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Abstract. Platelets are involved in hemostasis and immune 
regulation, but little is currently known regarding their role 
in inflammatory bowel disease. In the present study, the 
mechanism by which platelet activation affects macrophage 
C‑X‑C motif chemokine receptor 3 (CXCR3) by releasing 
platelet factor 4 (PF4), thus aggravating ulcerative colitis 
(UC) disease progression, was investigated. A dextran sulfate 
sodium‑induced mouse model showed co‑localization of the 
platelet marker PF4 with the macrophage M1 marker induc‑
ible nitric oxide synthase. Furthermore, co‑culturing platelets 
with monocytes (THP‑1) in vitro led to the transformation of 
monocytes into macrophages, as well as the activation of macro‑
phages exhibiting proinflammatory properties. Meanwhile, 
reverse transcription‑quantitative PCR (RT‑qPCR) showed 
that inflammatory factors, such as IL‑1β, IL‑6 and TNF‑α 
were significantly increased in macrophages after platelet 
co‑culture. It was therefore hypothesized that the PF4/CXCR3 

pathway may serve an important role in cell‑to‑cell commu‑
nication. Furthermore, intervention with PF4 in THP‑1 cells 
induced the M1 macrophage phenotype and inflammatory 
cytokine expression, which was consistent with co‑culturing, 
whereas inhibition of CXCR3 (AMG487) reversed the effects 
of PF4. In addition, following treatment with PF4, THP‑1 cells 
were found to be under oxidative stress and apoptosis was 
enhanced, as determined by detecting reactive oxygen species, 
mitochondrial membrane potential and Annexin‑V, as well as 
the classical apoptotic proteins Bcl‑2/Bax/caspase‑3 through 
western blotting. In addition, changes in MAPK and NF‑κB, 
two classic inflammatory signaling pathways, were detected. 
Furthermore, mice were treated with an anti‑platelet medi‑
cation or CXCR3 inhibitor to observe in vivo inflammatory 
changes; through phenotypic assessment, immunofluorescence 
staining, RT‑qPCR and TUNEL assay, it was demonstrated 
that the PF4/CXCR3 pathway may aggravate inflammation in 
mice with UC. In conclusion, platelets and macrophages may 
interact in UC through the PF4/CXCR3 pathway to exacerbate 
inflammation, providing novel options for the treatment of UC.

Introduction

It has previously been shown that platelet activation is closely 
associated with inflammatory bowel disease (IBD), an autoim‑
mune disorder that is associated with frequent relapses (1,2). 
As the disease progresses, tissue damage and microthrombi 
are common. Notably, mucosal capillary thrombosis can be 
detected in the rectal biopsy specimens of patients with IBD. 
Thrombosis mainly relies on platelet activation, indicating 
a close relationship between platelet activation and IBD (3). 
Furthermore, platelet aggregation and release are commonly 
observed on the colonic mucosa of patients with ulcerative 
colitis (UC) (4).

In the immune disease UC, chemokines such as platelet 
factor 4 (PF4) are released after platelet activation in the early 

Platelet activation stimulates macrophages to enhance 
ulcerative colitis through PF4/CXCR3 signaling
YUXIAO NIU1,2*,  ANHONG LI2,3*,  WEIHUA XU4,  RONG ZHANG1,2,  RUYA MEI1,2,  

LANGHUA ZHANG5,  FENMIN ZHOU6,  QIN PAN7  and  YUZHONG YAN1‑3,8

1Graduate School, Xinxiang Medical University, Xinxiang, Henan 453003, P.R. China; 2Shanghai Key Laboratory of Molecular Imaging,  
Shanghai University of Medicine and Health Sciences, Zhoupu Hospital, Shanghai 201318, P.R. China; 3Graduate School,  

Shanghai University of Traditional Chinese Medicine, Shanghai 200030, P.R. China; 4Department of Pharmacy, Zhoupu Hospital,  
Shanghai University of Medicine and Health Sciences, Shanghai 201318, P.R. China; 5School of Medical Technology,  

Shanghai University of Medicine and Health Sciences, Shanghai 201318, P.R. China; 6Department of Traditional Chinese Medicine,  
Zhoupu Hospital, Shanghai University of Medicine and Health Sciences, Shanghai 201318, P.R. China; 7Shanghai Institute of  

Pediatric Research, Shanghai Key Laboratory of Pediatric Gastroenterology and Nutrition, Shanghai 200092, P.R. China;  
8Department of Science Research, Zhoupu Hospital, Shanghai University of Medicine and Health Sciences, Shanghai 201318, P.R. China

Received November 21, 2024;  Accepted February 19, 2025

DOI: 10.3892/ijmm.2025.5519

Correspondence to: Dr Yuzhong Yan, Department of Science 
Research, Zhoupu Hospital, Shanghai University of Medicine and 
Health Sciences, 1500 Zhouyuan Road, Pudong, Shanghai 201318, 
P.R. China
E‑mail: zp_yanyz@sumhs.edu.cn

Dr Qin Pan, Shanghai Institute of Pediatric Research, Shanghai 
Key Laboratory of Pediatric Gastroenterology and Nutrition, 
1665 Kongjiang Road, Yangpu, Shanghai 200092, P.R. China
E‑mail: pan_qin@yeah.net

*Contributed equally

Key words: platelet, macrophage, ulcerative colitis, platelet 
factor 4/C‑X‑C motif chemokine receptor 3, inflammation, apoptosis

https://www.spandidos-publications.com/10.3892/ijmm.2025.5519


NIU et al:  PLATELET ACTIVATION AGGRAVATES ULCERATIVE COLITIS BY STIMULATING MACROPHAGES2

stages of inflammation, recruiting innate immune cells, such 
as macrophages. Macrophages serve an important role in 
maintaining intestinal immune homeostasis and have a notable 
effect on IBD, providing a promising opportunity for devel‑
oping novel treatments (5). Notably, an association between 
platelets and macrophages has been reported in the context of 
sepsis, atherosclerosis and other diseases (6‑8). Additionally, 
platelet‑monocyte complexes (PMCs) have been shown to 
indicate the severity of various diseases (9), including UC (10).

Several cytokines are released after platelet activation, 
including PF4  (11). Atherosclerosis  (12), as well as other 
diseases characterized by inflammation, induce the enhanced 
release of PF4 from platelets. In the pathogenesis of IBD, PF4 
in plasma has also been reported to be increased (13) and to 
be associated with disease activity (14). C‑X‑C motif chemo‑
kine receptor 3 (CXCR3) is the receptor of PF4; PF4 recruits 
macrophages and binds to CXCR3, promoting macrophages to 
release proinflammatory factors. Furthermore, CXCR3 serves 
a notable role in the pathogenesis of UC; CXCR3 expression 
has been shown to be elevated in the peripheral blood and 
colon of patients with IBD (15), and CXCR3 axis expres‑
sion is markedly higher in active IBD, indicating a role in its 
pathogenesis (16). Since CXCR3 attracts a multitude of proin‑
flammatory cells, such as neutrophils, to the colon, inhibiting 
CXCR3 could be an effective means of regulating intestinal 
inflammation (17). CXCR3 is a receptor found in macrophages 
and other cell types  (18), which has been demonstrated to 
have an inflammatory effect on immune cells via the NF‑κB 
pathway (19) and Janus kinase/signal transducer and activator 
of transcription pathway (20). Moreover, CXCR3 has been 
shown to contribute to the pathogenesis of intestinal inflam‑
mation via the MAPK pathway. By contrast, inhibition of 
CXCR3 has been shown to confer protection against intestinal 
epithelial apoptosis (21). These previous findings suggest that 
PF4/CXCR3 may serve an important role in IBD. 

Notably, there is evidence that the PF4/CXCR3 pathway 
is responsible for recruiting neutrophils, monocytes and 
lymphocytes (12,22), as well as polarizing macrophages and 
inducing cell fibrosis in the vascular wall  (23). However, 
there is still a lack of understanding regarding the role of 
PF4/CXCR3 in IBD.

In the present study, the pivotal role of platelets and 
macrophages in UC was investigated, and the critical role of 
the PF4/CXCR3 pathway in the involvement of platelets and 
macrophages was investigated. It may be hypothesized that the 
current study could provide a solution to the issue of platelet 
regulation of macrophages through the PF4/CXCR3 pathway, 
which contributes to the progression of experimental colitis. 
Moreover, the findings may provide a feasible option for the 
treatment of UC.

