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Abstract
Background  The impact of a high-salt (HS) diet on metabolic disturbances in individuals with coronary heart 
disease remains unclear. The arachidonic acid (AA) metabolic pathway is closely linked to the development of 
cardiometabolic diseases and atherosclerotic cardiovascular diseases. Furthermore, endoplasmic reticulum stress (ERS) 
has emerged as a major contributor to cardiometabolic diseases. AA-related inflammation and ERS are hypothesized 
to play a role in HS diet-induced coronary remodeling.

Methods  Rats were subjected to an HS diet for 4 weeks, and the serum concentration of AA was measured via 
enzyme-linked immunosorbent assay. Immunofluorescence staining and vascular tension measurements were 
conducted on coronary arteries. In addition, AA-stimulated coronary artery smooth muscle cells (CASMCs) were 
treated with ERS inhibitors to explore the underlying pathway involved.

Results  Increased susceptibility to myocardial infarction in the HS diet-fed rats was accompanied by increased 
serum AA concentrations and increased expression of the key AA metabolic enzyme cyclooxygenase-2 (COX-2). 
AA incubation weakened the contraction of denuded coronary arteries, reduced the expression of contraction 
markers, and increased the fluorescence intensity of synthetic and ERS response markers in coronary arteries. Further 
investigation of CASMCs revealed that AA-induced phenotypic transformation was mediated via the ERS pathway.

Conclusions  ERS and AA were found to be stimulated in CASMCs following an HS diet. AA triggers an ERS response 
through COX-2 catalysis, and the downstream inositol requiring enzyme 1 - X-box binding protein-1 - osteopontin 
pathway may contribute to the AA-induced phenotypic transformation of CASMCs, resulting in dysfunctional 
coronary tension. This study may provide potential therapeutic targets for cardiovascular diseases associated with 
excessive AA-derived ERS.
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Background
Cardiometabolic (CM) diseases pose a major global 
public-health challenge, with chronic inflammation 
being a key underlying pathological process. Factors 
such as a high-salt diet, diabetes, stroke, and chronic 
coronary heart disease contribute to this inflamma-
tory process [1]. Recent studies have revealed that high 
salt intake not only increases blood pressure but also 
independently promotes coronary vascular remodeling. 
New research has shown that high salt (HS; NaCl) con-
tent in food can alter immune function, leading to a shift 
toward a proinflammatory state. Arachidonic acid (AA), 
a type of polyunsaturated fatty acid, plays an essential 
role in many physiological functions, such as growth, 
reproduction, stress resistance, immunity, lipid deposi-
tion, and bone development [2]. AA is metabolized via 
several enzymes and participates in numerous meta-
bolic pathways. Pathways mediated by AA have been 
associated with the development of cardiovascular isch-
emia‒reperfusion injury [3] and cerebral infarction [4]. 
Cyclooxygenase-2 (COX-2), a key enzyme responsible for 
converting AA into prostaglandin E2 (PGE2), is notably 
upregulated in atherosclerotic plaques and aortic aneu-
rysms in both human tissues and animal models [5]. The 
AA-COX-2 pathway primarily contributes to the inflam-
matory process [6]. However, the precise mechanisms 
through which the AA-COX-2 pathway influences coro-
nary smooth muscle cells (CASMCs) and their associated 
molecular signaling remain unclear.

In healthy blood vessels, vascular smooth muscle cells 
(VSMCs) typically maintain a contractile morphology. 
However, when blood vessels suffer damage or are influ-
enced by pathological factors, VSMCs can change their 
phenotype, shifting from a contractile state to one that 
is proliferative and synthetic [7]. During this change, the 
expression level of a specific contraction marker called 
α-smooth muscle actin (α-SMA) decreases, whereas the 
expression of a synthetic marker known as osteopontin 
(OPN) increases [8]. This transformation is implicated 
in the development of many vascular disorders, such as 
hypertension [9], atherosclerosis [10], pulmonary hyper-
tension [11], and postoperative restenosis [12]. The 
phenotypic transformation of VSMCs is intricately con-
nected to biological processes such as immunoinflamma-
tory responses, oxidative stress, and vascular remodeling 
[13]. Previous research has suggested that AA metabo-
lism not only regulates platelet aggregation [14] but 
also contributes to the phenotypic transformation of 
CASMCs.

The endoplasmic reticulum (ER) is a versatile organ-
elle, with various functions, including protein synthe-
sis, folding, transport, calcium homeostasis regulation, 
and lipid biosynthesis [15]. Pathological factors such as 
oxidative stress, ischemia, hypoxia, and disturbances in 

calcium homeostasis can lead to the buildup of misfolded 
or unfolded proteins in the ER, triggering endoplasmic 
reticulum stress (ERS) [15]. Inositol-requiring enzyme 
1 (IRE1), a transmembrane protein found on the mem-
brane of the endoplasmic reticulum, detects endoplasmic 
reticulum stress (ERS). Under normal conditions, IRE1 
associates with glucose-regulated protein 78/binding 
immunoglobulin protein (GRP78/BiP). However, dur-
ing ERS, unfolded or misfolded proteins recruit GRP78, 
causing its dissociation from IRE1. Activated IRE1 then 
acts on X-box binding protein-1 (XBP1) mRNA, excis-
ing a 26-nucleotide intron and changing its coding 
reading frame. This process results in the generation of 
XBP1s, which is a more stable form of the protein. XBP1s 
increases the capacity of the ER to fold proteins [10]. 
Research has shown that the IRE1-XBP1s signaling path-
way, a key component of the ERS response, plays a role 
in promoting the survival and proliferation of VSMCs 
[12], and ERS has been implicated in liver injury through 
the IRE1-XBP1s pathway in hepatocytes [13]. However, 
whether the ERS response and its downstream IRE1-
XBP1s signaling pathways are involved in AA-mediated 
phenotypic transformation has not been reported. The 
phenotypic transformation of VSMCs is a critical early 
stage in the development of cardiovascular diseases. If 
the ERS response is indeed involved in the pathological 
mechanism of the phenotypic transformation of VSMCs, 
the ER may be a promising new target for drugs aimed at 
preventing or treating cardiovascular conditions.

