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INTRODUCTION

Sepsis or septic shock is a leading cause of death in inten-
sive care patients. Sepsis has a particularly high incidence 
and mortality rate in recent years, responsible for 50% or 
more of acute kidney injury (AKI) cases in the intensive care 
unit (ICU)  [1]. AKI occurs in up to 60% of septic patients 
in ICU, with sepsis being the most prevalent trigger [2-4]. 
Sepsis-induced AKI (SAKI) is a complex syndrome involv-
ing multiple physiological alterations, including renal hemo-
dynamic changes, immune cell activation, massive release of 
inflammatory molecules, and endocrine dysregulation [5]. 
Moreover, sepsis can further damage the kidney by increasing 

the systemic load of inflammatory mediators, further promot-
ing the development of AKI [6]. However, the clinical efforts 
to alleviate the development of SAKI have not been success-
ful [7]. Therefore, it has been urgent to understand the mech-
anisms of SAKI and develop clinical strategies that could alle-
viate SAKI development.

Immune homeostasis in the organism is mainly deter-
mined by the balance between pro-inflammatory and anti-in-
flammatory T-helper lymphocyte subsets [8]. CD4+CD25+ 
regulatory T cells (Tregs) are the primary regulators of 
immunosuppression [9]. Tregs inhibit the immune response 
mediated by other immune cells, such as T cells, and play an 
important role in maintaining the body’s immune balance 
and preventing autoimmune diseases and transplant rejec-
tion [10]. Tregs suppress the inflammatory response by secret-
ing anti-inflammatory cytokines which can act directly on 
effector cells [11]. Some studies have shown that Tregs could 
not only prevent the occurrence but also promote the recov-
ery of renal ischemia-reperfusion injury (IRI) [12,13]. Adoptive 
transfer of isolated Tregs before ischemia markedly protects 
mice against renal dysfunction and tissue injury [13,14]. In vivo 
experiments in mice also showed that increased Tregs would 
prevent IRI-AKI tubular injury and protect the kidney from 
developing fibrosis [15,16]. An observational study showed 
that the level of serum soluble CD25, a marker of Tregs, was 
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ABSTRACT

The ameliorative effects of α7 nicotinic acetylcholine receptor (α7nAChR) agonists have been demonstrated in acute kidney injury (AKI) 
caused by multiple stimulations. However, the ameliorative effect of α7nAChR on sepsis-induced AKI (SAKI) in the cecal ligation and punc-
ture (CLP) model is unclear. The previous studies have demonstrated that α7nAChR is highly expressed on the surface of CD4+CD25+ reg-
ulatory T cells (Tregs). However, the role of Tregs in SAKI is unclear. We hypothesized that Tregs might play a role in the ameliorative effect 
of α7nAChR on SAKI. Hence, in this study, we determined the effects of PNU-282987 (a selective α7nAchR agonist) on SAKI and evaluated 
whether PNU-282987 would attenuate SAKI through regulating Tregs. Our study showed that immediate administration of PNU-282987 
after CLP surgery in rats improved renal function, reduced levels of systemic inflammatory factors (tumor necrosis factor-α, interleukin-6, 
etc.), inflammatory cell infiltration and tubular apoptosis in renal tissues, and increased forkhead/winged helix transcription factor p3 (Foxp3) 
and cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) expression indicating activated Tregs. Moreover, in in vitro experiments, isolated 
Tregs cocultured with PNU-282987 also displayed enhanced expression of CTLA-4 and Foxp3. Furthermore, Tregs were cocultured with 
PNU-282987 for 24 hours and then reinfused into rats through the tail vein immediately after CLP surgery, and a significant renal protective 
effect was observed 24 hours postoperatively. These results demonstrate that PNU-282987 exerts its renal protective effects on SAKI through 
activation of Tregs.
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Experimental protocols

To determine whether PNU-282987 can activate Tregs 
and improve SAKI, the rats were randomly divided into four 
groups, that is, the sham, CLP, CLP+PNU-low, and CLP+PNU-
high groups, with eight rats per group. Surgical procedures, 
including anesthesia, laparotomy, separation of the distal 
cecum from the mesangium of the large intestine, and wound 
closure, were performed on rats in the sham group. The 
above-described standard surgical procedures were performed 
on rats in the CLP group. Other than standard surgical pro-
cedures, the rats in the CLP+PNU-low and CLP+PNU-high 
groups were also intraperitoneally injected with PNU-2828987 
(Abmole Bioscience Inc, Houston, USA) at low (0.5mg/kg 
body weight) and high (1 mg/kg body weight) doses, respec-
tively, immediately after the CLP surgery [26]. All rats were 
placed in metabolic cages for 24 hours to collect urine. Then, 
1-3  ml of blood was also collected from the heart of the rats 
after anesthesia with 5% isoflurane. After blood collection, the 
rats were sacrificed and intact kidney and spleen tissues were 
collected immediately under aseptic operations.

