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Abstract. The aim of the present study was to determine 
whether the effects and underlying mechanisms of ticagrelor 
in a rat model of sepsis‑induced acute kidney injury (AKI) 
were mediated via the CD62P pathway. A total of 15 rats were 
randomly assigned to the following groups: Normal, sham, 
cecal ligation and puncture (CLP), CLP + clinical dose of 
ticagrelor (CCD) and CLP + loading dose of ticagrelor (CLD). 
Ticagrelor was administered 12 h before modeling, imme‑
diately after modeling, and 12 h after modeling at a dose of 
8.6 and 46.42 mg/kg in the CCD and CLD groups, respectively. 
Rats in the normal, sham and CLP groups were treated with 
the same volume of distilled water. Serum creatinine (SCr), 
CD62P and interleukin‑1β (IL‑1β) levels, myeloperoxi‑
dase (MPO) activity in the renal tissue and the apoptosis rate 
of renal cells were increased in the CLP group, compared with 
in the normal and sham groups (P<0.05). In addition, ticagrelor 
treatment reduced SCr, CD62P and IL‑1β expression levels, 
renal tissue MPO activity and renal cell apoptosis in rats with 
sepsis‑induced AKI (P<0.05). CD62P expression was closely 
associated with the occurrence of sepsis‑induced AKI. The 
mechanism of ticagrelor‑mediated reductions in inflammation, 
renal neutrophil infiltration and renal cell apoptosis is possibly 
associated with reductions in CD62P expression.

Introduction

Sepsis is one of the most common causes of acute kidney injury 
(AKI) in critically ill patients (1). Compared with AKI caused 
by other causes, sepsis‑induced AKI increases the length of 
hospital stay, medical resource consumption and mortality, and 
adversely affects the overall clinical prognosis of patients (2). 

The mortality rate of toxic patients after kidney injury is as 
high as 70% (3), whilst the survival rate of renal replacement 
therapy is 13.8% (4). Previous studies have reported that the 
pathophysiological mechanism of septic AKI may be associ‑
ated with overactivation of the immune system, uncontrolled 
inflammation and dysfunction of the coagulation system and 
energy metabolism (5,6).

The kidney has two sets of microcirculatory structures, 
namely the glomerulus and peritubular microcirculatory 
networks located in the renal cortex and renal medulla (7). 
The dense distribution and complex structure of the capillary 
network of the kidney make it more susceptible to oxidative 
stress and inflammation, rendering the kidney highly suscep‑
tible to hypoperfusion and hypoxia (7). Adaptive changes occur 
in an environment with unbalanced oxygen consumption, 
including apoptosis of tubular epithelial cells (TECs) or even 
necrosis (8). In addition, abnormal activation of white blood 
cells and coagulation disorders are also causes of AKI (9). 
The aforementioned mechanisms make the kidney one of the 
organs most susceptible to sepsis.

A previous study has demonstrated that the severity of 
sepsis is associated with platelet activation (10). Platelets are 
widely involved in the processes of coagulation, inflammatory 
factor release and immune cell activation (9). Platelet activa‑
tion dependent granule external membrane protein (PADGEM 
or CD62P, also known as P‑selectin) protein is expressed on 
the surface of the α‑granule membrane secreted after platelet 
activation and is a marker of platelet activation (11). It serves a 
key role in the process of platelet‑mediated immune cell activa‑
tion (12). Ticagrelor is a novel anti‑platelet drug with a strong 
effect and is primarily used for the prevention and treatment 
of acute coronary syndrome in clinical practice by targeting 
the P2Y12 receptor (13). It can inhibit platelet activation and 
reduce the secretion of CD62P (14). In the present study, the 
aim was to explore the mechanism of platelet activation of 
CD62P protein in septic AKI, and the effect of ticagrelor in 
decreasing the secretion of CD62 in a septic AKI rat model, in 
an attempt to provide theoretical support for the prevention or 
treatment of septic AKI.

