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Abstract. Atherosclerosis (AS) is a chronic pathophysi‑
ological process that causes high mortality and morbidity. It 
has previously been reported that homeobox A9 (HOXA9) 
may participate in regulation of the cardiovascular system 
and the pathology of AS by upregulating E‑selectin and 
vascular cell adhesion molecule‑1 (VCAM‑1). Thus, inhib‑
iting HOXA9 could promote microcirculation of coronary 
arteries and could act as a potential therapy for AS treatment. 
Sprague‑Dawley rats were randomly divided into four groups, 
as follows: i) AS; ii) AS + HOXA9 inhibitor; iii) AS + small 
interfering RNA‑HOXA9 and iv) normal control. ELISA 
was used to measure the levels of TNF‑α, IL‑1β, IL‑12, C‑C 
motif chemokine ligand 25 (CCL25), low‑density lipoprotein 
(LDL), high‑density lipoprotein (HDL) and very‑low‑density 
lipoprotein (VLDL). Flow cytometry was employed to detect 
the content of M1 macrophages. Hematoxylin & eosin (H&E) 
staining was performed to observe the morphology of the 
coronary arteries. Oil red O staining was conducted for the 
evaluation of lipid accumulation. Immunohistochemistry was 
used to visualize the protein expression levels of HOXA9 in 
the coronary arteries. Western blotting was utilized to deter‑
mine the protein expression levels of HOXA9, platelet factor‑4 
(PF4), E‑selectin and VCAM‑1. HOXA9 inhibitors were found 
to downregulate the levels of TNF‑α, IL‑1β, IL‑12, CCL25, 
LDL and VLDL, and upregulate HDL levels in the blood of 
AS rats. The content of M1 macrophages was also decreased 
following injection of HOXA9 inhibitors in the AS group. H&E 
and oil red O staining analysis indicated that HOXA9 inhibi‑
tors attenuated vascular symptoms and lipid formation in AS 
rats. Furthermore, western blotting suggested that inhibition of 
HOXA9 reduced the expression levels of PF4, E‑selectin and 
VCAM‑1, while overexpression of PF4 resulted in the opposite 
effects. The present study revealed that inhibiting HOXA9 

alleviated the symptoms of AS via downregulation of the PF4 
and E‑selectin/VCAM‑1 pathway to promote microcirculation 
in the coronary arteries of AS rats. These findings indicated 
that HOXA9 inhibitors may have the potential to succeed in 
the treatment of AS.

Introduction

Atherosclerosis (AS), a cardiovascular disease with complex 
interactions, is regarded as one of the leading causes of 
morbidity and mortality worldwide (1). AS is a chronic patho‑
physiological process that is initially inapparent until intimal 
thickening of coronary arteries diminishes blood flow. This is 
accompanied by inflammatory phenomena, such as accumula‑
tion of lipids, aggravation of inflammatory lesions, thrombosis 
and fibrous hyperplasia (2). The thickening of the artery 
intima can be characterized by the deposition of low‑density 
lipoproteins (LDLs), and adhesion of necrotic cellular debris 
and immune cells, which facilitates the formation of athero‑
sclerotic plaques (3,4). In the early stages of AS, endothelial 
cells (ECs) and vascular smooth muscle cells (VSMCs) are 
activated, inducing the expression of inflammatory media‑
tors and adhesive factors; these include E‑selectin, P‑selectin, 
vascular cell adhesion molecule‑1 (VCAM‑1) and the glyco‑
protein intercellular adhesion molecule‑1 (ICAM‑1) (5,6). 
The migration and recruitment of platelets and inflammatory 
monocytes are stimulated by C‑C motif chemokine ligands 
(CCL), including CCL2, CCL3 and CCL25. Following on from 
this, the monocytes mature into M1 and M2 macrophages, and 
secrete inflammatory cytokines, such as TNF‑α, IL‑1β and 
IL‑12, which maintain inflammation and promote chemotaxis 
of immune cells toward the plaque. As a consequence of 
abnormal absorption of modified LDLs, macrophages develop 
further into foam cells, a process induced by platelet‑released 
platelet factor‑4 (PF4) or stromal cell‑derived factor‑1 (7‑9). 
Therefore, the identification of expression levels of these 
inflammatory mediators and chemokines has the potential to 
improve the understanding of pathophysiological processes 
of AS, and the regulation of related signaling pathways may 
contribute to the treatment of AS (10). Homeobox (HOX) 
genes are transcription factors that act during normal develop‑
ment (11) and can be categorized into four groups based on the 
similarity of a 61‑amino acid homeodomain, namely: i) HOXA; 
ii) HOXB; iii) HOXC and iv) HOXD (12). Several studies have 
demonstrated that HOX genes may participate in the regulation 
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of the cardiovascular system and the pathology of AS (13). 
Among them, HOXA9 was found to be involved in regulating 
cellular processes of ECs and HOXA9 inhibition was revealed 
to suppress E‑selectin expression in response to inflammatory 
cytokines (14). Therefore, in the present study, HOXA9 inhibi‑
tion was hypothesized to promote microcirculation of coronary 
arteries through downregulating PF4, E‑selectin and VCAM‑1, 
thus revealing the pro‑inflammatory role of HOXA9 in AS rats.