Materials and methods

Patients. The current study was approved by the Ethics 
Committee of Zhoupu Hospital (approval no. ZPYYLL‑2018‑02; 
Shanghai, China) and was carried out in accordance with The 
Declaration of Helsinki. Three healthy male donors aged 
54±14 years and three patients with UC (two male patients 
and one female patient) aged 34±19 years were selected for 
the present study. Peripheral colonic tissue from pediatric (age, 

<16 years) and adult subjects were collected after obtaining 
written informed consent from the patients or the pediatric 
patient's parent or guardian. The samples were collected during 
colonoscopy. The healthy donors underwent colonoscopy as 
part of a routine health check‑up at the hospital. The patients 
with UC were diagnosed by a gastroenterologist and a patholo‑
gist. The puncture performed during colonoscopy yielded 
colon tissue, which underwent hematoxylin and eosin (H&E) 
staining and immunofluorescence detection using the following 
antibodies: Anti‑CD62P (1:200; cat. no. 60322‑1‑Ig; Proteintech 
Group, Inc.), anti‑inducible nitric oxide synthase (iNOS; 1:200; 
cat. no. 18985‑1‑AP; Proteintech Group, Inc.), anti‑PF4 (1:100; 
cat. no. 21157‑1‑AP; Proteintech Group, Inc.) and anti‑CXCR3 
(1:100; cat. no. 26756‑1‑AP; Proteintech Group, Inc.).

Cell culture and treatment. THP‑1 cells (cat. no. SCSP‑567) 
were obtained from The Cell Bank of Type Culture Collection 
of The Chinese Academy of Sciences and were cultured in 
RPMI 1640 culture medium (cat.  no.  L210KJ; Shanghai 
Basalmedia Technologies Co., Ltd.) supplemented with 10% 
fetal bovine serum (cat. no. 098‑150; Wisent, Inc.) and 1% 
penicillin‑streptomycin (cat. no. 15140122; Gibco; Thermo 
Fisher Scientific, Inc.). The cells were maintained at 37˚C 
with 95% O2 and 5% CO2 in a humidified atmosphere. 
Phorbol 12‑myristate 13‑acetate (PMA), PF4, AMG487 
(CXCR3 inhibitor), PD98059 (ERK inhibitor) and SC75741 
(p65 inhibitor) were purchased from MedChemExpress 
(cat. nos. HY‑18739, HY‑P70618, HY‑15319, HY‑12028 and 
HY‑10496, respectively). Lipopolysaccharide (LPS), which 
was used to induce the polarization of THP‑1 cells to a proin‑
flammatory phenotype, was purchased from Beijing Solarbio 
Science & Technology Co., Ltd. (cat. no. L8880). LPS (1 µg/ml) 
was added to THP‑1 cells for 6 h at 37˚C and the samples 
were collected. PMA (100 ng/ml) was added to THP‑1 cells 
for 24 h at 37˚C to induce the differentiation of monocytes 
into macrophages  (24). After adding PMA to THP‑1 cells 
to transform them into macrophages, the cells were treated 
as required. Subsequently, the samples were treated with 
AMG487 (2.5 µM) (25), PD98059 (10 µM) (26) or SC75741 
(5 µM) (27) for 2 h at 37˚C, after which PF4 (100 ng/ml) was 
added for a further 6 h at 37˚C and the samples were collected.

Platelet isolation and culture‑medium preparation. Human 
venous blood (5 ml) was collected from three of the aforemen‑
tioned healthy volunteers at the Zhoupu Hospital Affiliated 
to Shanghai University of Medicine and Health Sciences 
(Shanghai, China). A portion of the blood was placed in a sodium 
citrate anticoagulant tube (BD Biosciences) and was subjected 
to centrifugation at 200 x g for 15 min at room temperature, 
thereby obtaining platelet‑rich plasma (PRP). Prostaglandin 2 
(500 ng/ml; Sigma‑Aldrich; Merck KGaA) was added to PRP 
to prevent platelet activation. Platelet precipitation was carried 
out by centrifugation at 800 x g for 3 min at room temperature. 
The platelets were resuspended and washed in Tyrode's Salts 
buffer (140 mM NaCl, 10 mM NaHCO3, 2.5 mM KCl, 0.5 mM 
Na2HPO4, 1 mM MgCl2, 22 mM sodium citrate and 0.55 mM 
glucose; pH 6.5; Sigma‑Aldrich; Merck KGaA), counted, and 
added to RPMI 1640 complete culture medium in an appro‑
priate proportion for use (6). THP‑1 cells were co‑cultured 
with platelets at a ratio of 1:100 for 6 h. Light‑field microscopic 
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observations were performed and images were captured using 
an inverted microscope (DMi1; Leica Biosystems).

Animals. A total of 20 healthy female Balb/c mice (age, 
6‑8 weeks; weight, 20‑22 g) were provided by Hangzhou 
Qizhen Experimental Animal Technology Co., Ltd. The 
experimental procedure was conducted in accordance with 
the guidelines set by the National Institutes of Health (28), 
and all animal experiments were approved by the Animal 
Care and Use Professional Committee of Zhoupu Hospital 
(approval no. ZPYYLL‑2018‑02). The mice were maintained 
under the following controlled conditions: Temperature, 
23±1˚C; humidity, 40‑50%; 12‑h light/dark cycle; ad libitum 
access to food and water. A 7‑day acclimation period was 
allowed for the mice prior to the commencement of the study. 
The animals were euthanized if any case‑predefined humane 
endpoints were observed, including: i) Weight loss, rapid loss 
of 15‑20% of original body weight; ii) weakness, unable to eat 
and drink on their own, unable to stand for up to 24 h or unable 
to stand with extreme reluctance; and iii) signs of depression 
and hypothermia (<37˚C) without anesthesia or sedation. No 
humane endpoints were met throughout the experiments.

A murine model of dextran sulfate sodium (DSS)‑induced 
acute colitis. A murine model of acute colitis was established 
by administering 2.5% DSS (Shanghai Yeasen Biotechnology 
Co., Ltd.) as previously described  (29). The mice were 
randomly divided into the following four groups (n=5/group): 
Control, DSS, clopidogrel and AMG487 groups. Clopidogrel 
is a commonly used drug to inhibit platelet activation, and 
inhibition of platelet activation can reduce the production of 
platelet factors, including PF4. Following a 1‑week period of 
acclimation, all experimental groups with the exception of the 
control group were administered a DSS solution, which was 
freshly prepared and replaced every other day, and the mice 
freely drank water mixed with DSS; mice were treated with 
AMG487 or clopidogrel (or control) for 3 days before DSS 
after the 1 week acclimation period. The clopidogrel group 
was administered an oral gavage of 20 mg/kg/day clopidogrel 
(MedChemExpress)  (30,31), whereas the AMG487 group 
was administered an intraperitoneal injection of 5 mg/kg/day 
AMG487  (32). The control and DSS model groups were 
administered an intraperitoneal injection of a sterile PBS 
solution containing 20% β‑cyclodextrin (MedChemExpress). 
The disease activity index (DAI) and histological examination 
(H&E staining) were used to assess the colitis model. DAI was 
scored as follows: Weight loss: 0, no weight loss; 1, 0‑5%; 2, 
5‑10%; 3, 10‑15%; 4, 15‑20%. The degree of fecal softness: 
0, no change; 1, soft stool; 2, loose stools. Fecal occult blood 
condition: 0, the color did not change within 2 min; 1, 1‑2 min 
discoloration; 2, color change within 1 min; 3, discoloration 
within 10 sec; 4, immediate discoloration or hematochezia. 
The sum of the three scores is the DAI score. The fecal occult 
blood test was performed with the use of a fecal occult blood 
kit (cat. no. BA2020B; Baso Diagnostic, Inc.). Upon completion 
of the animal experiments, anesthesia was initiated with 3% 
isoflurane and was maintained with 1.5% isoflurane, and blood 
(0.5 ml) was taken from the apex of the heart, after which, 
the mice were euthanized with CO2 at a volume replacement 
rate of 40% vol/min according to merican Veterinary Medical 

Association Guidelines for the Euthanasia of Animals: 2020 
Edition  (33). The colon was then removed for subsequent 
analysis. The blood samples were allowed to stand at room 
temperature for 60 min prior to centrifugation. After centrifu‑
gation at 2,000 x g for 15 min at room temperature, serum was 
obtained to assess the levels of inflammatory cytokines. The 
colon tissues were measured and washed to remove non‑tissue 
debris. Subsequently, additional colon samples were stored 
at ‑80˚C for future analysis. 