Some evidence suggests a link between AA and ERS. 
The AA-cytochrome P450 (CYP450) pathway can induce 
an ERS response in hepatocytes [16]. Additionally, when 
cells are exposed to harmful stimuli, COX-2 converts 
AA to PGE2. Inhibitors of PGE2 alleviate ERS-medi-
ated apoptosis in osteoarthritis [17]. However, whether 
AA induces an ERS response in CASMCs through the 
COX-2 pathway remains unknown. Consequently, fur-
ther research is necessary to explore the mechanism of 
AA and ERS damage in CASMCs and its impact on coro-
nary artery tension. On the basis of this hypothesis, this 
study proposes that the AA metabolic pathway promotes 
the phenotypic transformation of CASMCs and contrib-
utes to coronary artery tension injury through the ERS 
signaling pathway.

This research investigated the roles of AA and ERS in 
vascular remodeling induced by a HS diet. This study 
specifically demonstrated that AA promotes the phe-
notypic transformation of vascular smooth muscle by 
increasing ERS activity, particularly through the IRE1-
XBP1s signaling pathway—a novel discovery that has not 
been previously documented. These findings suggest that 
targeting ERS could be a promising approach for treating 
vascular remodeling diseases.
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Methods
Materials
AA was sourced from Abcam (ab120916) and prepared in 
dimethyl sulfoxide (DMSO). The ERS inhibitor 4-phenyl-
butyric acid (4-PBA), acquired from Med Chem Express, 
was also dissolved in DMSO. NS-398, a COX-2 inhibi-
tor, was procured from Sigma and similarly dissolved in 
DMSO. The primary rabbit antibody targeting p-IRE1ɑ 
(ab124945) was supplied by Abcam. The primary rabbit 
antibodies against COX-2 (12375-1-AP), XBP1s (24868-
1) and runt-related transcription factor 2 (RUNX2) 
(20700-1) were acquired from Proteintech Biotechnol-
ogy. Primary antibodies against OPN (mouse, sc-21742) 
and IRE1ɑ (mouse, sc-390960) were obtained from Santa 
Cruz Biotechnology. Primary rabbit antibodies against 
α-SMA (AF1032) and GRP-78 (AF5366) were obtained 
from Affinity. The secondary antibodies utilized included 
donkey anti-mouse IgG (H + L), which is highly cross-
adsorbed and conjugated with Alexa Fluor 488 (A21202), 
as well as donkey anti-rabbit IgG (H + L), which is highly 
cross-adsorbed and conjugated with Alexa Fluor 555 
(A31572). Both antibodies were obtained from Thermo 
Fisher Scientific.

Animal preparation
Adult male SD rats (180 g, 6 weeks old) were randomly 
assigned to two separate groups. The control group 
received a standard diet containing 0.4% sodium chloride, 
whereas the HS diet group was given food with 8% NaCl 
and was maintained in a vivarium with controlled tem-
perature and humidity. These diets were administered to 
the rats for a duration of 4 weeks. The vivarium followed 
a cycle of 12 h of light followed by 12 h of darkness, and 
the rats had unrestricted access to food and water. All the 
animal studies were conducted following the National 
Institutes of Health guidelines (publication No. 8523) and 
received approval from the Animal Experimentation Eth-
ics Committee at Anhui Medical University (Anhui Med-
ical Ethics Approval No. LLSC20190530).

Cell preparation and culture
The rats were humanely euthanized by an overdose of 
CO2. Coronary artery smooth muscle cells (CASMCs) 
were isolated following the protocol described in a previ-
ous study [18]. Briefly, the coronary artery was carefully 
dissected in a sterile environment and placed in sterile 
phosphate-buffered saline (PBS). Under a microscope, 
the arterial cavity was longitudinally incised, and the 
endothelial layer was mechanically removed via a sterile 
cotton swab. Smooth muscle tissue from the adventi-
tia was separated. The isolated tissue was then cultured 
in a mixture containing 0.2% type 1 A collagenase, 0.9% 
papain, 0.5% bovine serum albumin (BSA), and Ca2+-free 
PBS at 37  °C for 50  min. After this incubation period, 

the CASMCs were dispersed and gently washed with 
PBS before being transferred to a new dish. These cells 
were then grown in Dulbecco’s modified Eagle’s medium 
(DMEM) enriched with 20% fetal bovine serum, 100 µg/
ml penicillin, and 100 U/ml streptomycin. CASMCs were 
allowed to grow for 5‒7 days prior to the start of the 
experiment.

Dosage information
Myocardial ischemia was induced in male rats via sub-
cutaneous isoproterenol (ISO) injection (85 mg/kg body 
weight) on the 29th and 30th days. For the vascular ten-
sion experiment, the coronary arteries were incubated 
with 10 µM AA for 24  h. CASMCs were subjected to 
incubation with various concentrations of AA (1, 3, 10, 
30, or 100 µM) for different durations (0, 12, 24, 36, or 
48 h). The optimal concentration and time for AA treat-
ment were subsequently determined to be 10 µM and 
24  h, respectively. For subsequent experiments involv-
ing CASMCs to investigate this pathway, the cells were 
treated concurrently with 10 µM AA and 1 mM ERS 
inhibitor (4-PBA) for 24  h. Similarly, CASMCs were 
treated with 10 µM AA and 10 mM COX-2 inhibitor 
(NS-398) simultaneously for 24 h.