To further verify whether PNU-282987 improves SAKI 
by regulating Tregs, we also performed adoptive Treg trans-
fer experiments. Briefly, CD4+CD25+ Tregs were extracted 
from the spleen of normal rats and cultured in normal cul-
ture media (FBS + RPMI 1640) containing PNU-282987 at 
concentrations of 0 mol/L, 0.5 mol/L, and 1 mol/L for 24 
hours, corresponding to the Tregs, Tregs+PNU-low, and 
Tregs+PNU-high groups, respectively. After coculture for 24 
hours, the culture supernatant was collected and 5 × 105 Tregs 
in each group were used for staining and flow cytometric 
analysis. Moreover, 2 × 106 Tregs were injected into the rats 
in the Tregs, Tregs+PNU-low, and Tregs+PNU-high groups 
through the tail vein immediately after CLP surgery. For rats 
in the control group (the Tregs group), phosphate buffer saline 
(PBS) was injected through the tail vein instead. Accordingly, 
the four groups were named the CLP+PBS group, CLP+Tregs 
group, CLP+Tregs (PNU-low) group, and CLP+Tregs (PNU-
high) group. Eight rats were used in each group. All rats were 
placed in metabolic cages for 24 hours to collect urine for 24 
hours. Then, 1-3 ml of blood was collected from the heart of 
rats after anesthesia with 5% isoflurane. After blood collection, 
the rats were euthanized under isoflurane-induced anesthesia 
and sacrificed, and intact kidney and spleen tissues were col-
lected immediately under aseptic conditions.

Histopathological evaluation

After washing with PBS, the kidney tissues were fixed in 
4% paraformaldehyde for 24 hours, followed by embedding 
in paraffin. The blocks were then sliced into 4 μm segments 
and transferred to glass slides, which were stained with 

significantly elevated in patients with SAKI [17]. However, the 
exact role of Tregs in SAKI remains unclear.

The α7 nicotinic acetylcholine receptor (α7nAChR) has 
been identified as a unique receptor of the cholinergic anti-in-
flammatory pathway, which exerts anti-inflammatory effects 
in a variety of diseases [18]. Moreover, α7nAchR is extensively 
expressed in multiple immune cells, such as macrophages, 
T cells, and B cells [19]. Agonists of α7nAchR have a pro-
tective role against inflammatory conditions, such as kidney 
IRI and acute lung injury, and can effectively reduce the lev-
els of related inflammatory cytokines [20,21]. PNU-282987 is 
a selective agonist of α7nAchR with high affinity, which can 
alleviate AKI induced by lipopolysaccharide (LPS), and sig-
nificantly downregulate systemic levels of tumor necrosis fac-
tor-α (TNF-α), interleukin (IL), and IL-1β [22]. Experiments 
in mice have shown that α7nAchR is expressed on the surface 
of Tregs, and PNU-282987 can enhance the immunosuppres-
sive ability of Tregs [23]. Thus, we hypothesized that PNU-
282987 could ameliorate SAKI by regulating the function of 
Tregs. This study aimed to validate this hypothesis by estab-
lishing the SAKI rat model and applying the adoptive transfer 
of Tregs cocultured with PNU-282987.

