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A b s t r a c t

Introduction: Atherosclerotic cardiovascular disease remains the leading 
cause of global mortality, characterized by lipid accumulation and inflam-
matory cell infiltration within the arterial wall. A critical early event in ath-
erogenesis is the formation of macrophage foam cells driven by excessive 
uptake of oxidized low-density lipoprotein (oxLDL). While cations such as 
Ca²+ have been extensively studied in this context, the role of Cl- as a reg-
ulatory anion in foam cell formation remains poorly understood. The calci-
um-activated chloride channel TMEM16A plays an important role in many 
physiological processes. However, its role in macrophages remains unclear.
Material and methods: Macrophage cells were treated with oxLDL to in-
duce foam cell formation. TMEM16A expression was modulated by  
siRNA-mediated knockdown or cDNA-driven overexpression, and its activity 
was pharmacologically inhibited using T16Ainh-A01 and CaCCinh-A01. Ex-
pression of scavenger receptor A (SR-A) and CD36, phosphorylation level of 
JNK, and p38 MAPK signaling pathways were analyzed by Western blotting 
to elucidate underlying mechanisms.
Results: OxLDL treatment significantly increased TMEM16A expression in 
RAW264.7 and THP-1 macrophages. Genetic silencing or pharmacological 
inhibition of TMEM16A markedly attenuated oxLDL-induced lipid accumula-
tion and foam cell formation, whereas TMEM16A overexpression promoted 
oxLDL accumulation in macrophages. Mechanistically, TMEM16A deficiency 
significantly reduced SR-A and CD36 expression, which was associated with 
decreased phosphorylation of JNK and p38 MAPK, indicating that TMEM16A 
regulates SR-A and CD36 through a MAPK-dependent signaling pathway.
Conclusions: These findings demonstrate that TMEM16A plays a critical 
role in macrophage derived foam cell formation by promoting oxLDL uptake 
through activation of the JNK/p38–SR-A/CD36 axis. Targeting TMEM16A 
could be a promising therapeutic strategy for atherosclerosis.

Key words: chloride channel, TMEM16A, atherosclerosis, foam cells, 
macrophage, scavenger receptor, MAPK.
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Introduction

Atherosclerosis (AS) is the pathological ba-
sis of most cardiovascular diseases and remains 
a leading cause of global morbidity [1]. Its primary 
pathological hallmark is the progressive deposi-
tion of lipids within the arterial intima, leading to 
luminal narrowing, loss of vascular elasticity, and, 
ultimately, vessel occlusion [2]. A critical initiating 
event during atherogenesis is the accumulation of 
macrophage-derived foam cells, which drive the 
formation of early fatty streaks and their progres-
sion into complex, chronic inflammatory lesions 
[3, 4].

The mechanisms underlying atherosclerosis are 
multifactorial, and increasing evidence suggests 
that dysregulated transmembrane ion transport 
plays an important contributory role [5]. For ex-
ample, the mechanosensitive ion channel PIEZO1 
mediates shear stress-induced Ca²+ influx, thereby 
linking hemodynamic cues to endothelial activa-
tion and inflammatory atherogenic responses [6, 
7]. While the involvement of cations in oxidized 
low-density lipoprotein (oxLDL) uptake has been 
well characterized [8, 9], the role of anions, espe-
cially Cl-, remains poorly understood. Chloride is the 
predominant extracellular anion and is essential for 
regulating fundamental cellular processes, includ-
ing cell volume control, apoptosis and proliferation 
[10, 11]. Notably, recent studies have reported sig-
nificant alterations in intracellular chloride concen-
tration ([Cl-]i) in macrophages during foam cell for-
mation, implicating chloride channels as potential 
regulators of lipid homeostasis [12, 13].