Materials and methods

Modeling of AS. AS was established in Sprague Dawley 
(SD) rats were intravenously injected with vitamin D3 
(Sigma‑Aldrich; Merck KGaA) at a dose of 500,000 IU/kg/d for 
3 days, and then orally fed with a high‑fat and high‑cholesterol 
diet for 3 months. Rats were housed in an environmentally 
controlled room (50‑60% humidity, 20‑25˚C) with 12 h 
light/dark cycle and with free access to food and water. The 
detailed feeds were purchased from ReadyDietech Co., Ltd, 
according to a previous study (15). Following the intravenous 
vitamin D3 injection, the gross anatomy and histology of the 
model rats were constantly monitored. Successful model estab‑
lishment was indicated by the occurrence of vascular intimal 
injury and inflammation induced by mechanical effects, such 
as hypercalcemia or balloon aortic laceration.

Tested animals grouping. Male SD rats (weight, 180‑200 g; 
age, 4‑6 weeks) were purchased from Shanghai SLAC 
Laboratory Animal Center. A total of 56 rats were 
randomly divided into four experimental groups (n=14); 
i) AS+HOXA9‑inhibitor group: AS model rats intravenously 
injected with HOXA9 inhibitors (anti‑HOXA9 antibody, 
cat. no. SAB2108152; Sigma‑Aldrich; Merck KGaA) at a dose 
of 100 µg/kg body weight; ii) AS+si‑HOXA9 group: AS model 
rats intravenously injected with HOXA9 small interfering 
(si)RNA; iii) AS group: AS model rats were intravenously 
injected with 100 µg/kg saline; iv) NC group: Control rats were 
housed under the same conditions but fed with a normal diet. 
Rats were intravenously injected with saline (100 µg/kg). For 
construction of the overexpression models of PF4, E‑selectin 
and VCAM‑1, the overexpression vector of each gene was 
constructed by HanBio Biotechnology Co., Ltd., via a lenti‑
virus expressing system. The lent‑OE‑PF4, lent‑OE‑E‑selectin 
and lent‑OE‑VCAM‑1 vectors were separately injected 
into rats in the AS+HOXA9‑inhibitor group (n=3 for each 
vector) via tail vein injection (1.0x109 TU/ml, 10 µl), whereas 
lent‑OE‑negative control (the coding region was substituted 
by GFP) was used as a control. All the tested animals were 
housed based on the standard of the National Institutes of 
Health Guide for the Care and Use of Laboratory Animals 
(NIH Publication). Following the aforementioned treatment 
for 3 months, all tested animals were intraperitoneally anes‑
thetized with pentobarbital (60 mg/kg) and then sacrificed 
via cervical dislocation. Blood samples were collected from 
the abdominal artery for subsequent analysis. The coronary 
arteries and thoracic aorta samples were harvested and stored 
in a frozen state using liquid nitrogen.

ELISA for inflammatory cytokines. The collected blood 
samples were placed at room temperature for 10‑20 min to 

coagulate naturally, followed by centrifugation for 20 min 
(1,000 x g, 4˚C). The supernatant was collected, and centrifu‑
gation was repeated once under the same conditions in case 
of precipitation during storage. Following the above sample 
pre‑treatment, ELISA kits (Nanjing Jiancheng Bioengineering 
Institute) were utilized to detect the levels of inflammatory 
cytokines, TNF‑α (cat. no. H052‑1), IL‑1β (cat. no. H002), 
IL‑12 (cat. no. H010) and CCL25 (cat. no. H458‑1), as well 
as LDL (cat. no. A113‑1‑1), very‑LDL (VLDL; cat. no. H249) 
and high‑density lipoprotein (HDL; cat. no. A112‑1‑1) levels, 
according to the manufacturer's protocols.