MATERIALS AND METHODS

Animal model

A 6-8week-old male Sprague Dawley rats weighing 
200-220 g (Vital River Laboratories, Beijing, China) were pro-
vided with free access to water and food for a 72 h acclimation 
period before being used for experiments. Rats were housed in a 
room that maintained constant temperature and humidity and 
were subjected to a 12 hours light/dark cycle. The animal stud-
ies were approved by Capital Medical University Animal Care 
and Use Committee (ethics number P2020-3-17-54). Before all 
surgical procedures, rats were anesthetized with isoflurane by 
inhalation (induction at 5%, 2  L/minutes and thereafter at 3%, 
0.7  L/minutes) [24]. SAKI was induced by cecal ligation and 
puncture (CLP) in rats. The detailed procedures were as follows: 
The abdomen was disinfected and a 2-3 cm longitudinal skin 
midline incision was made; then, the cecum in the abdominal 
cavity was identified and the mesentery from the distal end of 
the large intestine was separated carefully to avoid bruising the 
mesenteric vessels; next, the contents of the cecum toward its 
distal end were squeezed gently and the distal half of the cecum 
with a 3.0 silk thread was ligated tightly; next, a sterile 16-gauge 
needle was used to puncture through-and-through twice, and 
then a small amount of feces was squeezed lightly; the cecum 
was then put back and the abdominal cavity was closed by 
sutures layer by layer [25]; then, rats were resuscitated by sub-
cutaneously injecting prewarmed (37°C) normal saline (0.9%) 
(5 ml per 100 g body weight), and rats were put back in cages.
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hematoxylin and eosin (H&E) for histopathological evalua-
tion. A white light microscope (Leica Microsystems GmbH, 
Wetzlar, Germany) was used to observe and photograph the 
stained sections. Histopathological evaluation of the stained 
sections was performed using the kidney histological dam-
age score. Specifically, for each specimen, at least five ran-
dom fields at ×200 magnification were scored. The following 
aspects, including epithelial cell vacuolization and degener-
ation, tubular cell flattening, hyaline cast, tubular dilatation, 
and debris materials in the tubular lumen, were scored, with 
each aspect having a maximal 1 point and a minimal 0 point. 
A higher total score indicates more severe damage (the maxi-
mum score is 5, while a score of 0 is assigned to normal tissue 
without damage) [27,28].

TUNEL staining

Apoptosis of tubular epithelial cells was assessed by 
the terminal deoxynucleotidyl transferase-mediated (TdT) 
dUTP nick-end labeling (TUNEL) assay [29] using an in situ 
apoptosis detection kit (Beyotime Biotechnology, Beijing, 
China), according to the manufacturer’s instruction. TUNEL-
positive cells were counted in ten random fields at ×200 mag-
nification [30].

Biochemical and enzyme-linked immunosorbent 
assay (ELISA) analyses

Plasma samples were analyzed with a serum creatinine 
(Scr) assay kit (Nanjing Jiancheng Bioengineering Institute, 
Nanjing, China) and a blood urea nitrogen (BUN) assay kit 
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China) 
24 hours after the CLP surgery. Plasma TNF-α, IL-6 and uri-
nary neutrophil gelatinase-associated lipocalin (NGAL), kid-
ney injury molecule 1 (KIM-1), transforming growth factor-1 β 
(TGF-β1), and IL-10 were analyzed using a commercial ELISA 
kit (Beijing 4A Biotech Co. Ltd, Beijing, China).

Flow cytometry

First, spleen single-cell suspensions in rats of different 
groups were prepared. CD4+CD25+ Tregs were enriched 
with positive selection using the Miltenyi Biotec magnetic 
sorter (Miltenyi Biotec, Germany) according to the manu-
facturer’s instruction. Then, the collected Tregs were stained 
with PE-conjugated anti-cytotoxic T-lymphocyte-associated 
protein 4 (CTLA-4) and PE-cy7-conjugated anti-Foxp3 anti-
bodies (eBiosciences, CA, USA). Then, the mean fluorescence 
intensity (MFI) of Foxp3 (a marker of Treg cells) and CTLA-4 
(a negative regulatory receptor on Tregs) was recorded by flow 
cytometry using the BD FACSCalibur System (BD Bioscience, 
USA). Flow cytometric data were analyzed using the FlowJo 
V10 software (Treestar Software, USA).

Adoptive transfer of Tregs

Tregs were sorted out from normal rat spleens and cultured 
in media containing different concentrations of PNU-282987 
for 24 h. Then, 2 × 106 Tregs were infused into each rat imme-
diately after CLP surgery through tail vein injection. For rats in 
the control group, an equal volume of PBS was injected instead.

Western blotting

The collected kidney tissues were grounded into powder 
in liquid nitrogen, which was then lysed in RIPA lysis buffer 
(Beyotime, Shanghai, China) at 4°C for 20 minutes. For sorted 
Tregs, RIPA lysis buffer was added to the cells directly. The 
samples were centrifuged at 12,000  rpm/minutes at 4°C for 
30 minutes. The supernatant was collected and protein con-
centration was determined using a bicinchoninic acid kit. 
Proteins (50 μg per lane) were separated using 12% sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis. The pro-
teins were then electrotransferred to polyvinylidene fluoride 
(PVDF) membranes (Merck KGaA, Darmstadt, Germany). 
After blocking for 1 hours in Rapid Blocking Solution 
(Beyotime, Shanghai, China), the PVDF membrane was incu-
bated with the primary antibodies, that is, the AChR alpha 7 
antibody (GeneTex, CA, USA) (1:1000) and GADPH antibody 
(Beyotime, Shanghai, China) (1:2000), overnight at 4°C. After 
washing with Tris-buffered saline containing Triton X-100, 
the membrane was incubated with the horseradish peroxi-
dase-conjugated secondary antibody (Beyotime, Shanghai, 
China) (1:2000) for 1 hours at room temperature, and then a 
chemiluminescence kit (Beyotime, Shanghai, China) was used 
to detect protein bands.

