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Abstract: This study aimed to investigate the role of GTS-21 in cholinergic anti-inflammatory pathway-mediated pro-
tection of LPS-induced septic renal injury in mice. C57BL/6 mice were used to construct septic injury models. The 
optimal duration of lipopolysaccharide (LPS) treatment was determined using HE staining and TUNEL assay. Mice 
injected with saline were used as blank control and with LPS (10 mg/kg) as model, which were further treated with 
α-bungarotoxin (BT-LPS), GTS-21 (GTS-21-LPS) and BT and GTS-21 (BT-GTS-21-LPS). The pathological examinations 
were performed on HE stained renal 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-1β, TNF-α and phosphorylated STAT3 (p-STAT3) were analyzed using Western blots. HE staining and TUNEL 
assays showed that the optimal LPS treatment time for renal injury induction was 16 h. Compared with the blank 
control, mice in LPS group had significantly higher levels of NF-Kb p65, Caspase-3, Caspase-8, Bax, p53, IL-6, IL-1β, 
TNF-α and p-STAT3, while α7nAChR and Bcl-2 levels were decreased significantly (P < 0.01); GTS-21 and BT sig-
nificantly increased the expression of NF-Kb p65, Caspase-3, Caspase-8, Bax, p53, IL-6, IL-1β, TNF-α and p-STAT3, 
while α7nAChR and Bcl-2 levels were decreased significantly (P < 0.01). It is concluded that GTS-21 can effective 
alleviate the renal injury, while α7nAChR-specific blocker BT is antagonistic against the anti-inflammatory effect of 
GTS-21 on sepsis in mice. 
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Introduction

Acute kidney injury (AKI) is a common clinical 
syndrome, which is characterized by the accu-
mulation of metabolic substances and the de- 
cline of renal function [1, 2]. The incidence of 
AKI has been very high over the years and no 
effective medicines is available for the disease. 
AKI has poor prognosis with high mortality. 
Studies have shown that for some patients AKI 
may progress to chronic kidney disease, and 
even to end-stage renal disease. Cholinergic 
anti-inflammatory pathway (CAP) may be one  
of the protective mechanisms for AKI [3, 4]. As 
an anti-inflammatory immune regulatory path-
way, it participates in the immune modulation 
through acetylcholine and vagus nerve to achi- 

eve anti-inflammatory effect [5]. CAP can regu-
late the inflammatory response and reduce the 
inflammatory damage through the regulation of 
endogenous neural feedback mechanism. It is 
a fast, effective and controllable response. 
Studies have shown that CAP inhibits a variety 
of inflammatory factors, and is anti-inflammato-
ry in multiple organs such as liver, kidney, lung, 
intestine and heart [6]. GTS-21, a derivative of 
anabasine, and is a selective α7 subunit N- ace-
tylcholine receptor agonist. GTS-21 can down-
regulate the expression of endotoxin-induced 
TNF and IL-1β and is better than nicotine as an 
anti-inflammatory agent [7]. Many studies have 
shown that GTS-21 is a very effective immuno-
modulatory drug and can attenuate pancreati-
tis disease, improve the survival rate of sepsis 
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model, and reduce the level of TNF induced by 
endotoxin in the lung tissues [8-10]. GTS-21 
significantly decreased the levels of high mobil-
ity proteins in serum of severe sepsis mice induc- 
ed by cecal ligation and improves their survival 
[7]. α-bungarotoxin (BT) is a neurotoxin, which 
binds specifically and irreversibly N-type ace- 
tylcholine receptor with high affinity. Therefore, 
in this study mouse kidney sepsis models 
induced by LPS were intervened with GTS-21 
and BT to investigate the protection of GTS-21 
on renal injury and role of BT in blocking the 
anti-inflammatory effect. The findings would 
provide new insights into clinical treatment of 
septic renal 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, Hunan, 
China, and all mice were housed under patho-
gen-free conditions and had access to stan-
dard mouse food and water ad libitum. The ani-
mal studies were approved by Harbin Medical 
University Animal Care and Use Committee.

Animal model and drug treatment 

Septic renal models were constructed by injec-
tion of LPS (10 mg/kg, Sigma, USA) via tail vein. 

The duration of LPS treatment for successful 
modelling was determined using HE staining 
and TUNEL assay based on the severity of  
sepsis and apoptosis. For drug treatment, the 
animals were randomly grouped into control, 
model (LPS) (injected with LPS (10 mg/kg) 
only), BT-LPS (injected with α-bungarotoxin (1 
µg/kg, Sigma, USA) and LPS), GTS-21-LPS 
(injected with GTS-21 (8 mg/kg, Sigma, USA) 
and LPS) and BT-GTS-21-LPS (injected with α-bungaro- 
toxin, GTS-21). For BT-LPS and GTS-21-LPS, BT 
and GTS-21 were injected 1 h before LPS, and 
for BT-GTS-21-LPS, BT and GTS-21 were inject-
ed 1 h before GTS-21 or before LPS, respec- 
tively. 