Flow cytometric analysis of M1 macrophages. The blood 
samples were pre‑treated with 1% heparin (Sigma‑Aldrich; Merck 
KGaA) for anticoagulation within 30 min and then centrifuged 
at 4˚C for 30 min (1,000 x g). The detection of M1 macrophages 
was performed using MojoSort™ human pan monocyte isola‑
tion kit (BioLegend, Inc.) according to the manufacturer's 
instructions. Blood samples were diluted with PBS and gently 
placed on the separating liquid. After stratification, the second 
layer was extracted and washed with PBS to obtain mononuclear 
cells. The collected cells were then resuspended in a combined 
medium (1640 medium containing 10% fetal bovine serum 
(Sigma‑Aldrich; Merck KGaA), added to GM‑CSF cytokines 
(MojoSort™) to a final concentration of 10 ng/ml) and cultured 
at 37˚C in an atmosphere containing 5% CO2 for 7 days. The 
M1 macrophages were labeled with CD206‑A‑phycoerythrin 
(cat. no. SAB4700690; 1:500) and CD163‑A‑fluorescein isothio‑
cyanate (cat. no. F3668; 1:500) (Sigma‑Aldrich; Merck KGaA) 
and incubated at 4˚C for 30 min. After incubation, the cells were 
washed twice with PBS and resuspended in 300 ml PBS. The 
phenotypes of cells were detected using a BD FACSVerse™ 
Flow Cytometer (BD Biosciences) and analyzed using Cell 
Quest Pro 5.1 (BD Biosciences) (16).

Histological evaluation and lipid accumulation. The histo‑
logical evaluation was performed for each group based on 
a previously published method using hematoxylin & eosin 
(H&E) staining (17). The coronary arteries and thoracic aorta 
samples were fixed in 10% formalin for 12 h at 4˚C, and then 
embedded in paraffin for subsequent sectioning. The 5‑µm 
specimens were stained with H&E for 5 min at room tempera‑
ture for histological evaluation, and then stained with oil red 
O for 10 min at room temperature for lipid accumulation 
detection, respectively. The lesion change was observed using 
a light microscope (magnification, x20).

Immunohistochemistry. The protein expression levels of 
HOXA9 in coronary arteries and thoracic aorta samples 
were evaluated by immunohistochemical methods based on 
a previous publication (18). The sample preparation procedure 
was the same as aforementioned, after which 5‑µm specimens 
were embedded in paraffin. The sections were blocked with 
3% H2O2 for 10 min at room temperature to remove endog‑
enous peroxidase. After further blocking with PBS containing 
1.5% normal horse serum (Sigma‑Aldrich; Merck KGaA) at 
room temperature for 45 min, the sections were incubated with 
the primary antibody anti‑HOXA9 (Abcam; cat. no. ab191178; 
1:1,000) overnight at 4˚C. This was followed by the addi‑
tion of secondary HRP‑conjugated rabbit anti‑rat IgG 



EXPERIMENTAL AND THERAPEUTIC MEDICINE  22:  871,  2021 3

(cat. no. ab6734; 1:1,000) for 30 min at room temperature. The 
scoring was conducted according to a previous study on an 
Olympus GX51 light microscope. The score was determined 
according to positive staining percentage (PSP) and calculated 
as follows: 0, PSP<5%; 1, PSP<5‑25%; 2, PSP<25‑50%; 3, 
PSP<50‑75%; 4, PSP>75% (18).