Materials and methods 

Animals and study design. Included in the present study were 
50 healthy male 8‑week‑old SD rats (weighing 260‑300 g; 
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Veterinary Medicine) after adaptation to the standard labo‑
ratory conditions with free access to food and water except 
modeling. The temperature in the vivarium was 21‑22˚C, the 
humidity was 40‑60% and the day/night cycle was 13/11 h. The 
animals were equally randomized into five groups: i) Normal 
group (without laparotomy and intervention); ii) sham group 
(laparotomy without intervention); iii) group receiving cecal 
ligation and puncture without any treatment (CLP); iv) group 
receiving a clinical dose of 8.6 mg/kg body weight ticagrelor 
(CCD); and v) group receiving a loading dose of 46.42 mg/kg 
body weight of ticagrelor (CLD). Ticagrelor was administered 
via oral gavage 12  h before modeling, immediately after 
modeling and 12 h after modeling; the different time points 
were based on the pharmacokinetics of ticagrelor according 
to the drug instructions (15). Ticagrelor was provided by the 
Department of Medicinal Chemistry, AstraZeneca Branch, 
Lanzhou, China. The present study was approved by the 
Research Ethics Committee of the First Hospital of Lanzhou 
University (Lanzhou, China).

CLP critical procedure. After routine shaving and disinfection 
of the abdominal area, a mid‑line incision (~10 mm) was made 
after successful induction of anesthesia via intraperitoneal (i.p.) 
injection of 1% pentobarbital sodium (40 mg/kg). The cecum 
in the lower left area of the abdominal cavity was exposed. Two 
transmural injuries were made to the ligated section following 
cecal ligation using polyglactin sutures using a 20‑gauge needle to 
allow peritoneal dissemination of bacteria. The abdominal cavity 
was then closed by applying corresponding sutures, followed by 
fluid resuscitation. Animals in the sham group underwent the 
same procedure without cecal puncture and ligation, and animals 
in the normal group did not undergo any procedures. 

Preparation and detection of serum and platelet‑rich plasma 
(PRP). After 24  h modeling, 1% pentobarbital sodium 
(40 mg/kg) was injected i.p. into the abdomen. Whole blood 
drawn from the heart was centrifuged at 4˚C and 1,700 x g 
for 15 min to obtain serum samples. Serum was stored at 
‑20˚C, and serum creatinine (SCr) and interleukin‑1β (IL‑1β) 
levels were measured using ELISAs (SCr, cat. no. ml059158; 
h t t p s : //w w w. m lb io. c n /go o d s ‑59158. h t m l ;  I L ‑1β 
cat.  no.  ml037361; https://www.mlbio.cn/goods‑37361.
html; Shanghai Enzyme‑linked Biotechnology Co., Ltd.). 
The remaining blood was injected into the anticoagulant 
tube and centrifuged at 2,700 x g for 5 min to isolate PRP 
at 4˚C, and the level of CD62P was detected using an ELISA 
(cat. no. ml028431; Shanghai Enzyme‑linked Biotechnology 
Co., Ltd.; https://www.mlbio.cn/goods‑28431.html). After the 
blood was collected, the rats were still under anesthesia and 
were euthanized using 25% potassium chloride (75 mg/kg) 
until the heart stopped.

Kidney biopsy process and histological lesions. After 24 h 
modeling and whole blood removal, rats were euthanized 
using 25% potassium chloride (75  mg/kg) until the heart 
stopped before the bilateral kidneys were removed. The right 
kidney was immediately stored in a ‑80˚C refrigerator, and 
the left kidney was fixed using 10% formaldehyde in room 
temperature (20‑25˚C) and >8 h, embedded in paraffin, sliced 
into 4‑µm‑thick sections and stained using hematoxylin 

and eosin (H&E) 5 min in room temperature. All the tissue 
sections were independently evaluated in a blinded manner 
under an optical microscope by the investigators (magnifi‑
cation, x400; cat. no. BX51‑32H01; Olympus Corporation). 
The scores were determined as follows: i) 0, not detected, 
such that the glomeruli and renal tubules were unchanged; 
ii) 1, where 1‑10% tubules involved, part of the renal tubules 
were occluded, the brush border of the renal tubular cells was 
absent; iii) 2, 10‑25% tubules involved; iv) 3, 25‑50% tubules 
involved; and v) 4, >50% of tubules involved (16).