Immunofluorescence staining

Sorted CD4+CD25+ Tregs were washed with PBS, fixed 
with 4% paraformaldehyde at room temperature for 30 min-
utes, and centrifuged. After washing with PBS, the cells were 
resuspended and blocked in 1% BSA in TBST at room tem-
perature for 30  minutes, followed by incubation with rabbit 
anti-α7nAChR polyclonal antibody (GeneTex, CA, USA) at 
4°C overnight. After washing with PBS and centrifuge, the 
cells were incubated with fluorescein isothiocyanate -labeled 
goat anti-rabbit polyclonal antibody (Beyotime, Shanghai, 
China) (1:100) at 4°C overnight. After washing with PBS, 
the stained cells were resuspended in PBS and dropped onto 
24-well plates, followed by observation under the confocal flu-
orescence microscope.

Statistical analysis

All the data were analyzed using the SPSS 26.0 software 
(SPSS Inc., Chicago, IL, USA) and were expressed as mean 
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± standard deviation (SD). Student’s t-test and non-paramet-
ric test (Mann–Whitney U-test) were used for comparisons 
between the two groups. ANOVA followed by Bonferroni 
correction or non-parametric test (Mann–Whitney U-test) 
was used for comparisons of multiple. A value of p < 0.05 was 
considered statistically significant. Graphs were generated 
with the GraphPad Prism version  8.1.2 software (GraphPad 
Software, CA, USA).

RESULTS

Establishment of a SAKI rat model

Compared to the sham group, the rats in the CLP group 
showed features such as lethargy, body crouching, inactive 
eating and drinking, a sluggish responsiveness to the outside 
environment, an increased respiratory rate, bloody secre-
tions around the eyes, coarse and less glossy hair, and loose 
feces. All rats were euthanized 24 hours after surgery and 
the plasma, urine, and kidney tissues were collected. Then, 
the rats were further examined immediately. Laparotomy 
revealed foul-smelling bloody exudate, intestinal edema and 
adhesion, necrosis, and blackness of the cecum in the CLP 
group. Compared to the sham group, the urine volume in the 
CLP group was significantly lower (p < 0.01) (Figure 1A), and 

the levels of Scr and BUN were significantly higher in the CLP 
group (p < 0.01) (Figure 1B and C). No obvious pathological 
changes were observed in the renal histopathological sections 
of the sham group (Figure 1D). However, the renal histopatho-
logical sections of the CLP group revealed vacuolization of 
renal tubular epithelial cells, infiltration of renal interstitial 
inflammatory cells, and exfoliated epithelial cells and frag-
ments in the renal tubular lumen (Figure 1E). Thus, an SAKI 
rat model was successfully established using the CLP surgery.

Expression of α7nAchR on the surface of rat 
CD4+CD25+ Tregs

CD4+CD25+ regs were isolated from normal spleens of SD 
rats using a positive selection kit. The purity of isolated Tregs 
was analyzed by flow cytometry (Figure 2A). When the purity 
is above 90%, the purified Tregs can be used for subsequent 
experiments. The expression of α7nAchR in CD4+CD25+ 
Tregs was detected by Western blot. As shown in Figure 2B, 
the α7nAChR band was clearly detected on the PVDF mem-
brane, indicating that α7nAChR is expressed in rat Tregs. 
We also carried out immunofluorescence staining against 
α7nAChR. As shown in Figure 2C, green fluorescence repre-
senting α7nAChR signal was observed on the cellular surface, 
further indicating α7nAChR is expressed on rat Tregs.