The calcium-activated chloride channel TME-
M16A is ubiquitously expressed and has been 
implicated in multiple vascular pathologies, in-
cluding neointima formation, cerebrovascular re-
modeling, and endothelial inflammation [14–16]. 
Our previous work demonstrated that TMEM16A 
regulates vascular smooth muscle cell prolifer-
ation [10, 17]; however, its specific role in mac-
rophage lipid metabolism and atherosclerotic 
progression remains unclear. It has been shown 
to modulate macrophage foam cell formation 
through regulation of [Cl-]i [12, 18, 19]; we hy-
pothesized that TMEM16A may also act as a crit-
ical regulator of this process.

In the present study, we investigated the role 
of TMEM16A in oxLDL-induced macrophage foam 
cell formation and the underlying molecular 
mechanisms. Specifically, we examined whether 
TMEM16A promotes lipid uptake by modulating 
the JNK/p38 MAPK signaling pathway and the 
expression of SR-A and CD36. In addition, we as-
sessed the therapeutic potential of pharmacolog-
ical TMEM16A inhibition, providing a mechanistic 
rationale for targeting chloride channels as a nov-
el therapeutic strategy for atherosclerosis.

Material and methods

Data availability

The data that support the findings of this study 
are available from the corresponding author upon 
reasonable request.

Preparation and oxidation of LDL

Low-density lipoproteins (LDL) were isolated 
from the plasma of healthy donors using sequen-
tial ultracentrifugation, as previously described 
[18]. Informed consent was obtained from these 
donors before the inclusion of the study. All do-
nors provided informed consent, and the study 
protocol was approved by the Human Research 
Ethics Committee of Sun Yat-sen University, in 
accordance with the principles of the 1975 Decla-
ration of Helsinki. Oxidized LDL (oxLDL) was gen-
erated by incubating LDL (0.2 mg protein/ml) with 
5 μM Cu²+ in PBS at 37°C for 24 h, followed by the 
addition of 0.24 mM EDTA to terminate oxidation. 
Protein concentrations were determined using 
the Bradford assay with bovine serum albumin as 
a standard, and the extent of LDL oxidation was 
assessed by measuring TBARS formation. For cell 
culture experiments, lipoproteins were sterilized 
by filtration through a 0.45-μm pore filter (Milli-
pore, Gelman Sciences, Ann Arbor, MI) and stored 
at 4°C in the dark until use.

Preparation of Dil-oxLDL

Native LDL was fluorescently labeled by in-
cubation with the lipophilic dye Dil. Briefly, LDL 
was incubated overnight at 37°C under nitrogen 
protection and shielded from light, using 50 μl of 
Dil solution (3 mg/ml in DMSO) per milligram of 
LDL protein. To generate Dil-labeled oxidized LDL 
(Dil-oxLDL), Dil-LDL (0.1 mg/ml) was subsequent-
ly oxidized by exposure to 5 μmol/l Cu²+ in PBS 
at 37°C for 18 h in the dark. Following oxidation, 
excess free Dil and residual copper ions, which 
may cause cellular toxicity, were removed by se-
quential ultracentrifugation and extensive dialysis 
against PBS containing 0.24 mmol/l EDTA.

Cell culture and foam cell formation

Macrophage-derived foam cells were gen-
erated following an established protocol [19]. 
RAW264.7 murine macrophages and THP-1 hu-
man macrophages (American Type Culture Col-
lection, Rockville, MD, USA) were cultured in RPMI 
1640 medium supplemented with 10% fetal calf 
serum and maintained at 37°C in a humidified in-
cubator containing 5% CO2. To assess the tempo-
ral effects of oxidized LDL on foam cell formation, 
macrophages were exposed to oxLDL (80 μg/ml) 
for 24 h. In pharmacological TMEM16A inhibi-
tion experiments, cells were pre-treated with the 
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TMEM16A inhibitor T16Ainh-A01 (10 μM) or CaC-
Cinh-A01 (30 μM) for 2 h prior to oxLDL exposure. 
DMSO was used as a  vehicle control. The con-
centrations of TMEM16A inhibitors were chosen 
based on prior literature [20, 21] and our prelimi-
nary dose-response experiments in macrophages. 
Foam cell formation was subsequently assessed 
by visualization of lipid accumulation using Oil 
Red O staining (Sigma Aldrich, USA).