Electrocardiogram (ECG) recording
ECG recordings were performed on the rats on the 1st, 
28th and 30th days to assess the state of myocardial isch-
emia. The rats received an intraperitoneal pentobarbital 
sodium injection (50  mg/kg) to ensure immobilization 
while maintaining spontaneous breathing. The electrodes 
were placed subcutaneously in a standard limb lead con-
figuration (Lead II). ECG signals were recorded via a data 
acquisition system (BL-420  S, TECHMAN). The entire 
procedure was conducted under controlled ambient tem-
perature (22–25  °C) to prevent external influences on 
cardiac function.

Triphenyltetrazolium chloride (TTC) staining
After the ECG measurements were completed, the rats 
were euthanized by an overdose of anesthesia, and the 
hearts were immediately excised and washed in ice-
cold saline to remove blood. The hearts were then fro-
zen briefly at − 20  °C for 10 min to facilitate sectioning. 
Transverse slices of 1–2  mm thickness were obtained 
from the heart and incubated in 1% TTC solution at 
37 °C for 20 min in the dark. TTC selectively stains viable 
myocardium red, whereas infarcted tissue remains pale 
or white. After staining, the slices were photographed.

ELISA
For measurement of the serum concentration of AA in 
the rats, each sample was diluted in PBS at an optimal 
ratio for analysis. The measurement was conducted using 
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a commercial ELISA kit (No. D751021, Sangon Biotech), 
following the provided instructions. A standard curve 
was generated using linear regression via OriginPro soft-
ware (version 8.0, OriginLab) to determine the levels of 
AA.

Immunofluorescence
For coronary artery tissue, rat hearts were harvested 
after euthanasia, and coronary arteries were carefully dis-
sected. The tissue samples were cryopreserved in OCT 
compound. Cryosections (7 μm thick) were obtained and 
mounted on glass slides suitable for immunofluorescence 
staining. After PBS washes, 0.1% Triton X-100 was used 
to permeabilize the tissue. Then, the tissue was prein-
cubated with 3% BSA, followed by overnight incubation 
at 4  °C with primary antibodies against OPN, COX-2, 
IRE1α, p-IRE1α, XBP1s, RUNX2, and GRP-78 (dilution: 
1:200). After thorough rinsing with PBS, the tissue sec-
tions were treated with secondary antibodies (anti-rabbit, 
555 nm, red fluorescence, anti-mouse, 488 nm, and green 
fluorescence; Thermo Fisher Scientific) (dilution: 1:1000) 
for 1  h at 37  °C. Counterstaining with 4’,6-diamidino-
2-phenylindole (DAPI) facilitated nuclear visualization. 
For CASMC experiments, CASMCs were seeded in 
12-well plates containing cover glass slides. When the 
cells reached a confluency of 70–80%, they were fixed 
using 4% paraformaldehyde for 20 min, followed by rins-
ing with PBS. A 0.1% Triton X-100 solution was applied 
and left at room temperature for 15 min to permeabilize 
the cell membranes. Subsequently, the CASMCs were 
treated with a 3% BSA solution to prevent nonspecific 
binding, incubating for one hour at room temperature. 
They were then allowed to incubate overnight with the 
primary antibody at 4  °C. Following this incubation, 
the cells underwent three five-minute washes with PBS. 
The samples were subsequently treated with a donkey 
anti-mouse IgG conjugated to Alexa Fluor 488, diluted 
at 1:1000, for two hours at room temperature. Once the 
secondary antibody was removed, the cells were washed 
three more times with PBS, each lasting five minutes. 
Nuclear staining was performed via incubation with 
DAPI for 5  min, followed by three additional washes 
with PBS for 5  min each. The fluorescence signals were 
captured, images were obtained utilizing a laser scan-
ning microscope (Olympus, Japan), and ImageJ software 
(National Institutes of Health, NIH) was used for image 
analysis.

Cell proliferation assay
To gauge the proliferation capacity of CASMCs, a Cell 
Counting Kit-8 (CCK-8) assay (C0038, Beyotime) was 
employed. In short, CASMCs were seeded into 96-well 
plates and left to settle overnight. Once the cells had 
firmly attached, they were exposed to either 3 µM AA, 10 

µM AA, or a vehicle control (CON) for a 24-hour period 
at 37  °C in a 5% CO2 environment. Post-incubation, 10 
µL of CCK-8 solution was introduced into each well, and 
the plates were incubated for an additional hour at 37 °C. 
Finally, the absorbance was measured at 450  nm using 
a microplate reader. The optical density (OD) readings 
were documented and adjusted to reflect the values of the 
control group. The summarized OD data for CASMCs 
exposed to CON, 3 µM AA, or 10 µM AA are displayed 
as the mean ± standard error of the mean (SEM).