FIGURE 1. Establishment of sepsis-induced acute kidney injury model in rats. (A-C) The decremental urine output and increased 
serum creatinine and blood urea nitrogen were observed in the cecal ligation and puncture (CLP) group compared to the sham group; 
(D) representative H&E-stained sections (original magnification, ×400) of the rat kidney were obtained from the sham group 24 hours 
after surgery; and (E) Representative H&E-stained sections (original magnification, ×400) of the rat kidney were obtained from the CLP 
group 24 hours after surgery. The values are expressed as the mean ± SD (n = 8 in each group). ##p < 0.01 versus the sham group.
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Effects of PNU-282987 on indicators of rat kidney 
injury 24 hours after the CLP surgery

The levels of Scr, BUN and urinary NGAL, KIM-1 in the CLP 
+ PNU-low, and CLP + PNU-high groups were moderately, but 
significantly lower than those in the CLP group 24 hours after 
the CLP surgery, respectively (Table S1). However, between the 
CLP+PNU-low and CLP+PNU-high groups, no significant dif-
ference in levels of these markers was observed (Figure 3A-D). 
The urine volumes of rats in the CLP+PNU-low and CLP+PNU-
high groups were significantly higher than that in the CLP 
group 24 hours after the CLP surgery (p < 0.01) (Figure 3E).

Effects of PNU-282987 on rat renal histopathology 
and apoptosis 24 hours after the CLP surgery

H&E staining was used to evaluate renal histological 
changes. As shown in Figure 4, the kidney histological damage 
scores were significantly higher in the CLP group compared 
to the sham group, and significantly lower in the CLP+PNU-
low and CLP+PNU-high groups compared to the CLP group. 
However, no significant difference was observed between 
the CLP+PNU-low and CLP+PNU-high groups (Table S1). 
Representative images for H&E staining for each group are 
shown in Figure 4A and the kidney histological damage scores 
of each group are shown in Figure 4B. Moreover, the number 
of TUNEL positive cells per high power field was significantly 

lower in the CLP+PNU-low and CLP+PNU-high groups, 
while no significant difference was observed between the 
CLP+PNU-low and CLP+PNU-high groups (Figure  4C and 
D).

Effects of PNU-282987 on systemic inflammation 
in rats 24 hours after the CLP surgery

The circulating TNF-α and IL-6 levels were signifi-
cantly higher in the CLP group compared to the sham group 
(Figure 5) and were significantly lower in the CLP+PNU-low 
and CLP+PNU-high groups compared to the CLP group. 
However, no significant difference was observed between the 
CLP+PNU-low and CLP+PNU-high groups.

Effects of PNU-282987 on the expression of CTLA-
4, Foxp3 and α7nAChR, and the production of 
TGF-β1 and IL-10 in Tregs of SAKI rats

In in vivo experiment, the expression levels of Foxp3 and 
CTLA-4 in Tregs 24 hours after surgery were significantly 
higher in the CLP group compared to the sham group and 
significantly higher in the CLP+PNU-low and CLP+PNU-
high groups compared to the CLP group. Representative 
flow cytometry images and MFI of Foxp3 and CTLA-4 on 
Tregs in the four groups are shown in Figure  6A-D, respec-
tively. Compared with the sham group, expression levels of 

FIGURE 2. Expression of a7 nicotinic acetylcholine receptor on the surface of rat CD4+CD25+ regulatory T Cells. (A) The purity 
of CD4+CD25+Tregs cells obtained after the single cells of normal rat spleen were sorted by magnetic beads was above 90%; 
(B) the a7nAChR band of Treg cells was clearly detected in Western blotting; and (C) After confocal fluorescence microscopy 
observation, Tregs cells emit green fluorescence under laser excitation.
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α7nAChR were significantly reduced in the CLP group, high-
lighting the role of CLP surgery in this process. Compared 
with the CLP group, α7nAChR was significantly upregulated 
in the CLP+PNU-low and CLP+PNU-high groups, indicating 
the role of PNU-282987 treatment in regulating α7nAChR 
expression in Tregs (Figure  6E and F). However, no signifi-
cant difference was observed between the CLP+PNU-low 
and CLP+PNU-high groups. Further, levels of IL-10 were not 
detected and levels of TGF-β1 were not significantly different 
in culture supernatants of the four groups (Figure 6G).

Effects of PNU-282987 on the expressions of Foxp3 
and CTLA-4 and the production of TGF-β1 and 
IL-10 in Tregs in vitro

The expression levels of Foxp3 and CTLA-4 in Tregs 
were significantly higher in the Tregs+PNU-low group and 
Tregs+PNU-high groups compared to the Tregs group 
(Table S2). Representative flow cytometry images and MFI of 
Foxp3 and CTLA-4 on Tregs in the three groups are shown 
in Figure 7A-D, respectively. Further, levels of IL-10 were not 
detected and levels of TGF-β1 were not significant in culture 
supernatants of the three groups (Figure 7E).