Uptake of oxLDL

To assess the involvement of TMEM16A in re-
ceptor-dependent oxLDL internalization, Dil-oxLDL 
was employed according to established protocols 
[22, 23]. To evaluate oxLDL uptake, RAW264.7 
macrophages were incubated with Dil-oxLDL (30 
μg/ml) at 37°C for 6 h. Following incubation, intra-
cellular fluorescence was visualized using confocal 
microscopy with a 40× objective. For quantitative 
analysis, fluorescence intensity was measured 
in five randomly selected fields per sample, and 
mean cellular fluorescence was calculated using 
Fluoview image analysis software.

TMEM16A overexpression and knockdown 
in macrophages

For TMEM16A overexpression, adenoviruses 
carrying TMEM16A cDNA were designed and pro-
duced by Obio Technology (Shanghai, China). The 
cultured RAW264.7 macrophages at 70% conflu-
ence were infected with Ad-TMEM16A (100 MOI) 
or Ad-RFP vector control for 6 h, and then cells were 
washed and incubated in fresh medium for 48 h 
before experimentation. After that, TMEM16A pro-
tein expression was verified by Western blotting. 

For gene silencing experiments, small in-
terfering RNA (siRNA) targeting mouse  
Tmem16a (5′-CUGCUCAAGUUUGUGAACUTT-3′) 
and a  non-targeting scrambled control siRNA 
were synthesized by Obio Technology (Shanghai, 
China). RAW264.7 cells were seeded in 6-well 
plates at a density of 5 × 105 cells/ml in Opti-MEM 
medium and transfected using HiPerFect trans-
fection reagent according to the manufacturer’s 
instructions. siRNA and HiPerFect were diluted 
separately in serum-free medium, mixed, and in-
cubated for 20 min at room temperature before 
being added to the cells, yielding a  final siRNA 
concentration of 40 nM. Cells were incubated 
for 48 h, after which knockdown efficiency was 
assessed by Western blot analysis of TMEM16A 
protein levels.

To examine the functional effects of TMEM16A 
overexpression or knockdown on foam cell forma-
tion, oxLDL was added to the culture medium at 
a final concentration of 80 μg/ml following com-
pletion of Ad-TMEM16A or siRNA transfection. 

Cells were subsequently incubated for an addi-
tional 6–48  h under standard culture conditions 
prior to downstream analyses.

Western blot

OxLDL-treated RAW264.7-derived foam cells 
were washed with ice-cold phosphate-buffered 
saline (PBS) and lysed in RIPA buffer supplement-
ed with a protease inhibitor cocktail (Merck, Ger-
many). Total protein concentrations were quanti-
fied using a bicinchoninic acid (BCA) assay. Equal 
amounts of protein (80 μg) were denatured by 
boiling for 10 min in SDS sample buffer contain-
ing 2% SDS and 2-mercaptoethanol, resolved on 
10% SDS–polyacrylamide gels, and transferred 
onto polyvinylidene fluoride (PVDF) membranes 
(Millipore, USA). Membranes were blocked with 
5% non-fat milk prepared in Tris-buffered saline 
containing 0.1% Tween-20 (TBST; 20 mM Tris–HCl, 
150 mM NaCl, pH 7.5) for 1 h at room tempera-
ture, followed by overnight incubation at 4°C with 
primary antibodies against SR-A (1 : 1000; Abcam), 
CD36 (1 : 1000; Proteintech), JNK, p-JNK, p38 and 
phospho-p38 (1 : 1000; Cell Signaling Technology). 
After washing, membranes were incubated with 
horseradish peroxidase–conjugated secondary an-
tibodies (1 : 1000; Cell Signaling Technology) for  
1 h at room temperature. β-Actin and α-tubulin  
(1 : 1000; Santa Cruz Biotechnology) were used as 
loading controls. Protein bands were visualized us-
ing enhanced chemiluminescence (ECL) reagents 
(Pierce, Thermo Scientific) and quantified by 
densitometric analysis with a  computer-assisted 
one-dimensional gel analysis system.