HE staining and TUNEL assay

Renal tissue was washed with PBS, fixed in 
10% neutral formaldehyde solution, embedd- 
ed in paraffin and sectioned. The slides were 
stained with HE stain as described [11] and 
viewed under light microscope. The sections 
were also used to detect apoptosis using the 
TUNEL method as reported [12].

qRT-PCR

Total RNA was isolated from renal tissue us- 
ing 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 evaluated 
by the A260/A280 ratio. Reverse transcription 
was performed with 200 ng of RNA in a total 
volume of 10 μl using the High Capacity cDNA 
Transcriptase Reverse kit (Applied Biosystems 
by Life Technologies, Carlsbad, California, USA) 
according to manufacturer’s recommenda-
tions. A total of 2.5 μl of the resulting cDNA  
was subjected to pre-amplification using the 
SYBR Green qPCR SuperMix (Invitrogen, USA) 
in a total volume of 12 μl. Non-fluorescent pro- 
bes were used at 1X. Pre-amplification cycling 
conditions were 10 min at 95°C followed by 14 
cycles, each one consisting of 15 s at 95°C  
and 4 min at 60°C. RT-qPCR was performed  
on the 7900HT Fast Real-Time PCR system 
using TaqMan gene expression assays probes 
(Applied Biosystems). Human β-actin was used 
as an internal control. The PCR was carried out 
in a total volume of 10 μl containing 1.5 μl of 
diluted and pre-amplified cDNA, 10 μl of 
TaqMan Gene Expression Master Mix and 1 μl 

Table 1. Primers for qRT-PCR
Gene Primer
Caspase-8 F: CCGATTCTCTGGGCAACTGT

R: ATCCACATGTGTCCCGTTCC
α7-nAChR F: ACCTCGTGTGATCCAAAGCC

R: GGTTTCCTCTTGCTCAGGGT
Caspase-3 F: CCaCaGCaCCTGGTTaTT

R: ATTCTATCGCCACCTTCC
NF-kb p65 F: CGaCGTaTTGCTGTGCCTTC

R: TGAGATCTGCCCAGGTGGTAA
Bax F: CCaGGaTGCGTCCaCCaa

R: AAAGTAGAAGAGGGCAACCAC
BCL-2 F: GTGGCCTTCTTTGaGTTCG

R: ACCCAGCCTCCGTTATCC
P53 F: TGaCGGaGGTCGTGaGaC

R: CCAGATACTCGGGATACAAA
β-actin F: CCTCTaTGCCaaCaCaGTGC

R: GTACTCCTGCTTGCTGATCC
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ed 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 value was calculated 
for each case.

The data were managed using the Applied 
Biosystems software RQ Manager v1.2.1. Re- 
lative expression was calculated by using com-
parative Ct method and obtaining the fold 
change value (2-ΔΔCt) according to previously 
described protocol [13]. 

Western blot analysis

Tissue was washed twice with cold PBS and 
lysed with RIPA buffer that contains protease 
and phosphatase inhibitors (Roche, UK) for 30 
min at 4°C. The supernatants were collected 
after centrifugation at 12000 rpm for 20 min. 
The protein was applied to polyacrylamide gel 
electrophoresis (SDS-PAGE), transferred to a 
PVDF membrane, and then detected by the 
proper primary and secondary antibodies (aga- 
inst IL-6, IL-1β, TNF-α, NF-kB p65, p-STAT3 and 
α7nAChR, Abcam, USA) before visualization 
with a chemiluminescence kit. The intensity of 
blot signals was quantitated using ImageQuant 
TL analysis software (General Electric, UK).

Statistical analysis

All data were expressed as means ± stand- 
ard derivation (s.d.) obtained from at least  
three independent experiments. Statistical 
comparisons between experimental and con-
trol groups were assessed by using the Stu- 
dent’s t-test. P < 0.05 was considered statisti-
cally significant. 