Adoptive transfer of Tregs treated with PNU-
282987 ameliorated SAKI in rats

Scr, BUN, NGAL, and KIM-1 were used as biomarkers of 

AKI 24 hours after CLP surgery. Tregs cocultured with PNU-
282987 for 24 hours or not cocultured with PNU-282987 were 
infused into the rats through tail vein injection. As shown in 
Figure  8A-D, levels of the four biomarkers were significantly 
lower in the CLP+Tregs group compared to the CLP+PBS 
group, and significantly lower in the CLP+Tregs (PNU-low) and 
CLP+Tregs (PNU-high) groups compared to the CLP+Tregs 
group. The kidney histological damage scores were significantly 
lower in the CLP+Tregs group compared to the CLP+PBS 
group (p < 0.01), and significantly lower in the CLP+Tregs 
(PNU-low) and CLP+Tregs (PNU-high) groups compared to 
the CLP+Tregs group (p < 0.01) (Figure  8F). Representative 
images of histological damage in the CLP+PBS, CLP+Tregs, 
CLP+Tregs (PNU-low), and CLP+Tregs (PNU-high) groups are 
shown in Figure 8E. The biomarkers of early acute kidney injury 
and pathology damage score after the adoptive transfer of Tregs 
in the SAKI rats are shown in Table S3

DISCUSSION

The α7nAChR agonists have been shown to improve 
ischemia-reperfusion kidney injury, cisplatin-related, and 
LPS-related AKI [22,31,32], but have not been shown to 
improve AKI in the CLP model, which displays symptoms 
consistent with SAKI [33]. In the present study, in vivo exper-
iment showed that administration of PNU-282987 improved 
renal function, reduced apoptosis in tubular cells, increased 

FIGURE 3. PNU-282927 reduced the indicators of kidney injury 24 hours after cecal ligation and puncture (CLP) surgery in rats. 
(A-E) The levels of serum creatinine, blood urea nitrogen, urinary neutrophil gelatinase-associated lipocalin, kidney injury mole-
cule 1, and urine output are shown in the four groups, respectively. The values are expressed as the mean ± SD (n = 8 in each 
group). ##p < 0.01 versus the sham group; **p < 0.01 versus the CLP group.
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expression of CTLA-4 and Foxp3, and thus activated Tregs 
in the CLP rats. In in vitro experiments, the expression lev-
els of CTLA-4 and Foxp3 in Tregs cocultured with low or 
high concentrations of PNU-282987 were significantly higher 

compared with that in untreated Tregs. Furthermore, obvi-
ous renal protective effects were observed after the adoptive 
transfer of isolated Tregs that were cocultured with low or 
high concentrations of PNU-282987 in the CLP rats. Thus, we 
have demonstrated that PNU-282987 exerts renal protective 
effects on SAKI through activating Tregs.

SAKI occurs primarily as a result of infection-induced 
renal dysfunction, and in early sepsis, the kidney injury is 
mainly caused by an excessive inflammatory response [34]. 
Consistent with the previous studies [35], we successfully 
established SAKI rat model by applying the CLP surgery, 
which caused tubular apoptosis, aggravated systemic inflam-
matory response, and inflammatory cell infiltration in renal 
tissues. To reduce the impact on inflammatory response, anti-
biotics recommended in the guidelines [36] were not used in 
the present study when establishing the model. Some previous 
studies showed that activation of α7nAChR by PNU-282987 
could ameliorate a variety of diseases, such as acute lung injury 
and intestinal epithelial dysfunction induced by sepsis [21,37]. 

FIGURE 4. PNU-282987 ameliorated renal histopathology and apoptosis 24 hours after cecal ligation and puncture (CLP) 
surgery in rats. (A) The representative images of H&E stained kidney sections (original magnification, ×200) in the sham, CLP, 
CLP + PNU-low, CLP + PNU-high groups; (B) the kidney histological damage scores from the four groups; (C) tubular apoptosis 
(TUNEL staining) and representative photomicrographs of rats (original magnification, ×200); and (D) apoptosis by counting 
the number of TUNEL positive cells per high power field using random sections and the mean apoptosis scores. The values are 
expressed as the mean ± SD (n = 8 in each group). ##p < 0.01 versus the sham group; **p < 0.01 versus the CLP group.