Determination of renal tissue homogenate. The right kidney 
tissue was prepared into a 10% tissue homogenate with 
pre‑cooled saline and renal cortex, and centrifuged at 4˚C 
and 1,300 x g for 20 min to obtain the supernatant. To deter‑
mine the neutrophil content in the renal tissue, an ELISA 
(cat. no. ml003250; Shanghai Enzyme‑linked Biotechnology 
Co., Ltd.; https://www.mlbio.cn/goods‑3250.html) was used 
to detect myeloperoxidase (MPO) activity, as the MPO 
level represents an indicator of global tissue neutrophil 
recruitment (17).

Assessment of renal cell apoptosis. This procedure was 
performed as previously described (18). Fresh kidney tissue frag‑
ments were added to a sufficient volume of type II collagenase 
digestive solution (cat. no. 17101‑015; Thermo Fisher Scientific, 
Inc.) and digested in a thermostatic shaker at 37˚C for 5 min. 
The protected sample was incubated for 15 min at 37˚C away 
from light and gently agitated every 5 min. All supernatants 
were collected and centrifuged at 4˚C and 70 x g for 5 min. The 
bottom sediment was removed by filtration through a 200‑mesh 
stainless steel mesh to remove the residual tissue and then centri‑
fuged at 30 x g for 2 min at 4˚C. The supernatant was discarded, 
and the isolated kidney cells were collected and counted under a 
fluorescence microscope (magnification, x400). The cells were 
stained and protected from light using an FITC‑Annexin V 
Apoptosis Detection kit at room temperature (20‑25˚C, stain for 
15 min) stored at 4˚C (cat. no. C1062S; Beyotime Institute of 
Biotechnology) and renal cell apoptosis was detected using the 
BD FACSVerse™ flow cytometer (BD Biosciences) analyzed 
by Flowjo (V10.5.2; BD Biosciences) and inverted fluorescence 
microscopy (magnification, x400; cat. no. IX53‑DP73; Olympus 
Corporation). There was not enough renal tissue to repeat the 
staining protocol whilst including a stain such as DAPI in the 
fluorescence experiments, which represented a limitation of the 
present study.

Statistical analysis. Statistical analysis was performed using 
the SPSS 16.0 statistical software package (SPSS, Inc.). The 
measurement data are expressed as the mean ± SD. One‑way 
ANOVA and Tukey's post hoc test were used for comparison 
between groups. Non‑parametrically distributed data was 
analyzed using Kruskal‑Wallis with Dunn's post hoc test. 
P<0.05 was considered to indicate a statistically significant 
difference. 

Results

General condition of rats. No significant change was noticed 
in the rats of the normal group. The rats in the sham group were 
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all in a good mental condition after surgery, with normal water 
feeding, stable breathing and sensitive to stimuli. Meanwhile, 
septicemia symptoms, such as refusal to eat and drink, drowsi‑
ness, hair erection and diarrhea were observed in CLP group, 
and hematuria appeared in some rats. Compared with the CLP 
group, the aforementioned conditions were milder in CCD and 
CLD groups, but more severe than in the sham group.

Histological findings. The effect of ticagrelor on sepsis‑induced 
renal histological alterations was evaluated using H&E 
staining (16). The results indicated that the glomeruli and 
renal tubules were unchanged in the normal group, where 
cells were arranged regularly, the structure was intact, the 
nucleus was central, the nucleolus was clear and the plasma 
was evenly stained. The findings in sham group were similar 
to those in the normal group, except that the tubular cells were 
slightly edematous. In the CLP group, interstitial congestion, 
edema and inflammatory cell infiltration were observed in the 
renal tissue, and part of the renal tubules were occluded, the 
brush border of the renal tubular cells was absent, and the top 
surface of the cell membrane was vacuolated and protruded 
into the lumen. Parts of the renal tubules were compensated 
for dilatation, the epithelium of the tube was flat, the nucleus 
disappeared, the basement membrane was exposed and the 
Tamm‑Horsfall protein cast was observable. In the CCD 
group, the structure of the renal tubules was less damaged, 
with no luminal occlusion, less inflammatory cell infiltration, 
slight damage to the renal tubular epithelial cells and edema 
of vacuolated changes. In the CLD group, only tubular cell 
edema was seen, and no inflammatory cell infiltration was 
observed. Compared with the sham group, the injury score 
were increased in the CLP, CCD and CLD groups (P<0.05). 
Moreover, compared with the CLP group, the injury score 
were decreased in the CCD and CLD groups (P<0.05; Fig. 1).