Histological scoring of colon tissues. Human and murine colon 
samples were sectioned after fixation with 4% paraformalde‑
hyde for 24 h at room temperature and embedded in paraffin 
(Biosharp Life Sciences). The samples were then cut into 5‑µm 
sections and mounted on slides. The sections were stained with 
H&E and then observed under a light microscope. Briefly, 
paraffin‑embedded sections were oven‑dried at 60˚C for 2 h, 
deparaffinized and stained with hematoxylin for 10 min, rinsed 
and stained with eosin for 30 sec, washed and sealed; the entire 
procedure was operated at room temperature. Two pathologists 
scored the extent of intestinal mucosal damage and inflamma‑
tory cell infiltration in a blinded manner. Briefly, in the case 
of damage to the intestinal mucosa, the following criteria were 
applied: 0, no damage; 1, discrete mucosal epithelial damage; 
2, superficial mucosal erosion; 3, extensive mucosal damage. 
For crypt abnormalities, the following criteria were applied: 
0, normal crypts; 1, a few crypts showed structural changes or 
atrophy; 2, structural changes or atrophy of numerous crypts; 
3, extensive crypt abnormalities and loss. For inflammatory 
cell infiltration, the following criteria were applied: 0, none or 
a small amount of inflammatory cells in the lamina propria; 
1, increased numbers of inflammatory cells in the lamina 
propria; 2, inflammatory cells spread to the submucosa; 3, the 
whole layer has inflammatory cell infiltration. The sum of the 
three scores was calculated as the colon histological score.

Reverse transcription‑quantitative PCR (RT‑qPCR). A total 
of 1x106 THP‑1 cells/well were seeded into 6‑well plates and 
divided into the following five experimental groups: i) Control 
group; ii) LPS group; iii) PLT group; iv) LPS + PLT group and 
v) LPS + PLT + CaCl2 group. In the PLT groups, the THP‑1 
cells were co‑cultured with platelets at a ratio of 1:100 for 6 h. 
In the LPS group, cells were collected 6 h after stimulation 
with LPS. In the LPS + PLT group, LPS was added during 
co‑culture. In the LPS + PLT + CaCl2 group, 10%w/v CaCl2 
was added to platelet conditioned medium for 5 min before 
co‑culture with THP‑1, and LPS was added at the same time. 
CaCl2 is a commonly used platelet activator. All experiments 
were performed at 37˚C. In addition, PMA (100 ng/ml) was 
added to THP‑1 cells for 24 h at 37˚C to induce the differ‑
entiation of monocytes into macrophages; these treatments 
are separate to the Control, LPS, PLT and LPS + PLT groups. 
After adding PMA to THP‑1 cells to transform them into 
macrophages, experiments related to PF4/CXCR3 were 
performed. Subsequently, the samples were treated with 
AMG487 (2.5 µM/ml), PD98059 (10 µM) or SC75741 (5 µM) 
for 2 h at 37˚C, after which PF4 (100 ng/ml) (25) was added for 
a further 6 h at 37˚C and the samples were collected. 

Total RNA was isolated from treated THP‑1 cells and 
mouse colon tissue samples using TRIzol® (Invitrogen; 
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Thermo Fisher Scientific, Inc.); briefly, the cells were washed 
with PBS, the supernatant was discarded and TRIzol was 
added for 10 min. Subsequently, chloroform was added and 
mixed vigorously for 30  sec, the supernatant was left for 
10 min, and was then centrifuged at 12,000 x g for 15 min 
at 4˚C, and an equal volume of isopropanol was added for 
10 min. After centrifugation at 12,000 x g for 15 min at 4˚C, the 
supernatant was discarded and then pre‑cooled 75% ethanol 
was added to the remaining pellet. The RNA precipitate was 
obtained by centrifugation at 7,500 x g for 5 min at 4˚C and 
was resuspended in DEPC water. RNA at a final concentration 
of 1 µg was reverse transcribed into cDNA using a reverse 
transcriptase kit (Vazyme Biotech Co., Ltd). After mixing 
the relevant reagents of the kit, the samples were incubated 
at 50˚C for 15 min and 85˚C for 5 sec. qPCR was conducted 
on a Rotor‑Gene Q‑cycler (Qiagen, Inc.) using the Rotor‑Gene 
SYBR Green qPCR Kit (Vazyme Biotech Co., Ltd.), according 
to the manufacturer's protocol. The thermocycling conditions 
were as follows: 95˚C for 30 sec, followed by 40 cycles at 
95˚C for 10 sec and 60˚C for 30 sec; and final steps at 95˚C for 
15 sec, 60˚C for 1 min and 95˚C for 15 sec. Human and mouse 
GAPDH were used as internal controls for parallel amplifica‑
tion. Relative changes in gene expression were quantified using 
the 2‑ΔΔCq method (34,35). All experiments were performed 
in triplicate. The specific primers (Sangon Biotech Co., 
Ltd.) used are listed in Table I. Among the specific primers, 

SRC was found in the ‘Chemokine Signaling Pathway’ and 
‘Cytokine‑Cytokine Receptor Interaction’ pathways when 
searching the downstream targets of PF4/CXCR3 in the 
Kyoto Encyclopedia of Genes and Genomes (KEGG) path‑
ways (KEGG PATHWAY: map04062; https://www.genome.
jp/entry/map04062 and KEGG PATHWAY: map04060; 
https://www.genome.jp/entry/map04060).

Western blotting. Total protein was isolated from THP‑1 
cells using RIPA buffer (Biosharp Life Sciences) containing 
protease and phosphatase inhibitors (Biosharp Life Sciences) 
on ice for 30  min. Subsequently, the cell fragments were 
centrifuged at 12,000 x g for 15 min at 4˚C. The soluble protein 
component was mixed with 5X loading buffer (Biosharp 
Life Sciences), and the concentration of proteins was deter‑
mined using the BCA protein assay kit (Beyotime Institute 
of Biotechnology). Equal amounts of protein (30 µg/lane) 
were subjected to SDS‑PAGE on 10 or 12.5% gels, and were 
electroblotted onto PVDF membranes (MilliporeSigma). The 
membranes were blocked using 5% fat‑free milk (Beyotime 
Institute of Biotechnology) for 2 h at room temperature and 
were then incubated at 4˚C overnight with the following 
primary antibodies: Anti‑CD62P (1:2,000; cat. no. 60322‑1‑Ig; 
Proteintech Group, Inc.), anti‑inducible nitric oxide synthase 
(iNOS; 1:500; cat. no. 18985‑1‑AP; Proteintech Group, Inc.), 
anti‑CD86 (1:500; cat. no. 26903‑1‑AP; Proteintech Group, 

Table I. Primer sequences used for quantitative PCR.

A, Human primers

Gene	 Forward primer, 5'‑3'	 Reverse primer, 5'‑3'

GAPDH	 GGAGCGAGATCCCTCCAAAAT	 GGCTGTTGTCATACTTCTCTCATGG
IL‑1β	 ATGGCTTATTACAGTGGCAATGAGG	 TGTAGTGGTGGTCGGAGATTCG
IL‑6	 TTCGGCAAATGTAGCATG	 AATAGTGTCCTAACGCTCATAC
TNF‑α	 ATGAGCACTGAAAGCATGATCCG	 AGGAGAAGAGGCTGAGGAACAAG
IL‑10	 CTTGCTGGAGGACTTTAAGGGTTAC	 CTTGATGTCTGGGTCTTGGTTCTC
PF4	 AACGGAGAGCCTGCTGAGTG	 CCCAGACAGAAGTTGTTCTAACCAG
CXCR3	 TGGTGGTGCTGGTGGACATC	 GCCTGAGGTGACCGACTTGG
ERK	 TGGTGTGCTCTGCTTATGATAATGTC	 AGTAGGTCTGGTGCTCAAAGGG
P65	 CCTGTCCTTTCTCATCCCATCTTTG	 GCTGCCAGAGTTTCGGTTCAC
SRC	 TCCAAGCCGCAGACTCAGG	 CATCCACACCTCGCCAAAGC

B, Mouse primers

Gene	 Forward primer, 5'‑3'	 Reverse primer, 5'‑3'