Western blotting. The coronary arteries and thoracic aorta 
samples were primarily homogenized on ice using RIPA 
buffer (Sigma‑Aldrich; Merck KGaA). After being completely 
lysed, the sample homogenate was centrifuged at 12,000 x g 
for 15 min at 4˚C. The supernatant was preserved for protein 
quantification using a BCA kit and 15 µg protein/lane 
was separated by polyacrylamide gel electrophoresis. The 
separated proteins were subsequently transferred onto poly‑
vinylidene difluoride membranes at 25 V for 30 min and 
blocked in 5% non‑fat milk for 50 min at room temperature. 
The membranes were incubated with primary antibodies 
overnight at 4˚C. The primary antibodies obtained from 
Abcam were as follows: Anti‑HOXA9 (cat. no. ab191178; 
1:1,000), anti‑PF4 (cat. no. ab129090; 1:1,000), anti‑E‑selectin 
(cat. no. ab18981; 1:1,000), anti‑VCAM‑1 (cat. no. ab134047; 
1:1,000) and anti‑β‑actin (cat. no. ab8226; 1:1,000). After 
washing with TBS‑Tween (0.1%) in triplicate, the membranes 
were incubated with goat anti‑rat IgG secondary antibody 
(Abcam; cat. no. ab150165; 1:5,000) for 1 h at 37˚C. Protein 
bands were detected using enhanced chemiluminescent 
reagent (Santa Cruz Biotechnology, Inc.). The density of blots 
for proteins were normalized to β‑actin using ImageJ 2.0 soft‑
ware (National Institute of Health).

Statistical analysis. The experiments were performed 
in triplicate and all statistical data are expressed as the 
mean ± standard deviation. Comparisons between groups were 
made for data analyses using GraphPad Prism 7.0 (GraphPad 
Software, Inc.). Comparisons between multiple groups were 
performed by one‑way ANOVA followed by Bonferroni's 
post hoc multiple comparisons test. P<0.05 was considered to 
indicate a statistically significant difference.

Results

HOXA9 inhibitors reduce the levels of inf lammatory 
cytokines and upregulate HDL levels in AS rats. Vascular 
inflammation may be an important indicator of AS modeling in 
rats (19). The successfully constructed inhibition or silencing 
models were verified using western blotting (Fig. S1). ELISAs 
were used to detect the levels of inflammatory cytokines in 
the blood of rats. As shown in Fig. 1A‑C, the levels of inflam‑
matory cytokines TNF‑α, IL‑1β and IL‑12 were significantly 
increased in the AS group compared with those in the normal 
control (NC) group. The levels of chemokine CCL25 were 
also significantly upregulated in the AS group compared with 
the NC group (Fig. 1D), which indicated the success of the 
AS model. The levels of LDL and VLDL were increased, and 
HDL was decreased in AS rats compared with the NC group, 
whereas inhibition or silencing of HOXA9 demonstrated oppo‑
site effects (Fig. 1E‑G). The injection of HOXA9 inhibitors or 
si‑HOXA9 markedly decreased the levels of these cytokines, 
as well as LDL and VLDL, in AS model rats, but were unable 
to completely restore them to normal levels.

Figure 1. HOXA9 inhibitors downregulate the levels of (A) TNF‑α, (B) IL‑1β, (C) IL‑12, (D) CCL25, (E) LDL, (F) VLDL and (G) HDL in blood samples of AS 
rats, as determined using ELISAs. *P<0.05, **P<0.01 vs. NC group; #P<0.05, ##P<0.01 vs. AS group. AS, atherosclerosis; NC, normal control; si, small interfering; 
HOXA9, homeobox A9; CCL25, C‑C motif chemokine ligand 25; LDL, low‑density lipoprotein; HDL, high‑density lipoprotein; VLDL, very‑low‑density lipoprotein.
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HOXA9 inhibitors decrease the content of M1 macrophages 
in AS rats. The content of M1 macrophages may directly 
reflect the inflammatory status of vessels, thus acting as 
another indicator of AS (20). Flow cytometry revealed 
that the content of M1 macrophages in the AS group was 
73.7%, which was significantly higher than that of the NC 
group (Fig. 2). The observed increase was reversed when 
the rats were treated with a HOXA9 inhibitor or si‑HOXA9. 
However, si‑HOXA9 exhibited a larger reduction in M1 
macrophage content when compared with the effects of the 
HOXA9 inhibitor. Taken together, these data suggested that 
HOXA9 inhibitors may reduce the content of M1 macro‑
phages in AS rats.