Results

Optimal time for renal injury modelling

We treated the mice with LPS for different 
times and then examined their renal injury.  
The results showed that the renal tissues of 
normal mice were evenly stained with normal 
morphology, regularly arranged fibers and with-
out leakage of red blood cells on the muscle 
and had no infiltration of inflammatory cells. 9  
h after LPS treatment, the glomerulus was nor-
mal with slightly swollen renal tubular epithelial 
cells and degradation of fat and vacuole. 16 h 
after LPS treatment, the kidney was seen en- 
larged with pale renal cortex and congested, 
dark-colored medulla. At 18 h, tubular epitheli-

Figure 1. HE staining and TUNEL results of renal 
tissues following LPS treatments for different times 
(200×). A. HE staining, B. Microphotos of TUNEL as-
say, C. Number of apoptotic cells. 

of each fluorescence TaqMan probe using prim-
ers listed in Table 1. The cycling conditions 
were 50°C for 2 min, 95°C for 10 min follow- 
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al cells showed various degree of necrosis, nu- 
clear condensation, dissolution and disappear-
ance (Figure 1A). The necrotic epithelial cells 
were dropped into the lumen as fuzzy granular 
structure. Cell casts were observed in the distal 
tubules and collecting ducts with congested 
and swollen mesenchyme around the tubules. 
As shown in Figure 1B, 1C, the control and 9 h 
LPS-treatment had less apoptosis, which in- 
creased after 16 h and reached the maximum 
at 18 h. However, at 18 h, the animals had a 
sharply reduced body temperature with very 
poor mental state (limp instability and near 
death). Therefore, mice treated with LPS for 16 
h were used 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 was observed in 
control mice (Figure 2), which also had evenly 
stained tissue and morphologically normal kid-
ney. However, the models and mice in BT-GTS-
21-LPS group had obviously swollen kidney 
cells with pale cortex and congested, dark-col-

ored medulla. The renal tubules were degener-
ated and necrotic due to severe ischemia. Mice 
in GTS-21-LPS group had normal glomeruli, but 
the epithelial cells were swollen with degrada-
tion of fat and vacuole. After BT-LPS treatment, 
the tubular epithelial cells had various degree 
of necrosis, nuclear condensation, dissolution 
and disappearance. The necrotic epithelial 
cells were dropped into the lumen as fuzzy 
granular structure (Figure 2). 

Apoptosis following drug treatments

As shown in Figure 3, compared with the con-
trol, the model group had significantly increas- 
ed apoptosis. GTS-21 reduced the apoptosis, 
which increased again when BT was used in 
combination with GTS-21, suggesting that BT 
may partly block the anti-inflammatory effects 
of GTS-21.

Expression of NF-kB and α7nAChR mRNA

In the renal tissue, the expression of NF-kB p65 
and α7nAChR was significantly up- and down-
regulated in the model group, respectively (P < 
0.01, Figure 4A), as compared with the blank 

Figure 2. HE staining results of 
renal tissues following GTS-21, BT 
and LPS treatments (200×).
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control. GTS-21 alone did not increased the 
expression further in the model (P > 0.05), but 
significantly increased NF-Kb p65 expression 
and decreased α7nAChR expression when ap- 
plied together with BT (P < 0.01, Figure 4A).

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 proteins Bax and p53 in the renal tis-
sue. The results showed that compared with 
the blank control, LPS significantly increased 
the mRNA levels of all these genes except Bcl-
2, which was decreased significantly (P < 0.01, 
Figure 4B). Again, GTS-21 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 4B) when it was used with BT. 

Figure 3. TUNEL results of renal tissues GTS-
21, BT and LPS treatments. A. Microphotos of 
TUNEL assay, B. Number of apoptotic cells. 
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Expression of IL-6, IL-1β, TNF-α and p-STAT3

Western blot analyses showed that the levels of 
IL-6, IL-1β, TNF-α and p-STAT3 were significantly 
up-regulated following LPS treatment. Similarly, 
GTS-21 alone did not change the expression (P 
> 0.05), but enhanced the expression of these 
proteins significantly (P < 0.01, Figure 5, Sup- 
plementary Figure 1) when it was used with BT. 

Discussion

LPS is commonly used to construct model of 
sepsis. As a lipopolysaccharide and main com-

ber of apoptotic cells. Use of BT together with 
GTS-21 offset the alleviation, suggesting BT 
and GTS-21 are antagonistic. GTS-21 also 
reduced renal apoptosis and the expression of 
Caspase-3, Caspase-8, Bax and p53 signifi-
cantly, while the expression of anti apoptotic 
protein Bcl-2 was significantly increased. When 
used together with BT, GTS-21 was not able 
reduce apoptosis and expression of apoptosis-
related proteins, suggesting that the renal pro-
tection of GTS-21 is mediated through the 
α7nAChR signal pathway. Early study showed 
that GTS-21 can prevent renal injury induced by 