Changes in SCr, CD62P, IL‑1β and renal tissue MPO levels. 
Renal function is usually represented by SCr levels, platelet 
activity by CD62P levels, the degree of neutrophil accumula‑
tion in the kidney by MPO activity, and inflammatory factor 
levels by IL‑1β levels (19‑22). Compared with the normal and 
sham groups, SCr, CD62P, IL‑1β and renal tissue MPO were 
increased in the CLP group (P<0.05). Moreover, compared 
with the CLP group, SCr, CD62P, IL‑1β and renal tissue MPO 
were decreased in the CCD and CLD groups (P<0.05). Finally, 
compared with the CCD group, CD62P in the PRP of the CLD 
group was decreased (P<0.05; Fig. 2).

Cell apoptosis in the kidney
Flow cytometric analysis of the renal cell apoptosis rate. In 
the normal and sham groups, some early apoptotic cells of 
Annexin V+/propidium iodide (PI)‑ were observed, but very 
few Annexin V+/PI+ intermediate and advanced apoptotic cells 
or secondary necrotic cells were observed. Compared with the 
normal and sham groups, a large number of Annexin V+/PI‑ early 
apoptotic cells and Annexin V+/PI+ intermediate‑to‑advanced 
apoptotic cells or secondary necrotic cells were observed in 
the CLP group, with significant differences between the groups 
(P<0.05). Compared with the CLP group, the number of early, 
intermediate and advanced apoptotic cells was significantly 
decreased in the CCD and CLD groups (P<0.05). The change 

in renal cell apoptosis was consistent with that of SCr in all 
groups, suggesting that renal cell apoptosis was associated 
with septic AKI (Fig. 3).

Inverted fluorescence microscopy of renal cell apoptosis. 
Inverted fluorescence microscopy for double‑stained cells 
revealed that: i) The early apoptotic cell membrane showed 
green fluorescence (FITC fluorescence); ii) the intermediate 
and advanced stage apoptotic cell nucleus exhibited red fluo‑
rescence (PI fluorescence) and the cell membrane displayed 
green fluorescence; and iii) only red fluorescent nuclei were 
seen in late apoptotic and dead cells, and the cell membranes 
were disintegrated. Few green fluorescent cell membranes 
were observed in the normal and sham groups. Large numbers 
of cells were observed with red‑fluorescent nuclei and 
green‑fluorescent membranes or with red‑fluorescent nuclei 
only in the CLP group, while in the CCD and CLD groups 
there were primarily green fluorescence‑stained cells, and 
some nuclei were stained with red fluorescence. In addition, 
there were more cells that stained red in the CCD group 
compared with CLD groups (Fig. 4).

Discussion

Ticagrelor is widely used for the prevention and treatment 
of acute coronary syndrome in clinical practice. It is the first 
reversible P2Y12 receptor antagonist that can effectively 
decrease platelet activation and aggregation (8). Ticagrelor 
inhibits further release of the platelet agonist adiponectin from 
dense particles by antagonizing the P2Y12 receptor, thereby 
achieving the effect of inhibiting platelet activation and 
aggregation (23). Compared with clopidogrel, ticagrelor has 
a more potent antiplatelet effect (14). Moreover, pharmacoki‑
netics reveal that the inhibitory effect of ticagrelor on platelets 
is concentration‑dependent, there is a longer time window 
between antithrombotic and bleeding accidents, and its clin‑
ical safety is higher (23). A previous study have demonstrated 
that ticagrelor can also mimic the anti‑inflammatory effect 
of adenosine (24). However, there are few studies reporting 
the use of ticagrelor for the treatment of septic AKI. The aim 
of the present study was to explore the association between 
CD62P and septic AKI, and the effect of ticagrelor on septic 
AKI.