Vessel tension measurement
Measurements of vessel tension were performed follow-
ing the methodology outlined in a previous publication 
[19]. Coronary arteries from healthy control rats, after 
the rats were euthanized, the coronary arteries were 
promptly dissected and immersed in Krebs Henseleitt 
solution containing the following concentrations (in 
mmol/L): NaCl, 118; KCl, 4.7; KH2PO4, 1.2; CaCl2, 2.5; 
NaHCO3, 25.2; glucose, 11.1; and MgSO4 (7 H2O), 1.2. 
Microscopic examination entailed delicately rubbing the 
luminal surface of the arteries to carefully remove the 
endothelial layer. The vessels were then sliced into rings 
approximately 2  mm in length. Isometric tension was 
measured and analyzed using a DMT myograph (Model 
610  M; Danish Myo Technology, Aarhus, Denmark), 
with the baseline tension established at 2.0 mN. Once 
the vessel tension stabilized, the Krebs–Henseleitt solu-
tion was replaced with a 60 mmol/L K+ solution, which 
served as the reference contraction stimulus. For analy-
sis of the activity of the coronary artery endothelium, 3 
µM 9,11-dideoxy-11a,9a-epoxymetha-noprostaglandin 
(U46619) was used to induce contraction in the coro-
nary artery rings for 5  min. Subsequently, 5 µM acetyl-
choline (ACh), a well-known endothelium-dependent 
vasodilator, was administered. A vasodilatory response to 
ACh below 20% of U46619-induced maximum contrac-
tion confirmed successful endothelial removal. Following 
this step, the vessels were thoroughly washed to restore 
baseline tension. Subsequently, U46619 (0.01–1 µM) and 
CaCl2 (1–10 mM) were sequentially utilized to induce 
concentration-dependent contractions in the blood 
vessels.

Western blotting
Proteins were removed from coronary tissue and 
CASMCs using a detergent extraction buffer. The buffer 
composition included 150 mM NaCl, 20 mM Tris-HCl 
(pH 7.5), 1% NP-40, 0.1% sodium dodecyl sulfate, 0.5% 
sodium deoxycholate, 2.5 mM sodium pyrophosphate 
and 1 mM disodium salt of ethylenediaminetetraace-
tic acid, along with protease inhibitor cocktail tablets. A 
total of 20 µg of total protein from tissue homogenate or 
cell lysate was loaded into the wells of an SDS-gel, along 
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with a molecular weight marker. The proteins were then 
separated on 10% SDS-polyacrylamide gels and subse-
quently transferred to polyvinylidene difluoride mem-
branes. Following blocking, the membranes were then 
incubated with primary antibodies at specific dilutions: 
anti-OPN (1:500), anti-α-SMA (1:500), anti-COX-2 
(1:1000), anti-IRE1ɑ (1:500), anti-p-IRE1ɑ (1:500), anti-
XBP1s (1:500), anti-RUNX2 (1:500), anti-GRP78 (1:500), 
or anti-GAPDH (1:1000), overnight at 4  °C. Following 
this, the membranes were treated with a horseradish 
peroxidase-conjugated secondary antibody and visual-
ized using an enhanced chemiluminescence detection 
kit. Protein band intensities were quantified using ImageJ 
software, with each blot’s optical density normalized to 
the corresponding GAPDH band in the same lane. The 
results were expressed as relative optical density values.

Statistics
The data are presented as the mean ± SEM. Statisti-
cal charts were generated via GraphPad Prism soft-
ware (GraphPad Software, USA). Statistical significance 
was assessed via either two-way ANOVA or a t-test. 
The results were considered significant when P < 0.05. 
The value of n represents the number of experiments 
conducted.

Results
A high-salt diet induces myocardial ischemia accompanied 
by elevated arachidonic acid levels
The HS diet is one of the primary risk factors for cardiac 
metabolic diseases and is associated with increased mor-
tality in cardiovascular diseases. The rats were randomly 
divided into two groups: a normal control (NC) group 
and a high-salt (HS) group (Fig.  1A). The NC group 

Fig. 1  A high-salt diet induces myocardial ischemia accompanied by elevated arachidonic acid levels. (A) Construction of the animal model. (B) Results 
of the rat electrocardiogram (n = 4). (C) TTC staining results of rat hearts (n = 4). (D) Experimental design, including measurement of serum AA levels and 
COX-2 protein expression in coronary arteries. (E) Serum AA levels in the rats (n = 8). (F) Western blot analysis of COX-2 protein expression in coronary 
arteries and (G) analysis of band density (n = 3). (H) Immunofluorescence detection of COX-2 expression in coronary arteries and (I) analysis of fluores-
cence intensity (n = 4). The data are presented as the means ± SEMs, *P < 0.05, **P < 0.01, compared with the data of the control group. Abbreviations: TTC, 
triphenyltetrazolium chloride; AA, arachidonic acid; COX-2, cyclooxygenase-2
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consumed a 0.4% sodium chloride diet, while the HS 
group was provided an 8% sodium chloride diet for four 
weeks. ECGs were recorded on Days 1 and 28. On Days 
29 and 30, the rats underwent subcutaneous injections 
of ISO to induce myocardial infarction, with the con-
trol group receiving equivalent volumes of physiological 
saline. ECGs were recorded again on Day 30, after which 
the hearts were excised and stained with TTC to assess 
myocardial infarction. The ECG results (Fig. 1B) revealed 
that the control group maintained sinus rhythm without 
pathological T wave changes, whereas the HS-diet group 
also exhibited sinus rhythm but with ST-T changes, indi-
cating myocardial ischemia. After ISO injection, both 
groups presented sinus rhythm, abnormal Q waves, ST-
segment elevation, and increased T-wave amplitude, 
which was consistent with myocardial infarction. TTC 
staining (Fig. 1C) revealed that in the absence of ISO, the 
myocardial tissues in both groups were uniformly red, 
indicating viable myocardium without evident infarction. 
However, after ISO injection, the HS-diet group pre-
sented significantly larger pale areas than the normal diet 
group did, indicating more extensive tissue infarction. 
HS is a risk factor for cardiovascular injury, potentially 
involving impairments in coronary vasomotor func-
tion. Unsaturated fatty acids, particularly AA, are closely 
linked to heart metabolic diseases [20]. However, the 
relationship between the concentration of AA in vivo and 
the HS diet remains unclear. In this study, serum sam-
ples were collected from rats fed HS and normal diets to 
determine the concentration of AA and assess the expres-
sion of its key metabolic enzymes (Fig. 1D). The results 
revealed that the serum concentration of AA in the HS 
diet-fed group was greater than that in the control group 
(Fig. 1E). Subsequently, western blotting and immunoflu-
orescence were employed to assess the expression levels 
of COX-2, a pivotal enzyme in arachidonic acid metabo-
lism, in the coronary arteries of the HS diet group and 
the control group. The western blot results (Fig.  1F&G) 
indicated that, compared with that in the control group, 
the expression of COX-2 was elevated in the coronary 
arteries of the HS diet group. Similarly, immunofluores-
cence analysis (Fig. 1H&I) revealed an increase in COX-2 
protein expression in the coronary arteries of the HS diet 
group compared with those of the control group. On the 
basis of these findings, it can be inferred that an HS diet 
increases serum AA levels and susceptibility to myocar-
dial infarction.