HOXA9 inhibitors improve coronary artery morphology 
and inhibit lipid formation in AS rats. The coronary artery 
morphology of rats was observed using H&E staining. In the 
NC group, the surface of the vascular intima was smooth and 
complete, and VSMCs were arranged in an orderly manner 
(Fig. 3A). In comparison, the vascular intima was thickened 
and uplifted inward, and ECs were ruptured in the AS group. 
After treatment with HOXA9 inhibitors or si‑HOXA9, the 
thickness of the intima was markedly diminished and no 
plaque was observed compared with that in AS rats (Fig. 3A). 
Oil red O staining revealed that the inhibition of HOXA9 mark‑
edly alleviated the lipid formation compared with AS group 
(Fig. 3B). This evidence indicated that HOXA9 inhibitors may 

Figure 2. HOXA9 inhibitors decrease the content of M1 macrophages in blood samples of AS rats, as determined using flow cytometry. (A) Monocyte content 
in NC group, AS group, AS + HOXA9 inhibitor group and AS + si‑HOXA9 group, as detected by flow cytometry. (B) A statistical analysis of the content of M1 
macrophages. The data in Q2‑UR were analyzed. **P<0.01 vs. NC group. ##P<0.01 vs. AS group. AS, atherosclerosis; NC, normal control; si, small interfering; 
HOXA9, homeobox A9; PE, phycoerythrin; FITC, fluorescein isothiocyanate.

Figure 3. Effects of HOXA9 inhibitors on histology and the expression of HOXA9. HOXA9 inhibitors (A) improve coronary arteries morphology, (B) decrease 
lipid formation and (C) decrease the expression levels of HOXA9 of AS rats. (a) Normal control group (b) AS group (c) AS + HOXA9 inhibitor group (d) and 
AS + si‑HOXA9 group. Black arrows refer to (A and B) the thickness of vascular wall; Red arrows (C) refer to where the expression of HOXA9 was upregu‑
lated. Scale bar, 200 µm. AS, atherosclerosis; si, small interfering; HOXA9, homeobox A9.
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alleviate symptoms of AS via relieving vascular injury and 
lipid formation.

Expression of HOXA9 increases in coronary arteries of AS 
rats. Immunohistochemical analysis was initially conducted 
to examine the protein expression levels of HOXA9 in the 
coronary arteries of rats. Higher levels of HOXA9 protein, 
localized mainly in the wall of coronary arteries (depicted 
by black arrows), were observed in the AS model rats when 
compared with that in the NC group (Fig. 3C). The treatment 
of rats with HOXA9 inhibitors or si‑HOXA9 reduced the levels 
of HOXA9 protein compared with the AS group (Fig. 3C). 
Taken together, the qualitative expression of HOXA9 detected 

by immunohistochemistry presented a preliminary verifica‑
tion of the positive association between HOXA9 levels and 
coronary arteries morphology of AS rats.

HOXA9 inhibitors alleviate AS damage by downregulating 
PF4 and E‑selectin/VCAM‑1 proteins. To investigate the 
mechanisms by which HOXA9 inhibitors alleviate AS symp‑
toms, western blotting was employed to detect the protein 
expression levels of HOXA9, PF4, E‑selectin and VCAM‑1. 
The results revealed that the expression levels of HOXA9, 
PF4, E‑selectin and VCAM‑1 were significantly upregulated 
in the AS group compared with those in the NC group (Fig. 4). 
As shown in Fig. 4, the injection of HOXA9 inhibitors or 

Figure 4. HOXA9 inhibitors alleviate damage induced by AS via downregulating PF4 and E‑selectin/VCAM‑1 proteins in coronary arteries and thoracic 
aorta samples. (A) Results of western blotting. Relative expression levels of (B) HOXA9, (C) PF4, (D) E‑selectin and (E) VCAM‑1 normalized to β‑actin. 
(F) Association between HOXA9, PF4 and E‑selectin/VCAM. **P<0.01 vs. NC group; ##P<0.01 vs. AS group; &&P<0.01 as indicated; AS, atherosclerosis; 
NC, normal control; si, small interfering; HOXA9, homeobox A9; PF4, platelet factor‑4; VCAM‑1, vascular cell adhesion molecule‑1.
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si‑HOXA9 markedly decreased the expression levels of these 
proteins. Overexpression of PF4 in the HOXA9 inhibitor 
group significantly upregulated the expression of PF4, 
E‑selectin and VCAM‑1. E‑selectin overexpression resulted 
in no effects on the levels of PF4, but increased the levels 
of E‑selectin and VCAM‑1. Moreover, VCAM‑1 overexpres‑
sion upregulated VCAM‑1, but had no effects on PF4 and 
E‑selectin. Therefore, these findings suggested that HOXA9 
inhibitors may alleviate AS damage through reducing the 
levels of PF4, and subsequently downregulating E‑selectin 
and VCAM‑1 (Fig. 4F).