Sepsis is a serious medical condition with complex patho‑
genesis, resulting in high morbidity and mortality (25). The 
exact molecular mechanisms underlying this disease are yet 
to be elucidated and effective therapeutic targets need to be 
developed. In the present study, a rat model of sepsis‑induced 
AKI was established via CLP. Postoperatively, the rats were 
generally presented in a poor condition. Pus was observed in 
the abdominal cavity of the sacrificed animals and the ligated 
cecal segments became black and necrotic. SCr level was 
increased and the pathological sections revealed that the kidney 
tissue was severely damaged. All these findings indicated that 
the rat septic AKI model was constructed successfully.

A clinical study has previously demonstrated that the 
severity of sepsis was associated with platelet activation (16). 
During the activation of platelets after sepsis, CD62P is 
converted from the internal storage protein of the cell to a 
platelet membrane surface protein, eventually being expressed 
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on the surface of platelet cell membranes as cell adhesion 
receptors; thus, it represents a marker for detecting platelet 
activation  (26). The present study demonstrated that the 
CD62P concentration in septic AKI animals of the CLP group 
was higher than that in normal and sham groups, indicating 
that CD62P was to some extent associated with septic AKI. 

Lerolle et al (27) found extensive infiltration of neutrophils 
in the glomeruli, renal interstitia and capillaries upon autopsy 

of patients with sepsis AKI. The authors therefore speculated 
that accumulation of neutrophils in the kidney was involved in 
the pathogenesis of septic AKI. In the present study, in the CLP 
group, H&E staining of the renal tissue revealed that inflam‑
matory cells accumulated in the kidney, renal tubular epithelial 
cells were damaged and Tamm‑Horsfall protein casts were 
observed, indicating that the occurrence of septic AKI was partly 
associated with the accumulation of renal inflammatory cells. 

Figure 2. Effects of ticagrelor on SCr, IL‑1β, MPO and CD62P levels in rats. N=10/group. aP<0.05 vs. sham; bP<0.05 vs. CLP; cP<0.05 vs. CCD. CLP, cecal 
ligation puncture; CLP + clinical dose of ticagrelor; CLD, CLP + loading dose of ticagrelor; IL, interleukin; MPO, myeloperoxidase; SCr, serum creatinine.

Figure 1. Histological features of the renal tissues in different groups as examined by H&E staining. Microscopic observation of histological properties in renal 
tissues obtained from different groups of mice (magnification, x400; 250±25 cells/0.245 mm2); n=10/group. aP<0.05 vs. sham; bP<0.05 vs. CLP. CLP, cecal 
ligation puncture; CCD, CLP + clinical dose of ticagrelor; CLD, CLP + loading dose of ticagrelor.
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To determine the association of neutrophils and their 
secreted factors with septic AKI, compared with those in 
the Normal group and the Sham group, serum IL‑1β levels 
and MPO activity were detected in the renal tissue, and it 
was revealed that both MPO activity and IL‑1β levels were 
increased in the CLP group, indicating that neutrophil infil‑
tration in the renal tissue and imbalance of the inflammatory 

response mediated septic AKI, and that this mechanism was 
associated with the increase of CD62P concentration. As a cell 
adhesion receptor, CD62P mediates P‑selectin glycoprotein 
ligand‑1 and glycoprotein Ib interactions between platelets 
and neutrophils, triggering a series of cellular responses 
within neutrophils (28). Notably, other studies reported that 
CD62P protein directly induced the expression of IL‑1β and 

Figure 4. Inverted fluorescence microscopy analysis of apoptosis in renal cells. Annexin V‑FITC/PI fluorescence staining was performed (magnification, x400). 
Green fluorescence represents FITC fluorescence; the cell membrane is green in the early stage of apoptosis. Red fluorescence represents PI fluorescence; the 
nucleus in the middle and late stage of apoptosis is red. CCD, CLP + clinical dose of ticagrelor; CLD, CLP + loading dose of ticagrelor; PI, propidium iodide.