A high-salt diet increases arachidonic acid levels, 
triggering coronary artery remodeling
Vascular remodeling is a common occurrence in hyper-
tension, atherosclerosis, and other cardiovascular dis-
eases. One important aspect of vascular remodeling is 
the phenotypic switch of smooth muscle cells, wherein 

they transition from a contractile to a proliferative state. 
This transition is characterized by increased synthesis 
of the osteopontin protein and reduced expression of 
the α-SMA protein [21]. Specific fluorescent antibod-
ies against the α-SMA and OPN proteins were used to 
label tissue sections from the coronary arteries of the 
rats to investigate whether coronary artery remodeling 
occurred in those fed an HS diet. The immunofluores-
cence results indicated that, in the HS diet-fed rats, the 
fluorescence intensity of α-SMA in the coronary arter-
ies was significantly lower than that in the control group, 
whereas the fluorescence intensity of OPN was notably 
greater (Fig.  2A-D). This finding suggests a phenotypic 
change from contractile to proliferative in the coronary 
arteries. The increased proliferative capacity of CASMCs 
upon incubation with AA further supports these find-
ings (Fig.  2E). To determine whether AA can influence 
this phenotypic switch in smooth muscle cells, CASMCs 
were pretreated with different concentrations (0, 3, 10, 
30, or 100 µM) of AA for 24  h. AA promoted CASMC 
phenotypic switching in a dose-dependent manner, with 
a reduction in α-SMA levels and an increase in OPN 
expression observed starting with 10 µM AA incuba-
tion (Fig.  2F-H). Additionally, exposure to 10 µM AA 
for varying time periods (0, 12, 24, 36, and 48 h) further 
promoted CASMC phenotypic alterations, as shown by 
increased synthesis of the CASMC synthetic protein 
OPN and decreased expression of the CASMC contrac-
tile protein α-SMA (Fig.  2I-K). These results indicate 
a close association between HS diet-induced coronary 
artery remodeling and AA.

Involvement of endoplasmic reticulum stress-related 
phenotypic changes in CASMCs following a high-salt diet
During ERS, folded or misfolded proteins recruit GRP78 
while separating from IRE1 to form p-IRE1. X-box 
binding protein 1 (XBP1), a crucial transcription fac-
tor controlling the ERS response, is cleaved by the acti-
vated endoribonuclease domain of IRE1, resulting in the 
spliced active transcription factor XBP1s, which is crucial 
for maintaining ER homeostasis. Thus, XBP1s expression 
increases during ERS. To investigate the potential rela-
tionship between HS diet-induced coronary phenotypic 
transformation and ERS, the expression of ERS-related 
signaling proteins (IRE1α, XBP1, and GRP78) in coro-
nary arteries between the HS diet group and the control 
group was compared via immunofluorescence (Fig.  3A-
C). An increase in the expression of these ERS-related 
proteins in the coronary arteries of HS diet-fed rats was 
observed (Fig. 3D-F). These findings led us to speculate 
that ERS may be involved in the AA-induced phenotypic 
transformation of CASMCs and subsequent coronary 
artery remodeling.
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Fig. 2 (See legend on next page.)
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Arachidonic acid treatment attenuates agonist-induced 
vasoconstriction in coronary arteries
The impact of AA on coronary vasoconstriction was 
investigated. After the coronary arteries were incubated 
with AA (10 µM, 24 h), no significant changes in 60 mM 
K+-induced contraction were observed (Fig.  4A). How-
ever, upon incubation with AA (10 µM, 24  h), the con-
tractility of coronary arteries induced by U46619 or CaCl2 
decreased. The summary data revealed a decrease in the 
U46619-induced concentration-dependent contractile 
responses and CaCl2-induced concentration-dependent 
contractile responses (Fig. 4B&C). The data are presented 
as the means ± SEMs (n = 6), *P < 0.05, versus the normal 
control. On the basis of these findings, it can be inferred 
that elevated levels of AA induce coronary artery remod-
eling and impair vasoconstrictive tension.