Statistical analysis

Data are presented as mean ± SEM. All datasets 
were tested for normality using the Shapiro-Wilk 
test and confirmed to be normally distributed. Dif-
ferences were analyzed by an unpaired 2-tailed 
Student t test or one-way analysis of variance 
(ANOVA) followed by a Bonferroni multiple com-
parison post-hoc test. P < 0.05 was considered 
statistically significant.

Results

TMEM16A promotes oxLDL-induced 
macrophage foam cell formation

To determine whether TMEM16A is involved in 
macrophage foam cell formation, RAW264.7 mac-
rophages were treated with oxidized low-density 
lipoprotein (oxLDL). Oil Red O  staining demon-
strated that oxLDL treatment (80 μg/ml) markedly 
induced intracellular lipid droplet accumulation 
after 24 h, indicating robust foam cell formation 
compared with untreated controls (Figure 1 A). 
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Figure 1. OxLDL induced macrophage-derived foam cell formation by increasing TMEM16A expression.  
A – RAW264.7 cells were treated with or without 80 μg/ml oxLDL for 24 h, then were stained with 0.3% Oil Red O. 
Images showing foam cell formation were taken under a microscope at 400× magnification (n = 3, **p < 0.01 vs. 
Con). B – Expression of TMEM16A protein during the process of foam cell formation (n = 6, ***p < 0.001 vs. Con).  
C – RAW264.7 cells were transfected by TMEM16A siRNA (siRNA) with 40 nM concentration for 48 h. Then cells 
were treated with or without 80 µg/ml oxLDL for 24 h and stained with Oil Red O. Images showing foam cell forma-
tion were taken under a microscope at 400× magnification (n = 4, ***p < 0.001 vs. Neg; ###p < 0.001 vs oxLDL+ Neg)
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Quantitative analysis confirmed a  significant in-
crease in Oil Red O staining intensity following ox-
LDL exposure. In parallel with lipid accumulation, 
TMEM16A protein expression was significantly 
upregulated in RAW264.7 cells after oxLDL stimu-

lation (Figure 1 B). These findings indicate a close 
association between TMEM16A expression and 
foam cell formation.

To assess whether TMEM16A directly con-
tributes to oxLDL-induced foam cell formation, 
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Figure 1. Cont. D – RAW264.7 cells were transfected by TMEM16A siRNA (siRNA) with 40 nM concentration for 
48 h. Then cells were treated with or without 80 µg/ml oxLDL for 24 h and stained with Oil Red O. Images showing 
foam cell formation were taken under a microscope at 400× magnification (n = 4, ***p < 0.001 vs. Neg; ###p < 0.001 
vs oxLDL+ Neg). E, F – RAW264.7 cells were transfected by adenovirus carrying TMEM16A cDNA (Ad-TM16A) or 
vector (Vec) with 100 MOI concentration for 48 h. Then cells were treated with or without 80 µg/ml oxLDL for 24 h 
and were stained with Oil Red O. Images showing foam cell formation were taken under a microscope at 400× 
magnification (n = 4, ***p < 0.001 vs. Vec; ##p < 0.01 vs oxLDL+ Vec)
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TMEM16A expression was manipulated us-
ing siRNA-mediated knockdown or adenovi-
ral overexpression (Supplementary Figure S1). 
TMEM16A silencing significantly reduced ox-
LDL-induced lipid accumulation, as evidenced 
by decreased Oil Red O staining (Figures 1 C, D). 
In contrast, TMEM16A overexpression marked-
ly enhanced oxLDL-induced foam cell formation 
(Figures 1 E, F). Together, these data indicate 
that TMEM16A is not only upregulated by ox-
LDL but also functionally promotes macrophage 
foam cell formation.