GAPDH	 AAGAAGGTGGTGAAGCAGG	 GAAGGTGGAAGAGTGGGAGT
IL‑1β	 GAAATGCCACCTTTTGACAGTG	 TGGATGCTCTCATCAGGACAG
IL‑6	 TAGTCCTTCCTACCCCAATTTCC	 TTGGTCCTTAGCCACTCCTTC
TNF‑α	 CCGAGATGTGGAACTGGCAGAG	 CCACGAGCAGGAATGAGAAGAGG
ZO‑1	 AGAGCAAGCCTTCTGCACAT	 TCGGGTTTTCCCTTTGAAGAGT
OCLN	 ACATGTATGGCGGAGAGATGC	 GGGGCGACGTCCATTTGTAG
MUC‑2	 GAAGCCAGATCCCGAAACCA	 GAATCGGTAGACATCGCCGT

PF4, platelet factor 4; CXCR3, C‑X‑C motif chemokine receptor 3; ZO‑1, zonula occludens 1; OCLN, occludin; MUC‑2, mucin 2.
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Inc.), anti‑β‑actin (1:20,000; cat. no. 66009‑1‑Ig; Proteintech 
Group, Inc.), anti‑Bcl‑2 (1:500; cat. no. 66799‑1‑Ig; Proteintech 
Group, Inc.), anti‑Bax (1:1,000; cat. no. ET1603‑34; HUABIO), 
anti‑caspase‑3 (1:1,000; cat.  no.  14220; Cell Signaling 
Technology, Inc.), anti‑ERK1/2 (1:1,000; cat. no. 4695; Cell 
Signaling Technology, Inc.), anti‑phosphorylated (p)‑ERK1/2 
(1:2,000; cat.  no.  4370; Cell Signaling Technology, Inc.), 
anti‑p65 (1:1,000; cat. no. 6956; Cell Signaling Technology, 
Inc.) and anti‑p‑p65 (1:1,000; cat. no. 3033; Cell Signaling 
Technology, Inc.). After incubation with horseradish 
peroxidase‑conjugated secondary antibodies (1:5,000; 
cat. nos. SA00001‑1 and SA00001‑2; Proteintech Group, Inc.) 
for 1 h at room temperature, the membranes were incubated with 
enhanced chemiluminescence (ECL) FemtoLight Substrate 
(cat. no. SQ201L; Epizyme; Ipsen Pharma). Protein detection 
was performed using the automatic chemiluminescence 
image analysis system (Tanon 5200 Multi; Tanon Science and 
Technology Co., Ltd.). Protein expression was semi‑quantified 
using ImageJ (version 1.5.3; National Institutes of Health).

Flow cytometry. Apoptosis was detected by flow cytometry. 
After the cells were treated with 2.5 µM AMG487 for 2 h, 
100 ng/ml PF4 was added for 24 h and the harvested cells were 
washed three times with PBS. Apoptosis was detected by flow 
cytometry after staining with Annexin V‑FITC and PI (Beyotime 
Institute of Biotechnology) for 30 min at room temperature. 
The percentage of apoptotic cells was calculated, and the 
data were analyzed using Novo Express Immunofluorescence 
Analysis(version 1.4.1; Agilent Technologies, Inc.). The 
apoptotic rate was determined using a NovoCyte 2000 Flow 
Cytometer (Agilent Technologies, Inc.) (36).

Measurement of inflammatory cytokines. Mouse serum 
IL‑1β and TNF‑α levels were measured using an Automatic 
Biochemistry Analyzer (XPT; Siemens AG).

Reactive oxygen species (ROS) detection. ROS levels in 
THP‑1 cells treated with PF4 and AMG487 were measured 
according to the instructions of the ROS kit (Beyotime 
Institute of Biotechnology). PMA (100 ng/ml) was added to 
THP‑1 cells for 24 h at 37˚C to induce the differentiation of 
monocytes into macrophages. Subsequently, the samples were 
treated with AMG487 (2.5 µM) for 2 h at 37˚C, after which 
PF4 (100 ng/ml) was added for a further 24 h at 37˚C and 
the samples were collected. After washing with PBS, propor‑
tionally diluted DCFH‑DA probes (in serum‑free medium 
at a ratio of 1:1,000) were added to the cells. THP‑1 cells 
were washed three times with PBS to completely remove the 
unbound DCFH‑DA probe and were then fixed with 4% para‑
formaldehyde for 10 min at room temperature. After nuclear 
staining with DAPI, the intracellular ROS levels were assessed 
using ImageJ (version 1.5.3; National Institutes of Health) by 
detecting the fluorescence brightness of the DCFH‑DA probe 
under FITC parameters. Imaging was performed using an 
inverted fluorescence microscope (DMi8; Leica Biosystems).

Mitochondrial membrane potential detection. The levels 
of JC‑1 in THP‑1 cells were determined in accordance with 
the instructions provided in the JC‑1 kit (Beyotime Institute 
of Biotechnology). PMA (100 ng/ml) was added to THP‑1 

cells for 24 h at 37˚C to induce the differentiation of mono‑
cytes into macrophages. Subsequently, the samples were 
treated with AMG487 (2.5 µM) for 2 h at 37˚C, after which 
PF4 (100 ng/ml) was added for a further 6 h at 37˚C and the 
samples were collected. After washing with PBS, the JC‑1 
dye was added to the cells at a 1:200 dilution in JC‑1 staining 
buffer and incubated at 37˚C for 20  min. Following two 
washes of the THP‑1 cells with JC‑1 staining buffer to ensure 
the complete elimination of unbound JC‑1 dye, the intracel‑
lular mitochondrial membrane potential levels were evaluated 
using a fluorescence microscope. This involved the detection 
of the fluorescence intensities of both red and green fluores‑
cence. Imaging was performed using an inverted fluorescence 
microscope (DMi8; Leica Biosystems).

Immunofluorescence staining analysis. For human and mouse 
colon tissue sample sections, immunostaining was performed 
using standard procedures. Briefly, human and murine colon 
samples were sectioned after fixation with 4% paraformalde‑
hyde for 24 h at room temperature and embedded in paraffin 
(Biosharp Life Sciences). Paraffin‑embedded 5‑µm sections 
were dewaxed using xylene and rehydrated using gradient 
alcohol, and antigen repair was performed by microwave 
heating with Tris‑EDTA (pH 9.0) at 95˚C for 20 min. The 
tissue was then blocked with 5% bovine serum albumin 
(cat.  no. ST023; Beyotime Institute of Biotechnology) for 
30 min at room temperature, after which the solution was 
removed and the sections were incubated overnight at 4˚C 
with the corresponding primary antibodies. The sections 
were then stained with TSA fluorescent labeling reagent 
(cat. no. bry‑0023‑100; Shanghai Ruiyu Biotechnology Co., 
Ltd.) for 30 min at room temperature and DAPI working 
solution (cat. no. P0131; Beyotime Institute of Biotechnology) 
was added dropwise. Imaging was carried out using a laser 
scanning confocal microscope (TCS SP8; Leica Biosystems). 
The antibodies used in this experiment included: Anti‑CD62P 
(1:200; cat. no. 60322‑1‑Ig; Proteintech Group, Inc.), iNOS 
(1:100; cat. no. 18985‑1‑AP; Proteintech Group, Inc.), CD206 
(1:200; cat. no. 18704‑1‑AP; Proteintech Group, Inc.), PF4 
(1:100; cat.  no.  21157‑1‑AP; Proteintech Group, Inc.) and 
CXCR3 (1:100; cat. no. 26756‑1‑AP; Proteintech Group, Inc.).

TUNEL assay. Briefly, human and murine colon samples 
were sectioned after fixation with 4% paraformaldehyde 
for 24  h at room temperature and embedded in paraffin. 
Paraffin‑embedded mouse colon sections (5  µm) were 
dewaxed using xylene and rehydrated using gradient alcohol. 
Sample permeabilization was performed through incubation 
with 20 µg/ml proteinase K for 20 min at room temperature. 
Endogenous peroxidase was inactivated via incubation with 
3% H2O2 for 5 min at room temperature. The TUNEL reaction 
mixture (cat. no. Roche‑11684795910; Sigma‑Aldrich; Merck 
KGaA) was added to the sample and incubated for 1 h at 37˚C. 
The DAPI working solution was added dropwise and imaging 
was carried out using a laser scanning confocal microscope 
(TCS SP8; Leica Biosystems).