Induction of endoplasmic reticulum stress via arachidonic 
acid metabolism through cyclooxygenase-2
To determine whether AA promotes coronary artery 
remodeling via COX-2-mediated activation of ERS 
(Fig.  5A), CASMCs were treated with AA (10 µM for 
24  h) and an additional ERS inhibitor, 4-PBA, in AA-
treated cells for 24  h. The immunofluorescence results 
(Fig.  5B&C) demonstrated that AA treatment signifi-
cantly increased OPN expression in CASMCs. However, 
the addition of 4-PBA abolished this increase, further 
confirming the critical role of ERS in the phenotypic 
transition of coronary arteries to the proliferative state. 
Subsequent western blot analysis (Fig.  5D&E) revealed 
that, compared with the normal controls, the AA-treated 
CASMCs presented increased expression of ERS markers 
(GRP78, IRE1α, p-IRE1α, and XBP1s). Additionally, the 
expression of RUNX2, a transcription factor essential for 
osteoblast differentiation and chondrocyte maturation, 
as well as its target gene OPN, was increased in the AA-
treated CASMCs. Notably, the addition of 4-PBA sig-
nificantly reduced the expression of ERS-related proteins 
and RUNX2/OPN. These results demonstrate that ERS 
inhibition alleviates AA-induced phenotypic transforma-
tion in CASMCs. To further investigate the molecular 
pathways linking AA metabolism and the ERS response, 
CASMCs were coincubated with the COX-2 inhibi-
tor NS-398 (10 µM) in the presence of AA. NS-398 is a 

cell-permeable compound specifically designed to inhibit 
COX-2 activity. In this study, incubating CASMCs with 
appropriate concentrations of AA resulted in an increase 
in the expression of ERS markers, including GRP78, 
IRE1α, p-IRE1α, and XBP1s. Notably, the expression of 
the aforementioned ERS markers significantly decreased 
in response to treatment with NS-398 (Fig. 5F&G). These 
findings indicate that AA can activate the ERS response 
through COX-2 catalysis, which can be effectively 
blocked by NS-398. Collectively, these findings demon-
strate that the IRE1α‒XBP1 pathway of the ERS response 
is regulated by AA/COX-2 and plays a crucial role in the 
phenotypic transformation of CASMCs.

Discussion
An HS diet is an important dietary risk factor for death, 
particularly cardiovascular disease-related deaths [22]. 
This study also suggested that an HS diet induces myo-
cardial ischemia and increases susceptibility to myocar-
dial infarction. A recent Mendelian randomization study 
[23] found a positive link between genetically forecasted 
plasma phospholipid AA levels and atherosclerosis. To 
determine whether the HS diet leads to coronary remod-
eling and whether this effect is associated with AA, AA 
levels in the serum of rats fed the HS diet were measured. 
AA levels were significantly greater in the HS diet-fed 
rats than in those fed a regular diet. Additionally, the 
expression of the contractile marker α-SMA in coronary 
arteries decreased, whereas the expression of the syn-
thetic marker OPN increased in the HS diet group. These 
results indicate that a HS diet elevates AA levels and 
induces phenotypic changes in the coronary arteries.

AA is one of the most widely distributed polyunsatu-
rated fatty acids in vivo [24, 25]. The cyclooxygenase 
(COX) pathway represents one of its primary metabolic 
routes. Research has consistently demonstrated that the 
ratio of serum eicosapentaenoic acid (EPA) to AA and 
higher levels of linoleic acid in serum and tissues are 
associated with the incidence of cardiovascular events 
[26, 27]. AA is derived from linoleic acid, and previous 
studies have shown that in accordance with the precur-
sor/product relationship between linoleic acid and AA, 
their relative amounts are negatively correlated [28]. 
This study revealed that an HS diet increases serum AA 

(See figure on previous page.)
Fig. 2  A high-salt diet induces coronary artery phenotypic switch. Immunofluorescence detection of (A) the vasoconstrictive marker α-SMA (n = 4), (B) 
the vasodilation marker OPN (n = 4), and (C&D) analysis of fluorescence intensity. The values are presented as the means ± SEMs, with n = 4. *P < 0.05 vs. 
the normal controls, **P < 0.01 vs. the normal controls. (E) The proliferative capacity of CASMCs was increased by treatment with 10 µM AA. Representative 
summary data of the OD values of CASMCs treated with solvent (CON), 3 µM AA, or 10 µM AA. (F) Representative western blot analysis of α-SMA and OPN 
protein levels in the CASMCs treated with different concentrations of AA for 24 h. Quantitative analysis of (G) α-SMA and (H) OPN protein levels in the 
CASMCs treated with different concentrations of AA for 24 h. The values are presented as the means ± SEMs, with n = 4. *P < 0.05 vs. 0 h, 0 µM; **P < 0.01 vs. 
0 h, 0 µM. (I) Representative western blot analysis of α-SMA and OPN protein levels in the CASMCs treated with AA (10 µM) for various durations (0, 12, 24, 
36, 48 h). Quantitative analysis of (J) α-SMA and (K) OPN protein levels in the CASMCs treated with AA (10 µM) for various durations (0, 12, 24, 36, 48 h). The 
values are presented as the means ± SEMs, with n = 4. *P < 0.05 vs. 0 h, **P < 0.01 vs. 0 h. Abbreviations: α-SMA, α-smooth muscle actin; OPN, osteopontin; 
CASMCs, coronary artery smooth muscle cells; AA, arachidonic acid; OD, optical density; CON, control; SEM, standard error of the mean
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levels, which may also suggest that high-salt intake pro-
motes the metabolism of linoleic acid. Further investiga-
tions into the relationship between HS diets and linoleic 
acid metabolism are warranted in future studies. Vas-
cular remodeling plays a crucial role in the occurrence 
and development of cardiovascular diseases [29, 30]. 
The transformation of VSMCs induced by inflammation 
is a key factor in vascular remodeling [31]. This change 
underlies numerous vascular growth disorders, such 

as hypertension, atherosclerosis, and post-angioplasty 
restenosis [32]. Therefore, elucidation of the phenotypic 
transformation of VSMCs and the related mechanisms is 
highly important for the prevention and treatment of car-
diovascular diseases. Currently, the mechanisms involved 
in vascular phenotypic switching include the RhoA/Rho 
kinase signaling pathway [33], the Wnt signaling pathway 
[34], the Notch signaling pathway [35], and the TGF-β 
signaling pathway [36]. Additionally, free AA can be 