Figure 4. Relative mRNA level of NF-kB, α7nAChR, Caspase-3, Caspase-8, 
Bcl-2, Bax and p53 mRNA in renal tissue following GTS-21, BT and LPS treat-
ments. A. NF-kB and α7nAChR expression; B. Caspase-3, Caspase-8, Bcl-2, 
Bax and p53 expression. *** denote P < 0.001 vs control.

ponent of the cell wall in gram 
negative bacteria, LPS ele-
vates the levels of a number 
of inflammatory factors, caus-
ing septic shock [14]. After 
injection of LPS, different 
types of cells are stimulated 
to release inflammatory medi-
ators that trigger the process 
of sepsis, leading to systemic 
sepsis that results in multiple 
organ dysfunction syndrome 
(MODS) [15]. Therefore, the 
injection of LPS can be used 
to reproduce model of sepsis 
with similar clinical character-
istics of human sepsis. 
However, the optimal time 
after LPS is variable and we 
found that 16 h after LPS 
injection the models had suf-
ficient but not excessive sep-
sis and were suitable for our 
experiments. 

AKI plays very important role 
in the occurrence and devel-
opment of sepsis, which can 
lead to renal injury and apop-
tosis. We found that after LPS 
injection, there was several 
injury and apoptosis in the 
renal tissues. Analysis also 
showed that the expression  
of apoptosis-related proteins 
Caspase-3, Caspase-8, Bax 
and p53 was also increased, 
while the expression of anti 
apoptosis protein Bcl-2 was 
decreased. GTS-21, on the 
other hand, alleviated the 
injury and reduced the num-
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mechanical ventilation [16] and the prevention 
of renal injury is mediated via the α7nAChR sig-
nal pathway [17], which is consistent with the 
results of this study. CAP is a recently discov-
ered systemic inflammatory response pathway 
with complicated regulatory mechanisms. 
α7nAChR is one of the most important mole-
cules with wide distribution and is a key anti-

lated, while the expression of the α7nAChR 
gene was significantly up-regulated. These 
effects were, however, vanished when BT was 
used together, further suggesting that the anti-
inflammatory effect of GTS-21 is related to 
α7nAChR. Studies have shown that GTS-21 sig-
nificantly reduces the production of inflamma-
tory factors and proinflammatory cytokines, 

Figure 5. Expression of IL-6, IL-1β, TNF-α and p-STAT3 proteins in renal tissue 
following GTS-21, BT and LPS treatments. Upper panel: representative West-
ern blots, lower panel: relative protein levels. *** denote P < 0.01 vs control.

inflammatory agent. The ex- 
pression of α7nAChR in the 
model group was significantly 
down-regulated, while the ex- 
pression of inflammatory fac-
tors IL-6, IL-1β and TNF-α were 
up-regulated. Studies have 
shown that inflammatory inju-
ry and inhibition of vagus 
transmission may result in 
CAP dysfunction [18]. When 
sepsis occurs, the peripheral 
signal transmission from va- 
gus nerve is disrupted, lead-
ing to weakened CAP anti-
inflammatory function. If sep-
sis is severe, the anti-inflam-
matory function of CAP is 
compromised, resulting in 
signal transmission disrup-
tion, excessive activation of 
alkali esterase, desensitiza-
tion of α7nAChR and disap-
pearance of anti-inflammato-
ry activity. These would lead 
to excessive production of 
inflammatory factors and ulti-
mately cell death [19]. We 
found that the expression of 
inflammatory factors IL-6, 
IL-1β and TNF-α increased 
with the decrease in the 
expression of α7nAChR, sug-
gesting that α7nAChR plays 
an important role in biogene-
sis of inflammatory factors 
during sepsis. GTS-21 is a 
derivative of the natural prod-
uct anabaseine that acts as a 
partial agonist at α7nAChR. 
After application of GTS-21, 
the renal injury was signifi-
cantly reduced with less 
apoptosis. Meanwhile, the ex- 
pression of inflammatory cy- 
tokines IL-6, IL-1β and TNF-α 
was significantly down-regu-
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and improves the survival rate of en- 
dotoxemia [20]. Also, it has been shown that 
GTS-21 significantly reduces the synthesis of 
inflammatory factor TNF-α induced by lipopoly-
saccharide [21]. GTS-21 is shown to sensitize 
desensitized α7nAChR to exert anti-inflamma-
tory effect [22]. Taken together, our results sug-
gest that GTS-21 can effectively alleviate renal 
injury and have anti-inflammatory activity ag- 
ainst septic renal injury. These activities are 
associated with increased α7nAChR express- 
ion.
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Supplementary Figure 1. Original Western Blot analysis of IL-6, IL-1β, TNF-α and p-STAT3.