Statistical analysis. Data are presented as the mean ± standard 
deviation (n≥3). Statistical analysis was performed using either 
unpaired, two‑tailed Student's t‑test, or one‑way ANOVA 
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followed by Bonferroni post hoc test using GraphPad Prism 
(version 9.0; Dotmatics). Categorical data, such as DAI and 
pathological scores in animal experiments, are presented as the 
median (range) and were analyzed using the non‑parametric 
Kruskal‑Wallis test followed by Dunn's post hoc test. P<0.05 
was considered to indicate a statistically significant difference.

Results

Platelets interact with monocytes and macrophages in UC, 
thereby facilitating the transformation of monocytes into 
macrophages that assume a proinflammatory role. In present 
study, it was observed that, compared with in the normal control 
group, in the colon of patients with UC, bleeding at the colonic 
mucosa was shown to occur during active UC (Fig. 1A). This 
was also observed in the colon of DSS‑induced mice, with 
more neovascularization and microvessels, suggesting that 
platelets enter the colon from blood vessels and exert their 
effects (Fig. 1A and B). The co‑localization of platelets and 
macrophages was investigated by staining for a platelet activa‑
tion marker (CD62P) and a macrophage M1 marker (iNOS); 
the findings revealed that the co‑localization of platelets with 
macrophages was more pronounced in the colon of patients 
with UC compared with in healthy controls (Fig. 1C). This 
finding was confirmed by staining for PF4 and iNOS in the 
mouse colon to detect the colocalization of platelets with 
proinflammatory macrophages (Fig. 1D).

In vitro, platelets were extracted from healthy individuals 
and co‑cultured with THP‑1 human monocytes. Observations 
at the microscopic level revealed that platelets contributed to 
the transformation of monocytes into macrophages, THP‑1 
cells were transformed from suspended monocytes into 
adherent macrophages (Fig. 2A). PMA, a common drug that 
induces mononuclear‑to‑macrophage transformation, was used 
as a reference group to verify THP‑1 adherence. To examine 
the effects of platelets on macrophages in an inflammatory 
environment, an in vitro model of an inflammatory environ‑
ment induced by LPS was developed. RT‑qPCR confirmed 
that platelets facilitated the release of the proinflammatory 
cytokines IL‑1β, IL‑6 and TNF‑α from monocyte‑derived 
macrophages. Furthermore, in an LPS‑induced proinflamma‑
tory environment, the addition of CaCl2 to platelets resulted 
in a more pronounced inflammatory response. By contrast, 
platelets had little impact on the anti‑inflammatory cytokine 
IL‑10 (Fig. 2B). After co‑culturing THP‑1 cells with platelets, 
RT‑qPCR demonstrated a notable increase in the expression 
of PF4 as well as CXCR3 compared with THP‑1 cells only 
(Fig. 2C). According to these results, platelets may serve a 
key role in facilitating the differentiation of monocytes into 
macrophages and exerting proinflammatory effects.

Interaction between platelets and macrophages occurs via 
the PF4/CXCR3 pathway, which facilitates the polarization of 
macrophages towards the M1 phenotype. It was hypothesized 
that platelet activation could influence macrophages through 
the PF4/CXCR3 pathway, thereby affecting the progression of 
UC. Therefore, the CXCR3 inhibitor AMG487 was used during 
co‑culture to validate its efficacy. As a result of the co‑culture, 
the expression levels of CD62P, a platelet activation marker, 
and iNOS, a macrophage M1‑type marker, were increased. 

In the presence of AMG487, iNOS expression was reduced, 
whereas the expression of CD62P was not affected (Fig. 3A). 
To better understand the role of this pathway, PF4 protein was 
added to THP‑1 cells and the levels of inflammatory markers 
were measured. The results of RT‑qPCR demonstrated that, as 
per the observations shown in Fig. 2B, the expression levels 
of inflammatory indicators, such as IL‑1β, IL‑6 and TNF‑α, 
were elevated after the addition of PF4, whereas these expres‑
sion levels were reduced following the addition of AMG487 
(Fig. 3B).

According to the aforementioned findings, it was indicated 
that the addition of PF4 enhanced the M1 proinflammatory 
phenotype, as demonstrated by the M1 phenotypic markers 
CD86 and iNOS. Both CD86 and iNOS were upregulated after 
the addition of PF4 to THP‑1 cells, whereas the inhibition of 
CXCR3 suppressed inflammation in macrophages (Fig. 3C). 
These results suggested that platelets interact with macro‑
phages through the PF4/CXCR3 pathway, thereby promoting 
macrophage polarization towards a proinflammatory state.

PF4/CXCR3 is involved in the inflammatory response, and 
affects the oxidative stress and apoptosis of macrophages. 
ROS have been demonstrated to be associated with the 
development of inflammation. The levels of ROS were 
significantly elevated following the addition of PF4, whereas 
they were decreased following the addition of a CXCR3 
inhibitor (Fig. 4A). Notably, the function of mitochondria 
can be impaired by excessive ROS; therefore, changes in the 
mitochondrial membrane potential were observed in macro‑
phages following the addition of PF4 by JC‑1 staining. When 
PF4 was added, the green fluorescence of the monomer was 
markedly increased, indicating a decrease in mitochondrial 
membrane potential, which AMG487 reversed (Fig.  4B). 
Reduced mitochondrial membrane potential can initiate 
the apoptosis signaling pathway; therefore, apoptosis was 
detected by Annexin‑V FITC. FITC can be used to detect 
cells entering early apoptosis, PI detects cell necrosis, whereas 
cells positively stained for both FITC and PI are cells entering 
late apoptosis. FITC/PI staining was significantly increased 
following the addition of PF4, whereas this was reversed 
after the addition of AMG487 (Fig. 4C). To further clarify 
the regulatory factors of apoptosis, the key proteins involved 
in this process were detected. Compared with in the control 
group, the PF4 group exhibited significantly higher expression 
levels of the pro‑apoptotic protein Bax, and lower expression 
levels of the anti‑apoptotic protein Bcl‑2, suggesting that PF4 
increased apoptosis. In addition, caspase‑3, which is a marker 
of irreversible apoptosis, was cleaved in response to PF4, 
whereas AMG487 reversed this effect (Fig. 4D).

PF4/CXCR3 pathway mediates the proinflammatory effect of 
macrophages through the MAPK and NF‑κB pathways. The 
current study examined the regulatory function of PF4/CXCR3 
by focusing on two established pathways associated with 
inflammatory processes: i) NF‑κB and ii) MAPK. The protein 
expression levels of p‑p65 and p‑ERK were increased in 
response to PF4 and were decreased when CXCR3 was 
inhibited (Fig. 5A). To confirm this finding, the ERK inhibitor 
PD98059 and the p65 inhibitor SC75741 were used to treat 
the cells, and the inflammatory factors and macrophage M1 
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marker iNOS were subsequently detected, as well as another 
key gene downstream of CXCR3 and upstream of the two 
pathways, SRC. In the KEGG pathways ‘Chemokine Signaling 
Pathway’ and ‘Cytokine‑Cytokine Receptor Interaction’, PF4 

acts as a chemokine and activates downstream signals by 
binding to CXCR3. SRC may be involved in signal amplifi‑
cation and regulation downstream of CXCR3, and affect the 
activation and migration of immune cells. The results showed 

Figure 1. Colocalization of activated platelets and macrophages in UC. (A) Mucosal bleeding and inflammatory cell infiltration were observed in patients with 
UC compared with in normal human colon tissues. (B) DSS‑induced UC in mice was characterized by mucosal hemorrhage and inflammatory cell infiltra‑
tion compared with in control mice. (A and B) Red arrows indicate hemorrhage and blue arrows indicate inflammatory cell infiltration. Scale bars, 200 µm. 
(C) Co‑localization of activated platelets (CD62P) and M1 macrophage (iNOS) markers was observed in the colonic mucosa compared with in the normal 
group. (D) Markers of activated platelets (PF4) and M1 macrophages (iNOS) showed colocalization in the colonic mucosa compared with in the control mice. 
Scale bars, 100 µm. NC, normal control; UC, ulcerative colitis; iNOS, inducible nitric oxide synthase; PF4, platelet factor 4; DSS, dextran sulfate sodium.
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that the expression levels of iNOS, the M1 proinflammatory 
phenotypic marker, and ERK, p65 and SRC, the key genes 
of the two pathways, were decreased after the addition of the 
inhibitors, and the effect was equally efficacious when the two 
inhibitors were added together (Fig. 5B and C). Therefore, it 
was hypothesized that PF4/CXCR3 may regulate macrophage 
inflammation through the NF‑κB and MAPK pathways.