Fig. 3  A high-salt diet increased the expression of endoplasmic reticulum stress-related proteins in coronary arteries. Representative fluorescence inten-
sity of (A) Ire1α, (B) GRP78 and (C) XBP1s protein signaling in the coronary arteries of the rats fed a high-salt diet compared with those in the normal con-
trol group. Quantitative analysis of (D) the Ire1α, (E) GRP78 and (F) XBP1s protein levels. The data are presented as the means ± SEMs, with n = 3. Statistical 
significance is indicated as *P < 0.05 compared with the normal control group. Abbreviations: Ire1, inositol-requiring enzyme 1; GRP78, glucose-regulated 
protein 78; XBP1, X-box binding protein-1; SEM, standard error of the mean
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Fig. 4  Arachidonic acid (10 µM, 24  h) treatment decreased the contractility of coronary arteries in rats. Summary data showing the concentration-
dependent contractile responses to (A) 60 mM K+, (B) increasing concentrations of U46619 (0.01, 0.03, 0.1, 0.3, and 1 µM), and (C) CaCl2 (1, 2.5, 5, and 10 
mmol/L) after incubation with AA. The data are presented as the means ± SEMs, with n = 6. Statistical significance is indicated as *P < 0.05 and **P < 0.01 
compared with the normal control group. Abbreviations: U46619, 9, 11-dideoxy-11a, 9a-epoxymetha-noprostaglandin; SEM, standard error of the mean
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Fig. 5 (See legend on next page.)
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metabolized by either COX or LOX enzymes, leading to 
the generation of proinflammatory compounds. Research 
has demonstrated that AA, along with its inflammatory 
derivatives, plays a role in regulating the proliferation 
and apoptosis of vascular smooth muscle cells [37, 38]. 
However, whether AA induces phenotypic switching in 
CASMCs is still unclear. In this study, the expression of 
the specific contraction marker α-SMA decreased after 
incubation with AA, whereas the synthetic marker OPN 
increased, indicating a phenotypic switch of CASMCs. 
Moreover, the coronary contract tension decreased after 
treatment with AA. On the basis of these findings, it was 
hypothesized that AA could induce a phenotypic switch 
in CASMCs, leading to coronary vascular remodeling 
and a weakening of coronary constriction tension. Thus, 
an investigation was conducted to explore the underlying 
mechanisms of this phenomenon.

The AA-COX-2 metabolic pathway plays an important 
role in cardiovascular diseases. Previous reports [39–41] 
suggest that the detrimental effects of AA and ERS on 
the vascular system are associated with apoptosis, calci-
fication, inflammation, and oxidative stress mechanisms. 
Evidence suggests a potential link between AA and ERS; 
for example, COX-2 was reported to convert AA to PGE2 
when cells were exposed to harmful stimuli. The ERS 
sensor IRE1α is closely associated with the expression 
of COX-2 [42]. The inhibition of PGE2 has been shown 
to alleviate ERS-mediated apoptosis in osteoarthritis 
[17]; additionally, the AA-CYP450 pathway induces an 
ERS response in hepatocytes [16]. However, the spe-
cific molecular signaling pathway linking AA and ERS 
in CASMCs remains unclear. This study revealed that, in 
HS diet-fed rats, while AA levels were elevated, COX-2 
expression in coronary arteries was increased, and the 
ERS marker proteins Grp78, Ire1α, p-Ire1α, and Xbp1s 
were significantly upregulated after AA incubation. Nota-
bly, this upregulation was blocked by the COX-2 inhibi-
tor NS398, suggesting that AA induces an ERS response 
in CASMCs through the COX-2 pathway. Several studies 
have shown that the AA-COX2 metabolic pathway typi-
cally induces an increase in PGE2 expression, a process 
closely associated with thrombosis, vascular remodeling, 
and ischemic heart disease [43, 44], however, this study 

did not further verify metabolites of arachidonic acid, 
including PGE2, and future studies should measure the 
levels of its metabolites to confirm their involvement 
in this process. ERS has emerged as a prominent area 
of research in recent years [1]. Chronic ERS has been 
implicated in various diseases, including diabetes [45], 
neurodegenerative diseases [46], shock, and pulmonary 
fibrosis [47]. Zhao Guizhen et al. reported that the ERS 
signaling molecule XBP1u directly influences the phe-
notypic transformation of VSMCs by acting on FOXO4 
[48]. Bai, Xiao-Jun et al. demonstrated that ERS increases 
the expression of RUNX2 in VSMCs, thereby promoting 
VSMC calcification [49]. This study provides data sup-
porting the role of ERS in promoting coronary artery 
phenotypic transformation via the XBP1s-RUNX2-OPN 
axis, leading to remodeling.