TMEM16A enhances oxLDL uptake and 
promotes SR-A/CD36 expression 

Macrophage foam cell formation depends on 
scavenger receptor–mediated uptake of oxLDL. 
SR-A and CD36 are the primary receptors for ox-
LDL uptake [24]. Dil-oxLDL fluorescence assays 
revealed that TMEM16A silencing significantly re-
duced oxLDL uptake, while TMEM16A overexpres-
sion significantly increased intracellular Dil-oxLDL 
fluorescence intensity (Figures 2 A–D). Consistent-
ly, Western blot analysis showed that oxLDL stim-
ulation significantly increased the protein expres-
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Figure 2. TMEM16A increased Dil-oxLDL uptake in 
RAW264.7 cells. A, B – RAW264.7 cells were trans-
fected by TMEM16A siRNA (siRNA) with 40 nM con-
centration for 48  h. Then cells were treated with  
30 µg/ml Dil-oxLDL for 6  h and stained with 
Hoechst stain. Dil fluorescence was determined by 
fluorescence microscopy (400×) (n = 7, ***p < 0.001 
vs. Neg)
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Figure 2. Cont. C, D – RAW264.7 cells were trans-
fected by adenovirus carrying TMEM16A cDNA (Ad-
TM16A) or vector (Vec) with 100 MOI concentra-
tion for 48 h. Then cells were treated with 30 µg/ml 
Dil-oxLDL for 6 h and stained with Hoechst stain. 
Dil fluorescence was determined by fluorescence 
microscopy (400×) (n = 7, ***p < 0.001 vs. Vec)
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Figure 3. TMEM16A regulates expression of SR-A and CD36 in RAW264.7 cells. A, B – RAW264.7 cells were trans-
fected by TMEM16A siRNA (siRNA) with 40 nM concentration for 48 h. Then cells were treated with or without 
80 µg/ml oxLDL for 24 h. Western blot was used to detect the expression of SR-A and CD36 (n = 5, *p < 0.05,  
**p < 0.01, ***p < 0.001 vs. Neg; #p < 0.05, ## p < 0.01 vs. oxLDL + Neg). C and D, RAW264.7 cells were transfected by 
adenovirus carrying TMEM16A cDNA (Ad-TM16A) or vector (Vec) with 100 MOI concentration for 48 h. Then cells 
were treated with or without 80 µg/ml oxLDL for 24 h. Western blot was used to detect the expression of SR-A and 
CD36 (n = 5, *p < 0.05, ***p < 0.001 vs. Vec; ##p < 0.01, ###p < 0.001 vs. oxLDL + Vec)
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sion of SR-A and CD36 in RAW264.7 macrophages. 
Notably, TMEM16A knockdown markedly attenu-
ated oxLDL-induced SR-A  and CD36 expression, 
whereas TMEM16A overexpression further en-
hanced the expression of both receptors (Figures 
3 A–D). These results demonstrate that TMEM16A 
facilitates macrophage foam cell formation by up-
regulating SR-A and CD36 expression, thereby en-
hancing oxLDL uptake.

TMEM16A activates p38 and JNK MAPK 
signaling pathways

To elucidate the signaling mechanisms under-
lying TMEM16A-mediated regulation of scavenger 
receptors, we examined the activation of the JNK 
and p38 MAPK pathways, which are known to reg-
ulate SR-A and CD36 expression [25, 26]. OxLDL 
treatment markedly induced the phosphorylation 
of JNK and p38 MAPK in RAW264.7 macrophages. 
In contrast, TMEM16A knockdown significant-
ly suppressed the phosphorylation of these two 
kinases under both basal and oxLDL-stimulated 
conditions, with no discernible effect on their 
total protein levels (Figures 4 A–D). Conversely, 
TMEM16A overexpression further enhanced JNK 
and p38 phosphorylation in response to oxLDL 
stimulation (Figures 4 E–H). These data indicate 
that TMEM16A acts upstream of the JNK/p38 
MAPK signaling cascade and positively regulates 
oxLDL-induced MAPK activation in macrophages.