Inhibition of platelet activation or CXCR3 improves disease 
progression in a DSS‑induced mouse model of UC. The mice 
were treated with clopidogrel or AMG487 for 3 days prior to 
UC induction, followed by 7 days of free drinking of 2.5% 
DSS (Fig.  6A). During DSS administration, body weight 
was measured and fecal occult blood testing was performed 

daily, and the DAI score was calculated based on body weight 
change, fecal softness and occult blood conditions. Following 
the addition of DSS, the weight of mice decreased significantly, 
whereas the DAI score was significantly increased. Both the 
body weight and DAI of mice were significantly improved after 
administration of clopidogrel or AMG487 (Fig. 6B and C). The 
length of the colon is also a factor in determining UC. In the 
DSS group, the colon was significantly shortened, which was 
reversed in the clopidogrel and AMG487 groups (Fig. 6D). As 
a result of H&E staining, colon pathology was assessed and 
scored according to relevant inflammatory factors. The results 
indicated that the DSS group had the highest pathological 
score and the most severe disease, whereas clopidogrel and 
AMG487 effectively alleviated the condition (Fig. 6E). 

Figure 2. Co‑culture of human platelets and macrophages induced platelet‑derived PF4 release and an inflammatory response. (A) Morphological changes of 
macrophages after co‑culture with platelets. Scale bar, 50 µm. (B) Changes in inflammatory factors were detected by qPCR following co‑culture of THP‑1 
cells with platelets (n=3). (C) Changes in PF4/CXCR3 were detected by qPCR after THP‑1 cells were co‑cultured with platelets (n=3). Data are presented as 
the mean ± SD (n=3). *P<0.05, **P<0.01 and ***P<0.001. Con, THP‑1 cells; PLT, THP‑1 cells co‑cultured with platelets; PF4, platelet factor 4; CXCR3, C‑X‑C 
motif chemokine receptor 3; qPCR, quantitative PCR; LPS, lipopolysaccharide; PMA, phorbol 12‑myristate 13‑acetate.
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PF4/CXCR3 pathway aggravates the progression of UC, 
and blocking the release of PF4 from platelets or inhibiting 
CXCR3 can effectively inhibit UC. As a result of fluorescent 
double labeling of colon macrophage M1 and M2 markers 
(iNOS/CD206), an increase in M1 proinflammatory expres‑
sion and a decrease in M2 expression in the mouse colon 
was observed after DSS stimulation, which was ameliorated 
by clopidogrel and AMG487 (Fig. 7A). As demonstrated by 
peripheral blood measurement of inflammatory cytokines 
and colon RT‑qPCR, inflammation was elevated in the DSS 
group, which was ameliorated in the clopidogrel and AMG487 
groups (Fig. 7B and C). Additionally, double labeling of PF4 

and CXCR3 was performed. In the DSS group, confocal 
staining of PF4 and CXCR3 was detected, indicating that UC 
was aggravated by PF4/CXCR3 signaling in mice. Among 
the treatments administered, clopidogrel could inhibit the 
activation of platelets and reduce the content of PF4, whereas 
AMG487 inhibited CXCR3 expression (Fig. 7D). This finding 
was also confirmed by PF4/CXCR3 double labeling on colon 
samples from patients with UC (Fig. 7E).

TUNEL assay was then performed to detect apoptosis in 
mouse colons, and it was observed that apoptosis was mark‑
edly enhanced in the DSS group, whereas it was reduced in the 
clopidogrel and AMG487 groups (Fig. 8A). A similar pattern 

Figure 3. PF4/CXCR3 pathway promotes proinflammatory polarization of macrophages, and CXCR3 inhibition improves this effect. (A) Changes in the 
expression levels of iNOS and CD62P were detected by western blotting after the addition of platelets to THP‑1 cells. (B) Changes in inflammatory factors 
were detected by quantitative PCR after adding PF4 to THP‑1 cells. (C) Changes in CD86 and iNOS were detected by western blotting after adding PF4 to 
THP‑1 cells. Data are presented as the mean ± SD (n=3). *P<0.05, **P<0.01 and ***P<0.001. PF4, platelet factor 4; CXCR3, C‑X‑C motif chemokine receptor 3; 
iNOS, inducible nitric oxide synthase; ns, not significant.
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of results was observed when tight junction proteins were 
used to measure the function of the colonic barrier. Zonula 
occludens 1, mucin 2 and occludin, which serve important 
roles in intestinal homeostasis, were stably expressed in the 
colon of the control group. Mice in the DSS group had severe 
colon tissue injury, and the expression levels of these genes 
were decreased; however, clopidogrel and AMG487 could 
alleviate colonic tissue damage and reverse these changes 
in expression levels (Fig. 8B). Thus, it was indicated that the 
PF4/CXCR3 pathway may be one of the key pathways in the 
progression of UC, which not only serves a key role in inflam‑
matory progression, but also has a certain role in colonic 
apoptosis and intestinal barrier function.

PF4/CXCR3 pathway can affect disease progression through 
the NF‑κB and MAPK pathways. The molecular mecha‑
nism through which platelets regulate macrophages through 
PF4/CXCR3 to enhance inflammation in UC was identified in 
the present study (Fig. 9). When UC develops, platelets bleed 

through vascular injury and enter the colon to activate platelets 
and release cytokines. PF4 released by platelets binds to the 
macrophage receptor CXCR3 in the colon, activating macro‑
phages and polarizing them towards the proinflammatory 
phenotype through signaling pathways such as the MAPK and 
NF‑κB pathways, serving a proinflammatory role and releasing 
proinflammatory factors. A variety of proinflammatory cells 
may be recruited into the colon by these inflammatory factors, 
causing inflammatory edema and affecting colon cell apoptosis. 
Under the influence of the PF4/CXCR3 pathway, macrophages 
are fully activated, ROS are released, mitochondrial function 
is disrupted and macrophage apoptosis is induced.

Discussion

IBD is an autoimmune disease that frequently recurs. In addition, 
it is common for tissue damage and microthrombus formation 
to occur during IBD. Platelets are associated with thrombosis, 
and have the potential to adhere and accumulate at the site of 

Figure 4. Apoptosis in macrophages is regulated through the PF4/CXCR3 pathway. (A) ROS levels in THP‑1 cells after intervention with PF4 and CXCR3. 
Scale bar, 50 µm. (B) Representative fluorescence micrographs of mitochondrial membrane potential of THP‑1 cells after PF4 and CXCR3 intervention; red 
represents normal mitochondrial membrane potential and green represents decreased membrane potential. Scale bar, 50 µm. (C) Flow cytometry was used to 
detect the apoptosis of THP‑1 cells after PF4/CXCR3 intervention, where Annexin‑V indicates apoptosis and PI indicates necrosis. (D) Expression levels of 
the apoptosis markers Bcl‑2, Bax and caspase‑3 in THP‑1 cells after PF4/CXCR3 intervention was investigated by western blotting. Data are presented as the 
mean ± SD (n=3). *P<0.05, **P<0.01 and ***P<0.001. PF4, platelet factor 4; CXCR3, C‑X‑C motif chemokine receptor 3; ROS, reactive oxygen species.
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vascular injury (1). In addition to repeated bleeding, UC is associ‑
ated with common complications such as anemia and dysplasia. 
Through blood vessel bleeding, platelets enter the mucosal 
layer of the intestinal mucosa. Platelets also serve a significant 
role in inflammatory processes, infections and other diseases 

by interacting with, stimulating and regulating innate immune 
cells, such as neutrophils, monocytes and macrophages (37). It 
has been suggested that the megakaryocyte/platelet lineage may 
have evolved to coordinate the repair of vascular ruptures with 
the induction of an immune response (38).