OPN is a glycosylated protein that is abundant in the 
extracellular matrix and has been implicated in vari-
ous vascular remodeling diseases. OPN is involved in 
vascular remodeling in conditions such as pulmonary 
arterial hypertension (PAH) [33]. Furthermore, factors 
such as high glucose and oxidized LDL can stimulate 
OPN expression in VSMCs, contributing to the devel-
opment of atherosclerotic vascular diseases. Increased 
expression of OPN has been associated with vascular 
calcification, migration, or proliferation [34–36, 50]. 
OPN functions downstream of RUNX2, influencing the 
production of the extracellular matrix. The overexpres-
sion of RUNX2 leads to the activation of Osterix, which 
initiates the expression of bone matrix proteins, includ-
ing OPN. Moreover, ERS has been shown to increase 
RUNX2 expression in VSMCs [51]. However, it remains 
unclear whether AA regulates OPN expression to affect 
the phenotypic switching of CASMCs. In this study, 
AA activated the IRE1α‒XBP1s axis of ERS, leading to 
increased expression of RUNX2. This elevated expres-
sion of RUNX2 subsequently promotes OPN protein 
production, triggering the osteogenic transformation of 
CASMCs and contributing to their phenotypic changes. 
Importantly, this mechanism was interrupted by the 
application of 4-PBA, highlighting its potential therapeu-
tic importance. This research revealed that AA initiates 

(See figure on previous page.)
Fig. 5  Inhibition of cyclooxygenase-2 or endoplasmic reticulum stress improves phenotypic transformation. (A) Schematic diagram of molecular studies 
in coronary smooth muscle cells. (B) Immunofluorescence image showing the intensity of OPN in CASMCs incubated with AA (10 µM, 24 h) or AA (10 µM, 
24 h) + an ERS inhibitor (4-PBA) (1 mM, 24 h) (n = 3) and (C) analysis of fluorescence intensity. The values are presented as the means ± SEMs, with n = 3. 
*P < 0.05 AA vs. the normal controls, ##P < 0.01 AA vs. AA + 4-PBA. (D) Representative western blot and (E) quantitative analysis of GRP78, IRE1α, p-IRE1α, 
XBP1s, RUNX2 and OPN protein levels in CASMCs. The values are presented as the means ± SEMs, with n = 4. Statistical significance is indicated as *P < 0.05, 
**P < 0.01 vs. the control group; #P < 0.05, ##P < 0.01 vs. the AA (10 µM, 24 h) group. (F) Representative western blot and (G) analysis showing the protein 
levels of the ERS markers GRP78, IRE1α, p-IRE1α and XBP1s in the CASMCs incubated with solvent alone, AA (10 µM, 24 h), or AA (10 µM, 24 h) + COX-2 
inhibitor (NS-398) (10 µM, 24 h). The values are presented as the means ± SEMs, with n = 4. Statistical significance is indicated as *P < 0.05, **P < 0.01 vs. the 
control group; #P < 0.05, ##P < 0.01 vs. the AA (10 µM, 24 h) group. Abbreviations: OPN, osteopontin; CASMCs, coronary artery smooth muscle cells; AA, 
arachidonic acid; ERS, endoplasmic reticulum stress; 4-PBA, 4-phenylbutyric acid; GRP78, glucose-regulated protein 78; Ire1, inositol requiring enzyme 1; 
XBP1, X-box binding protein-1; RUNX2, runt-related transcription factor 2; SEM, standard error of the mean
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the phenotypic switch of CASMCs through the IRE1α-
XBP1-RUNX2-OPN pathway following COX-2 catalysis.

Study strengths and limitations
This study focused on the effects of AA on the pheno-
typic switching of CASMCs. The results revealed several 
important findings. First, HS diet-fed rats presented isch-
emic changes in the myocardium and increased suscep-
tibility to myocardial infarction. Furthermore, elevated 
serum AA levels play a role in coronary artery remodel-
ing. In addition, AA actively facilitates the phenotypic 
transition of CASMCs via the COX-2 metabolic pathway, 
mediating ERS responses and engaging downstream sig-
naling pathways involving IRE1α-XBP1-RUNX2-OPN. 
Targeted inhibition of key molecules such as COX-2 and 
ERS effectively alleviated coronary remodeling. These 
findings increase the understanding of how AA influ-
ences the phenotypic switch of CASMCs, shedding light 
on potential therapeutic targets for cardiovascular dis-
eases associated with excessive AA-derived ERS.

The phenotypic switch of vascular smooth muscle cells 
is a critical pathological and physiological characteris-
tic that has crucial implications for vascular diseases. In 
this study, α-SMA and OPN, key markers of phenotypic 
transition, were specifically highlighted and analyzed. 
Nevertheless, it is important to note that phenotype 
switching is a multifaceted process encompassing vari-
ous stages, and the existing research in this area remains 
relatively limited, thus warranting further investigation. 
The in vitro effects of AA exposure on CASMCs may 
reflect potential mechanisms underlying coronary artery 
remodeling in the context of HS diet-induced increases 
in serum AA levels. However, the direct link between AA 
and coronary artery remodeling remains to be confirmed. 
Future studies should employ more targeted approaches, 
such as in vivo AA supplementation or the treatment 
of rats with COX-2 inhibitors during an HS diet, to fur-
ther investigate the direct relationship between high-salt 
intake and coronary artery AA metabolism.

Conclusions
This study suggests that AA stimulates the phenotypic 
switch of CASMCs through the ERS-RUNX2-OPN path-
way. The identification of AA and RUNX2 as novel thera-
peutic targets could guide the development of drugs or 
interventions aimed at modulating these molecules, with 
the goal of halting or even reversing vascular damage, 
such as hypertension, atherosclerosis, and heart failure, 
in patients on high-salt diets.
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