DC

B
A

FIGURE 5. PNU-282987 ameliorated systemic inflammation 
24 hours after cecal ligation and puncture (CLP) surgery in 
rats. (A) Serum TNF-α levels are shown in the four groups and 
(B) IL-6 levels are shown in the four groups. The values are 
expressed as the mean ± SD (n = 8 in each group). ##p <0.01 
versus the sham group; **p < 0.01 versus the CLP group.
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Similarly, in this study, we observed that PNU-282987 reduced 
the levels of systemic inflammatory factors (TNF-α, IL-6, etc.), 
inflammatory cell infiltration and tubular apoptosis in renal 
tissues, thereby ameliorating renal histopathological injury. 
Moreover, PNU-282987 reduced the levels of AKI markers, 
that is, NGAL, KIM-1, Scr, and BUN, and increased urine vol-
ume in the CLP rats. These results suggest that PNU-282987 is 
effective in ameliorating SAKI by down-regulating the inflam-
matory response.

Tregs are a type of immune-suppressing cells [38]. Many 
published studies showed that adoptive transfer of Tregs has 
a protective effect on the kidneys of ischemia-reperfusion 
animals [13,39]. However, it is less documented in sepsis-re-
lated kidney injury. In this study, we proved that the infusion 
of Tregs could significantly improve the renal injury caused 
by SAKI in CLP rats. Lee et al. depleted Treg cells 96 hours 
before CLP surgery in mice and found that the kidney damage 
in mice was relieved 24 hours after surgery, which is contrary 
to our observation [40]. This might be explained by the injury 
severity of the model and other unknown changes after Tregs, 

which are yet to be verified. In the present study, we showed 
that the expression levels of CTLA-4 and Foxp3 in Tregs were 
increased in the CLP rats regardless of treatment by low or 
high doses of PNU-282987, suggesting that PNU-282987 can 
activate Tregs but may not be dose-sensitive which requires 
further study. IL-10 was not detected in the culture supernatant 
of Tregs in the presence or absence of PNU-282987 stimula-
tion, which was consistent with results from Shevach et al. [41]. 
Furthermore, we found that the levels of TGF-β1 produced by 
Tregs did not change significantly on PNU-282987 treatment 
either in vivo or in vitro. These findings may suggest that IL-10 
and TGF-β1 are not involved in PNU-282987-induced activa-
tion of Tregs. The α7nAChR, a ligand-gated ion channel, is 
widely expressed in a variety of cell types, including endothe-
lial cells, monocytes, macrophages, and neutrophils [42]. The 
expression of α7nAChR in Tregs was demonstrated using 
reverse transcription-polymerase chain reaction, Western 
blot methods, and fluorescence labeling [43]. In our study, we 
confirmed the expression of α7nAChR in Tregs using simi-
lar methods. We further showed that the expression levels of 

FIGURE 6. PNU-282987 increased expressions of Foxp3, CTLA-4, α7nAChR, and the production of TGF-β and IL-10 in Tregs of 
sepsis-induced acute kidney injury rats. (A) Representative flow cytometry images of Foxp3 on Tregs are shown in the four groups; 
(B) the MFI of Foxp3 on Tregs are shown in the four groups; (C) representative flow cytometry images of CTLA-4 on Tregs are shown 
in the four groups; (D) representative MFI of CTLA-4 on Tregs is shown in the four groups; (E) the a7nAChR band of Treg cells was 
clearly detected in Western Blotting; (F) the relative expression of α7nAChR was normalized to β-actin; and (G) the production of 
TGF-β1 was determined by ELISA. The values are expressed as the mean ± SD (n = 8 in each group). ##p < 0.01 versus the sham 
group; **p < 0.01 versus the CLP group.
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CTLA-4 and Foxp3 in Tregs were significantly increased when 
Tregs were treated with PNU-282987. Moreover, adoptive 
transfer of isolated Tregs cocultured with low or high concen-
trations of PNU-282987 ameliorated AKI (Figure 8A-F) in the 
CLP rats. These results further demonstrated that the activa-
tion of Tregs by PNU-282987 can upregulate the inhibitory 
functions of Tregs which may, in turn, ameliorate renal injury, 
consistent with the previous studies showing that α7nAChR 
agonist, nicotine, could enhance Tregs inhibitory activity 
through α7nAChR activation [23]. Therefore, Tregs may be an 
immunotherapeutic target for alleviating SAKI, which worth 
further exploration. Moreover, the mechanism of PNU-282987 
in regulating Treg cells to alleviate SAKI also requires further 
study, which might be promising in the clinical treatment of 
AKI.