Figure 5. PF4/C‑X‑C motif chemokine receptor 3 pathway mediates the proinflammatory effects of macrophages through the MAPK and NF‑κB pathways. 
(A) Expression levels of MAPK pathway markers (ERK) and NF‑κB pathway markers (p65) in THP‑1 cells were detected by western blotting after PF4 and 
AMG487 were added. (B) After adding the ERK inhibitor PD98059 and the p65 inhibitor SC75741, the expression levels of inflammatory factors (IL‑1β, IL‑6 
and TNF‑α), as well as the expression of SRC, ERK and P65 were detected by reverse transcription‑quantitative PCR. (C) Changes in macrophage M1 markers 
(iNOS) and ERK/p65 after the addition of the two inhibitors. Data are presented as the mean ± SD (n=3). *P<0.05, **P<0.01 and ***P<0.001. PF4, platelet 
factor 4; iNOS, inducible nitric oxide synthase; p‑, phosphorylated; ns, not significant.
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CD62P and PF4 are the primary markers of platelet activa‑
tion (39,40). The platelets in UC have a dual role in hemostasis 
and in the inflammatory response, interacting simultaneously 

with relevant immune cells in the colon. Macrophages repre‑
sent a principal cell type of the intrinsic immune response and 
have been increasingly reported in UC in recent years (41). 

Figure 6. Platelet or C‑X‑C motif chemokine receptor 3 inhibition may prevent UC in mice. (A) Flow chart for modeling of UC in Balb/c mice; after 3 days 
of pretreatment with clopidogrel or AMG487, mice were given 2.5% DSS solution freely. The DSS solution was changed every 2 days and the mice were 
sacrificed on the last day of modeling. (B) Body weight of mice during DSS modeling was recorded daily. (C) Daily disease activity index score of mice during 
modeling, which was calculated according to changes in body weight, stool softness and fecal occult blood. (D) After modeling, the colon length of mice in 
each group was recorded and compared (n=5). (E) At the end of modeling, the colons were collected and pathological sections were made, and the pathological 
scores were calculated according to the degree of inflammatory cell infiltration, degree of crypt abnormality and degree of mucosal injury measured by 
hematoxylin and eosin staining. Scale bar, 200 µm. Continuous data are presented as the mean ± SD, whereas categorical data are presented as the median 
(range) (n=5). *P<0.05, **P<0.01 and ***P<0.001. UC, ulcerative colitis; DSS, dextran sulfate sodium.
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The majority of intestinal macrophages colonize the lamina 
propria of the mucosa, which is similar to the site of intestinal 
angiogenesis. It is reasonable to hypothesize that platelets 

and macrophages interact in the gut and stimulate each other. 
Once inflammation has begun, circulating monocytes leave the 
bloodstream and migrate to the tissues, where they undergo 

Figure 7. PF4/CXCR3 pathway affects the development of inflammation in a mouse model of UC. (A) Immunofluorescence visualization of M1 (iNOS)/M2 
(CD206) expression in murine macrophages. Scale bar, 100 µm. (B) Changes in the serum levels of proinflammatory cytokines IL‑1β and TNF‑α in each 
group of mice (n=3). (C) Expression levels of mouse proinflammatory cytokines, IL‑1β, IL‑6 and TNF‑α, were measured by reverse transcription‑quantita‑
tive PCR in colon tissue (n=3). (D) Immunofluorescence detection of PF4/CXCR3 expression and distribution in mouse colon samples. Scale bar, 100 µm. 
(E) Immunofluorescence detection of PF4/CXCR3 expression and distribution in clinical colon samples. Scale bar, 100 µm. Data are presented as the 
mean ± SD (n=3). *P<0.05 and ***P<0.001. NC, normal control; UC, ulcerative colitis; PF4, platelet factor 4; CXCR3, C‑X‑C motif chemokine receptor 3; iNOS, 
inducible nitric oxide synthase; DSS, dextran sulfate sodium.
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differentiation in response to growth factors, cytokines or 
infection factors. This hypothesis is supported by previous 
studies that have demonstrated PMC formation in other 
diseases  (42‑45). Therefore, platelets and monocytes were 
co‑cultured in vitro in the present study. The classical induc‑
tion of monocyte‑to‑macrophage transformation with PMA 
was used as a reference point. As a result of the introduction of 
platelets, monocytes transitioned from suspension to apposition; 

monocytes are usually maintained in suspension. After stimu‑
lation, suspended cells can flow through blood vessels to the 
inflammatory site of tissues and transform into macrophages, 
which colonize and adhere to the inflammatory site. In addition, 
platelets attached to monocytes and formed PMCs.

During UC, platelets enter colonic tissue and release 
inflammatory factors, such as PF4 and TGF‑β (4). As a result 
of this stimulation, macrophages release proinflammatory 

Figure 8. Platelet factor 4/C‑X‑C motif chemokine receptor 3 affects apoptosis and intestinal barrier protection in the colon. (A) Detection of apoptosis in 
mouse colon tissues by TUNEL staining. Scale bar, 50 µm. (B) Intestinal barrier dysfunction was detected by reverse transcription‑quantitative PCR of tight 
junction markers (ZO‑1, OCLN, MUC‑2) (n=3). Data are presented as the mean ± SD (n=3). *P<0.05, **P<0.01 and ***P<0.001. ZO‑1, zonula occludens 1; 
MUC‑2, mucin 2; OCLN, occludin; DSS, dextran sulfate sodium.
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cytokines, including IL‑1β, IL‑6 and TNF‑α  (46). The 
interaction between platelets and macrophages during inflam‑
mation was simulated in vitro in the present study; notably, 
after activating platelets with CaCl2, the expression levels of 
proinflammatory cytokines were significantly increased, but 
the expression of IL‑10, an anti‑inflammatory factor, was not 
significantly affected. In addition, platelets may stimulate 
CXCR3 on mononuclear macrophages through the release of 
PF4 to activate macrophages and then serve a role in inflam‑
matory responses. In the current study, the addition of the 
CXCR3 inhibitor AMG487 to the co‑culture system demon‑
strated that platelets may promote inflammation by interacting 
with CXCR3. Despite this, platelets may have a bidirectional 
immunological function. It has been demonstrated that platelet 
derivatives, such as platelet lysate, can attenuate inflammation 
in the late stages of inflammation (47,48). Further investiga‑
tion into these findings is thus warranted. Taken together, the 
present findings indicated that the two cell types may interact 
in UC, and this interaction could contribute to the exacerbation 
of inflammation at the onset of the disease.

Through PF4, platelets have an important role in a variety 
of diseases  (49,50). The anticoagulant properties of PF4 
are enhanced by its chemotactic effect on neutrophils and 
monocytes, which contributes to the immune response. In 
addition, PF4 inhibits the proliferation of endothelial cells, 
suggesting that it may be involved in the regulation of vascular 
processes (51). Through the release of PF4, platelets alter the 
phenotype of macrophages, thereby activating the differentia‑
tion of macrophages into proinflammatory cells; This unique 
subtype of macrophages mainly triggered by PF4 are known 
as M4 macrophages, which are clinically associated with 
inflammatory and fibrotic processes (22,52,53). CXCR3 is one 
of the main targets of PF4; notably, the CXCR3 axis serves 
an important role in the progression of IBD inflammation. 
In addition to CXCL9, CXCL10 and CXCL11, CXCR3 has 
numerous ligands that interfere with its expression. A growing 
number of studies have demonstrated that CXCL4 (PF4) binds 
to it as a ligand and induces targeted migration and immune 
responses (54‑57). Therefore, the effects of PF4/CXCR3 on 
macrophages were investigated further. As a result of the 

Figure 9. PF4/CXCR3 pathway can affect disease progression through NF‑κB and MAPK pathways. Platelets regulate macrophages through PF4/CXCR3 to 
enhance the inflammatory response and promote macrophage apoptosis. Created in BioRender.com. PF4, platelet factor 4; CXCR3, C‑X‑C motif chemokine 
receptor 3; iNOS, inducible nitric oxide synthase; ZO‑1, zonula occludens 1; MUC‑2, mucin 2; OCLN, occludin.
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addition of PF4, macrophage inflammation was observed, 
which was consistent with the results of co‑culture. These 
findings indicated that platelets may exert their proinflam‑
matory effects on macrophages by activating them via the 
PF4/CXCR3 pathway.

