IL-1, TNF- and p-STAT3 proteins in cardiac tissue following DEX, BT and LPS treatments.
Left panel: representative Western blots, right panel: relative protein levels. ***denote P < 0.01 vs control.

LPS to produce acute endotoxemia, which
eventually leads to systemic sepsis. As a lipo-
polysaccharide, LPS can elevate the levels of a
number of inflammatory factors, causing septic
shock and SIRS and resulting in body damage
[15]. Since LPS is able to stimulate the release
of inflammatory mediators in many kinds of
cells to trigger the process of sepsis, we used it
to generate the model of sepsis that mimics
the clinical features of sepsis.

Although LPS is commonly used for construct-
ing sepsis model, it is critical to identify a suit-
able duration for LPS treatment to generate
model with desirable levels of sepsis for our
experiments. Based on our experiments, it was
found that 16 h after LPS injection the models
had sufficient but not excessive sepsis and
were suitable for our experiments.

Using these models, we found that DEX could
reduce myocardial tissue damage and apopto-
sis. However, the improvement disappeared
when BT was used following BEX. Early study
showed that DEX reduces the apoptosis of
myocardial cells and inhibits the apoptosis in
sepsis by regulating the expression of Bax/
Bcl-2 [16]. DEX injected before LPS also re-
duced the expression of apoptosis proteins
Caspase-3, Caspase-8, Bax and p53 signifi-
cantly, while increased the expression of anti-
apoptotic protein Bcl-2 significantly. Further-
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more, BT erased these changes induced by
DEX in the expression of apoptosis proteins
and anti-apoptotic protein, suggesting that DEX
protects myocardium from septic injury via the
o7nAChR signal pathway.

During sepsis, inflammatory factors such as
IL-6, IL-1B and TNF-a play key roles [17]. Among
them, TNF-a is a classical inflammatory factor
and is one of the proinflammatory cytokines
that appears in the earliest stage of sepsis
[18]. DEX has been shown to significantly
reduce the expression levels of inflammatory
factors such as IL-6, IL-1B and TNF-a to inhi-
bit inflammatory response and exert sedative
effect [19]. DEX has anti-inflammatory effects
both before and after operation [20]. The oc-
currence of sepsis is related to the NF-kB
signaling pathway. When stimulated, inflamma-
tory cytokines will mediate the cells to release
NF-kB. After dissociation into p65 and p50,
NF-kB is translocated into the nucleus to re-
gulate the expression of genes coding for
inflammatory cytokines, leading to multiple or-
gan injuries [21]. We found that the levels of
NF-kB and p65 increased after the occurrence
of sepsis, while the expression of a&7nAChR
decreased; DEX increased the expression of
a7nAChR. After injection of LPS, TNF-a expres-
sion was significantly increased, suggesting
that the release of cytokines plays a very im-

Am J Transl Res 2017;9(11):5040-5047
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portant role in sepsis. Meanwhile, it was found
that TNF-a level was significantly lower after
DEX injection as compared with the models,
suggesting that DEX could reduce the level of
TNF-a. IL-6 is also one of the major cytokines
involved in inflammatory response. Reduction
of IL-6 expression is shown to improve the sur-
vival of septic mice [22]. Previous study has
also demonstrated that DEX is anti-inflammato-
ry and can improve the survival rate of mice
[23]. We showed that the level of IL-6 was sig-
nificantly increased after injection of LPS and
decreased after use of DEX, suggesting that
DEX could inhibit the release of cytokines such
as IL-6, which is consistent with previous find-
ings that DEX reduces the levels of IL-6, IL-13
and TNF-a [24]. Furthermore, we showed that
the use of BT after DEX led to a higher IL-6 level
than in DEX-treated mice, suggesting that the
anti-inflammatory effect of DEX could be
blocked by BT. STAT3 is mainly involved in the
signal transduction of IL-6. Studies have shown
that after IL-6 treatment, phosphorylation sig-
nal of STAT3 is gradually enhanced [25], which
is consistent with our results.

Taking together, it is concluded that DEX can
reduce heart damage, while a7nAChR-specific
blocker BT blocks the anti-inflammatory effect
on septic mice by DEX. The anti-inflammatory
mechanism of DEX is likely associated with
the activation of cholinergic anti-inflammatory
pathway.
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Supplementary Figure 1. Western blot analysis of p-STAT3, TNF-a 27, IL-13 and IL-6 in cardiac tissue.