Discussion

AS is a cardiovascular disease that results in high morbidity 
and mortality rates. Therefore, it is necessary to study the 
underlying pathological mechanisms in order to identify 
potential treatments (21). The progression of AS could be 
regarded as a chronic inflammatory disease in arterial walls, 
where the expression levels of pro‑inflammatory cytokines 
and adhesive factors are upregulated. A previous study demon‑
strated that microRNA‑27 suppressed the lipid accumulation 
and inflammatory response in apolipoprotein E‑knockout 
mice, suggesting that the inflammatory status in coronary 
arteries could be regarded as an indicator of the progression 
of AS (22).

HOXA9, a member of the HOX gene family, participates in 
the differentiation of promyelocytic cells in the hematopoietic 
system and is involved in cellular processes such as prolifera‑
tion, differentiation and apoptosis of ECs (23). It was reported 
that HOXA9‑knockout mice were deficient in the production 
of mature granulocytes and B lymphocytes, and exhibited 
impaired T‑cell differentiation with increased apoptosis (23). 
To investigate whether HOXA9 expression affects the develop‑
ment of AS, the present study successfully constructed AS rat 
models through oral feeding of a high‑fat and high‑cholesterol 
diet along with an intravenous injection of vitamin D3. The 
results demonstrated that inhibiting HOXA9 decreased the 
levels of inflammatory cytokines, including TNF‑α, IL‑1β 
and IL‑12. Consistent with the present study, Trivedi et al (24) 
demonstrated that HOXA9 participated in maintaining 
the inactivated state of ECs and inhibited the expression of 
adhesive factors induced by TNF‑α through inhibiting nuclear 
factor (NF)‑κB.

The present study also demonstrated that the levels 
of CCL25 were downregulated following inhibition of 
HOXA9. As a major mediator in macrophage chemotaxis, 
CCL25 has been shown to specifically induce M1 macro‑
phage chemotaxis, thus leading to the further progression 
of AS (25). Consistently, in the present study, the content of 
M1 macrophages was increased in AS rats compared with 
the NC group, whereas treatment with HOXA9 inhibitors 
resulted in a decrease in M1 macrophages. The observation 
of the morphology of coronary arteries using H&E staining 
further supported these findings, suggesting that HOXA9 
inhibition alleviated the AS symptoms and improved the 
blood microcirculation. In order to observe the morphology 
of coronary arteries, a previous study implemented the use 
of a Leica image analysis system. The size of plaques in 
coronary arteries of AS rats was found to be significantly 

diminished using onion extracts to suppress vascular 
inflammation (26).

The results of western blotting elucidated that HOXA9 
inhibitors downregulated the expression levels of PF4 and adhe‑
sion factors E‑selectin and VCAM‑1. PF4 has been reported to 
be upregulated in AS, and to participate in the accumulation 
of monocytes and monocyte‑derived cells, which can further 
express inflammatory cytokines and induce expression of 
adhesion factors (27). It has been demonstrated that irbesartan 
attenuated TNF‑α‑induced expression of E‑selectin, ICAM‑1 
and VCAM‑1 via suppression of the NF‑κB pathway in human 
umbilical vein endothelial cells (28). A previous study found 
that treatment with β‑thujaplicin counteracted AS symptoms 
by decreasing E‑selectin and VCAM‑1 (29). These findings 
suggested that HOXA9 inhibitors may relieve the progression 
of AS via suppression of PF4 and E‑selectin/VCAM‑1 protein 
expression, supporting the potential use of HOXA9 inhibitors 
in the therapy of AS.

In the present study, HOXA9 inhibition resulted in both a 
decrease in the inflammatory status and an improvement in 
the microcirculation of coronary arteries in AS rats, via down‑
regulation of PF4, E‑selectin and VCAM‑1 protein expression. 
Thus, the inhibition of HOXA9 may have potential as a treat‑
ment option for AS; however, further studies are needed to 
confirm this.
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