The role of PF4/CXCR3 in inflammation has also been 
verified from a clinical aspect. PF4 binds to heparin to 
form an antigen, produces IgG antibodies and participates 
in heparin‑induced thrombocytopenia. It has a variety of 
effects, including interference with platelet coagulation and 
promotion of host inflammatory response (58). A significant 
increase in PF4 has also been observed in the serum samples 
of patients with IBD (13). CXCR3 is expressed at high levels 
in macrophages and other adaptive immune cells are recruited 
by CXCR3. CXCR3 is expressed at high levels in Th1‑Tc1 and 
Th17‑Tc17 lymphocytes, and participate in cell migration to 
inflammatory tissues (59). The abundance of HLA‑DR+CD38+ 

T cells, including T regulatory cells that produce inflamma‑
tory cytokines, CXCR3+ plasmablasts and IL1β+ macrophages 
and monocytes, has been shown to be increased in colonic 
mucosa samples from patients with IBD (60). This CXCR3+ 
cell subpopulation serves an important role in the pathogen‑
esis of human IBD (15,61). Studies have also been published 
on the role of the PF4/CXCR3 pathway in the context of 
inflammation, cardiovascular disease and aging  (49,62). 
Taken together, these findings suggested that the PF4/CXCR3 
signaling pathway may have an important role in the 
pathogenesis of IBD.

The mechanisms that promote the progression of inflam‑
mation were also examined in the present study. PF4/CXCR3 
serves a significant role in ROS (63), apoptosis (64‑66) and 
cell cycle progression. The apoptosis of macrophages may be 
initiated by a variety of factors during intestinal inflamma‑
tion. Through a cascade of intracellular signaling pathways, 
pathogen infection may induce macrophages to initiate apop‑
totic programs. Additionally, various cytokines and chemical 
mediators released in an inflammatory milieu may disrupt 
macrophage homeostasis and trigger apoptosis. Moreover, 
macrophage survival may be affected by intercellular 
interactions, such as those with other immune cells (67,68). 
Chemokines, such as PF4, guide immune cells to areas of 
inflammation. Macrophages also serve a role in inflammation, 
engulfing pathogens and cytokines such as PF4 (25,49). In the 
present study, PF4 could enhance the production of ROS in 
macrophages, disrupting the balance between ROS production 
and clearance, resulting in excessive ROS accumulation and 
oxidative stress, whereas inhibiting CXCR3 decreased ROS 
levels. This enhanced oxidative stress induced by PF4 may 
damage mitochondria (69).

To determine whether mitochondrial function was 
impaired in the present study, a JC‑1 assay was conducted. As 
a result of adding PF4, ROS levels were increased in macro‑
phages, mitochondrial function was impaired and membrane 
potential was decreased, which was improved by inhibiting 
CXCR3. Mitochondrial membrane potential alterations are 
closely associated with the initial stages of apoptosis (70). 
In the present study, apoptosis was detected, and the results 
were consistent with those of previous studies (64,71,72). By 
inhibiting the pro‑apoptotic protein Bax, Bcl‑2 can protect 
cells from apoptosis. As a result of reduced or inhibited 

Bcl‑2 protein levels, the pro‑apoptotic cytoplasmic protein 
Bax enters mitochondria, disrupting the balance between 
pro‑apoptotic and anti‑apoptotic proteins, resulting in mito‑
chondrial dysfunction and ultimately leading to macrophage 
apoptosis (73). PF4 increased ROS during inflammation, thus 
causing oxidative stress, which can activate pro‑apoptotic 
proteins. Transfer of these molecules to the mitochondria 
results in a reduction in mitochondrial membrane potential 
and the subsequent opening of the mitochondrial permeability 
transition pore, which releases cytochrome c (Cyt C). This 
release of Cyt C triggers caspase‑3 (74). A caspase cascade 
reaction ultimately results in a gradual increase in the external‑
ization of phosphatidylserine, indicating irreversible apoptosis 
in macrophages (75,76).

In the present study, H&E staining of the colon in UC 
models demonstrated a marked reduction in crypts, an increase 
in inflammatory cell infiltration and almost complete loss of 
villi, all of which could be relieved by clopidogrel or AMG487. 
Pathological damage in UC may be explained by the presence 
of high levels of iNOS in the crypts of the colon, which may 
indicate that macrophages enter the crypts during inflamma‑
tion and affect the growth of normal cells in the colon, thereby 
aggravating inflammation. Serum and colon cytokines were 
detected in the in vivo model, and it was also demonstrated 
that platelets can influence the polarization of macrophages 
and the release of inflammatory factors by releasing cyto‑
kines, thus affecting inflammation. It appears that PF4 and 
CXCR3 are clustered in areas of severe inflammation, and that 
the PF4/CXCR3 pathway may influence the severity of UC 
inflammation in mice.

As a result of UC, immune cells invade the crypts of the 
colon, causing cryptitis and crypt loss. The release of cyto‑
kines by platelets and macrophages during this time serves a 
key role in the progression of the disease. By releasing signals, 
macrophages recruit other immune cells to enter the colon and 
induce apoptosis, which interferes with the ability of the colon 
to repair its barrier (4,77). In murine UC, a strong association 
has been detected between TUNEL‑positive cells and UC 
severity, indicating that apoptotic cell populations in colonic 
tissue may be linked to UC severity (78). In the present study, the 
TUNEL assay showed that this apoptosis was closely related to 
the PF4/CXCR3 pathway, and intervention with either of these 
factors could improve the development of UC. The tight junc‑
tion index of the colon was also detected in the current study. 
In the mucosal epithelium, zonula occludens 1 maintains the 
mechanical barrier and permeability (79), occludin maintains 
tight junction stability (80) and mucin 2 is a type of mucin 
secreted by goblet cells. As the main component of intestinal 
mucus, mucin 2 contributes to maintenance of the intestinal 
barrier and the regulation of homeostasis (81,82). The levels 
of these three indicators were improved following treatment 
with clopidogrel and AMG487, indicating that platelets could 
alter intestinal barrier homeostasis through the PF4/CXCR3 
pathway, thus aggravating UC.

There is evidence that PF4/CXCR3 modulates the inflam‑
mation of numerous cells by affecting pathways such as NF‑κB, 
MAPK and others, which relates to immune dysfunction in 
UC (83,84). In the present study, P65 and ERK1/2 were detected 
after intervention of PF4 and CXCR3 in vitro, and the results 
demonstrated that PF4/CXCR3 significantly increased the 
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expression levels of P65 and ERK1/2, yielding results consistent 
with those observed in previous inflammation assays (85‑88). 
In addition, the Kyoto Encyclopedia of Genes and Genomes 
pathways were searched and it was hypothesized that SRC 
might be a potential target downstream of the PF4/CXCR3 
pathway. As a chemokine receptor, CXCR3 activates down‑
stream effector molecules, including PI3K, MAPK and SRC 
family kinases, through G protein‑mediated signaling (89,90). 
SRC serves a key role in downstream signaling of CXCR3 
and regulates cell migration and inflammatory responses by 
phosphorylating downstream proteins (11,91). Notably, SRC 
was expressed in the ‘Chemokine Signaling Pathway’ and 
‘Cytokine‑Cytokine Receptor Interaction’ KEGG pathways. 
To fully demonstrate the role of these two pathways, inhibitors 
of the two pathways were used to mediate the PF4/CXCR3 
pathway and the changes in inflammation were observed. 
The findings further confirmed that the PF4/CXCR3 pathway 
could upregulate the expression of inflammatory factors 
in macrophages through the NF‑κB and MAPK signaling 
pathways, thereby aggravating inflammatory response and 
regulating apoptosis.

Notably, the present study has certain limitations. The 
DSS‑induced UC mouse model is an acute model, which 
cannot fully mimic the long‑term recurrent disease of human 
IBD. This limitation can be addressed by constructing 
animal models of chronic inflammation in future studies. 
Furthermore, the animal model was compared with patient 
colon samples, and the results showed some similarity, which 
will be refined in future studies. In future studies, this limi‑
tation could be addressed by collecting blood samples from 
patients to assess inflammatory factors and PF4 expression, 
and further studying inflammation and PF4/CXCR3 pathways 
in collected colon samples.

In conclusion, the THP‑1 cell model induced by platelets 
and PF4, and the DSS‑induced IBD mouse model revealed 
that platelet activation releases PF4, which may bind to macro‑
phage CXCR3 and activate macrophages, polarizing them 
towards a proinflammatory phenotype, increasing the secre‑
tion of inflammatory factors, stimulating oxidative stress and 
apoptosis, and exhibiting proinflammatory effects. It may be 
possible to alleviate inflammation by inhibiting platelet activa‑
tion or CXCR3 expression. In addition, there may be a notable 
role for MAPK or NF‑κB signaling pathways in PF4/CXCR3 
signaling. These findings provide an insight into the mecha‑
nisms by which PF4/CXCR3 promotes UC, and the current 
study provides experimental evidence that PF4/CXCR3 may 
be a promising therapeutic pathway for UC. 
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