CONCLUSION

We showed at the molecular, cellular, and tissue level that 
PNU-282987 could activate Tregs. Moreover, PNU-282987-
induced activation of Tregs can ameliorate SAKI in CLP rats. 
However, no significant difference was observed between the 
high and low doses of PNU-282987 groups, which might be 
due to a narrow difference in doses between the two groups. 
Further studies are needed to evaluate the effects of different 
doses of PNU-282987 on SAKI in CLP rats.
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FIGURE 7. PNU-282987 increased expressions of Foxp3, CTLA-4 in Tregs in vitro, and the effects of PNU-282987 on production 
of TGF-β1 and IL-10 in Tregs in vitro. (A) Representative flow cytometry images of Foxp3 on Tregs are shown in the three groups; 
(B) the mean fluorescence intensity (MFI) of Foxp3 in Tregs is shown in the three groups; (C) representative flow cytometry images 
of CTLA-4 in Tregs are shown in the three groups; (D) representative MFI of CTLA-4 in Tregs is shown in the three groups; and 
(E) the production of TGF-β1 was determined by ELISA. The values are expressed as the mean ± SD (n=8 in each group). #p < 0.05 
versus the Tregs group; ##p < 0.01 versus the Tregs group.
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SUPPLEMENTAL DATA

TABLE S2. The MFI of CTLA-4 and Foxp3 and the production of TGF-β1 after coculture of isolated Tregs with different media

Tregs Tregs+PNU-low Tregs+PNU-high
MFI of CTLA-4, 107.6±20.254 525.5±63.35** 566±41.81**
MFI of Foxp3, 325.8±69.283 1215.8±141.44* 1196.2±208.74**
TGF-β1, pg/mL 298.37±99.78 278.75±81.06 285.87±66.93

The values are expressed as the mean±SD, *p<0.05 versus the Tregs group; **p<0.01 versus the Tregs group

TABLE S1. The variables related kidney, systemic inflammatory indicators, pathology damage score, and the MFI of CTLA-4 and 
Foxp3 after the injection of PNU-282987 in the SAKI rats

Sham CLP CLP+PNU-low CLP+PNU-high
Urine output, mL/kg/24h 62.94±11.19 17.23±8.81## 29.55±13.09** 35.29±7.81**
Scr, μmol/L 27.155±5.19 100.52±10.70## 82.89±8.08** 83.44±6.54**
BUN, mmol/L 6.96±1.99 30.89±4.20## 24.86±1.64** 24.38±2.94**
NGAL, ng/L 225.21±13.02 2364.78±392.09## 1600.70±109.46** 1624.72±67.51**
KIM-1, ng/L 10.69±1.82 129.56±7.36## 89.99±6.56** 87.77±5.17**
TNF-α, pg/mL 20.38±12.36 254.58±50.77## 132.07±16.97** 128.07±14.71**
IL-6, pg/mL 55.37±14.01 1074.03±206.52## 682.57±111.43** 663.80±71.73**
TUNEL positive cells 2.4±1.14 59.8±14.72## 17±4.06** 15±6.20**
Pathology damage score 0.25±0.21 3.97±0.51## 1.79±0.55** 1.51±0.45**
MFI of CTLA-4 83.33±24.36 250.33±13.98## 517.4±62.58** 529.2±37.99**
MFI of Foxp3 272.83±29.72 654.17±95.31## 1025.6±65.386** 1090.6±112.267**
TGF-β1, pg/mL 304±56.78 312±13.6 294±39.29 307±25.34

The values are expressed as the mean±SD, #p<0.05 versus the Sham group; ##p<0.01 versus the Sham group; *p<0.05 versus the CLP group; 
**p<0.01 versus the CLP group

TABLE S3. The biomarkers of early acute kidney injury and pathology damage score after the adoptive transfer of Tregs in the 
SAKI rats.

C(LP + PBS CLP + Tregs CLP + Tregs + PNU-low CLP + Tregs + PNU-high
Scr, μmol/L 102.55 ± 8.16 74.23 ± 6.03## 59.82 ± 2.90** 57.91 ± 3.90**
BUN, mmol/L 30.612 ± 2.46 26.15 ± 0.64# 21.02 ± 1.25** 19.72 ± 1.73**
NGAL, ng/L 2507.3 ± 172.64 1618.37 ± 137.91## 951.02 ± 70.45** 985.24 ± 86.41**
KIM-1, ng/L 141.12 ± 18.35 78.64 ± 6.14## 57.08 ± 7.44** 59.1 ± 4.98**
Pathology damage score 3.8 ± 0.55 2.97 ± 0.52## 1.54 ± 0.53** 1.63 ± 0.45**

The values are expressed as the mean ± SD, #P < 0.05 vs. the CLP + PBS group; ##P < 0.01 vs. the CLP + PBS group; *P < 0.05 vs. the CLP + 
Tregs group; **P < 0.01 vs. the CLP + Tregs group.