Figure 3. Renal cell apoptosis in rats. Flow cytometry analysis of isolated kidney cells, which was quantified; n=5/group. aP<0.05 vs. sham and normal; 
bP<0.05 vs. CLP. CLP, cecal ligation puncture; CCD, CLP + clinical dose of ticagrelor; CLD, CLP + loading dose of ticagrelor; FITC‑A, FITC‑Annexin V; 
PI, propidium iodide.
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other cytokines, while IL‑1β is an important pro‑inflammatory 
factor that could promote the bone marrow to release neutro‑
phils, chemotactic monocytes and multinuclear cells, and 
infiltrate the local inflammation (29,30). 

To summarize, CD62P mediates the accumulation of 
neutrophils in the kidney, which is the initiating factor of AKI 
in sepsis. The activation of platelet mass initiates disseminated 
intravascular coagulation, which causes microcirculation 
disturbance of the renal tissue, and aggravates local circula‑
tory disorders and inflammation unbalanced response in renal 
tissue (31). The aforementioned factors work synergistically to 
induce the development of septic AKI.

It was demonstrated in the present study that SCr, CD62P, 
IL‑1β and renal MPO were decreased after ticagrelor inter‑
vention in the CCD and CLD groups, and H&E staining of 
renal tubular epithelial cells and renal tubules was mild with 
no tubular deposition observed. In addition, the decrease 
in CD62P via ticagrelor concentration was associated with 
similar reductions in the renal injury marker SCr, the proin‑
flammatory factor IL‑1β and MPO, the aggregation marker of 
central granulocytes in the kidney, suggesting that ticagrelor 
attenuated the severity of septic AKI by inhibiting the secre‑
tion of CD62P and the inflammatory response mediated by 
CD62P, such as reducing the release of proinflammatory 
factor IL‑1β, inflammatory response and chemotaxis of 
neutrophils, thereby reducing neutrophil accumulation in the 
kidney. At the same time, the expression of CD62P in the 
CCD group was significantly higher than the CLD group. 
It is speculated that there is a dose‑dependent association 
between the inhibition of CD62P expression and ticagrelor. 
Certain scholars hypothesize that ticagrelor may become 
one of the novel targeted drugs for the treatment of septic 
AKI (32).

In the current study, it was demonstrated that the apoptosis 
rate of renal cells in CLP group was increased compared with 
the normal and sham groups, suggesting that renal cell apop‑
tosis is one of the pathophysiological mechanisms underlying 
septic AKI. Mariano et al (33) used the plasma from patients 
with severe sepsis or septic shock to culture renal TECs and 
found that TECs still underwent functional changes and 
apoptosis even without hypoperfusion or hypoxia; therefore, 
ischemia and hypoxia may not be the primary factors of renal 
cell apoptosis. In the present study, it was revealed that the 
apoptosis rate was decreased in the CCD and CLD groups 
compared with the CLP group, suggesting that the inhibition 
of CD62P secretion using ticagrelor reduced the apoptosis rate 
of renal cells. The lack of caspase‑3 level measurements and 
TUNEL staining of tissue slices are potential limitations of 
the current study.

In summary, the present study demonstrated that sepsis 
results in excessive platelet activation, causing an increase 
in the blood CD62P protein concentration and the renal cell 
apoptosis rate, which may be one of the key pathophysi‑
ological mechanisms underlying septic AKI. In sepsis, the 
abnormal increase in CD62P protein induces the release of the 
pro‑inflammatory factor IL‑1β, which adheres to neutrophils, 
indicating that CD62P‑mediated inflammation and renal cell 
apoptosis are the key mechanisms underlying the development 
of septic AKI (34). Ticagrelor exerts certain renal protective 
effects by inhibiting the inflammatory response mediated by 

CD62P, alleviating systemic and renal local inflammation 
and reducing renal cell apoptosis. These findings may provide 
novel evidence‑based insight and experimental information 
to aid in the prevention and treatment of septic AKI. In the 
current study, only animal experiments were conducted; 
in future, the mechanism underlying ticagrelor regulation 
of CD62P expression (potentially via the NF‑κB pathway) 
should be examined at the cellular level and alleviating the 
sepsis‑induced AKI.
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