Pharmacological inhibition of TMEM16A 
prevents foam cell formation via JNK/p38–
SR-A/CD36 signaling

To further validate the therapeutic potential of 
TMEM16A and clarify whether its functional impor-
tance is dependent on channel activity, pharma-
cological inhibition experiments were performed 
using the specific TMEM16A inhibitors T16A-A01 
[27] and CaCC-A01 [28]. Pretreatment with either 
inhibitor significantly reduced oxLDL-induced foam 
cell formation, as demonstrated by Oil Red O stain-
ing and quantitative lipid analysis in RAW264.7 
cells (Figures 5 A–D). Consistent with these find-
ings, T16Ainh-A01 and CaCCinh-A01 markedly 
suppressed Dil-oxLDL uptake (Figures 6 A–D) and 
significantly reduced the protein expression of 
SR-A  and CD36 following oxLDL stimulation (Fig-
ures 7 A–E). Moreover, pharmacological inhibition 
of TMEM16A effectively blocked oxLDL-induced 
phosphorylation of JNK and p38 MAPK (Figures  
7 F–I), confirming that TMEM16A channel activity 
is required for activation of this signaling pathway.

Furthermore, these results were consistent-
ly recapitulated in human THP-1 macrophages. 
Treatment with oxLDL significantly induced THP-1  
derived foam cell formation and markedly in-

creased the protein expression of TMEM16A (Sup-
plementary Figure S2), while TMEM16A inhibitor 
treatment blocked foam cell formation (Figures 8 
A–D), reduced oxLDL uptake (Figures 9 A–D) and 
suppressed the JNK/p38–SR-A/CD36 signaling 
pathway (Figures 10 A–I). Collectively, pharma-
cological inhibition of TMEM16A effectively dis-
rupts this signaling axis and prevents foam cell 
formation in vitro. These data demonstrate that 
pharmacological targeting of TMEM16A is a viable 
strategy to disrupt the pathological signaling that 
drives macrophage foam cell formation.

Discussion

In this present study, we identified a  signal-
ing axis in which TMEM16A promotes foam cell 
formation by activating the JNK/p38 MAPK path-
way and upregulating the scavenger receptors 
SR-A  and CD36. These findings broaden current 
understanding of ionic regulation in macrophages 
and highlight calcium-activated chloride channel 
TMEM16A as a  key driver and promising thera-
peutic target of atherosclerosis.

Atherosclerosis is a  chronic inflammatory dis-
order driven by lipid accumulation and immune 
cell activation within the arterial wall [29, 30], and 
increasing evidence indicates that inflammatory 
signaling and oxidative stress play central roles in 
the initiation and progression of atherosclerotic le-
sions [31]. Foam cell formation is a critical initiating 
event in atherogenesis and depends on the exces-
sive uptake of oxLDL [32, 33]. Although calcium sig-
naling and oxidative stress have been extensively 
studied in this context, the contribution of chloride 
channels, particularly TMEM16A, has remained 
largely unexplored [7, 34, 35]. Our data show that  
TMEM16A expression is markedly induced by ox-
LDL. Furthermore, overexpression of TMEM16A en-
hanced oxLDL uptake and intracellular lipid deposi-
tion, whereas genetic silencing or pharmacological 
inhibition of TMEM16A using T16Ainh-A01 or CaC-
Cinh-A01 significantly attenuated foam cell forma-
tion. These findings suggest that TMEM16A-me-
diated chloride efflux represents an early cellular 
response to lipid stress in macrophages. 

A key mechanistic insight from this study is that 
TMEM16A deficiency markedly reduced the ex-
pression of both SR-A and CD36, the two principal 
receptors responsible for macrophage oxLDL bind-
ing and uptake [24]. By simultaneously regulating 
both receptors, TMEM16A appears to function as 
a central upstream modulator of scavenger recep-
tor expression rather than acting on a single down-
stream pathway. This dual regulation provides 
a robust explanation for the pronounced reduction 
in lipid loading observed upon TMEM16A inhibi-
tion. To define the signaling mechanism linking 
TMEM16A to scavenger receptor expression, we 
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#p < 0.05 vs. oxLDL + Neg)
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Figure 4. Cont. E–H – T RAW264.7 cells were transfected by adenovirus carrying TMEM16A cDNA (Ad-TM16A) or 
vector (Vec) with 100 MOI concentration for 48 h. Then cells were treated with or without 80 µg/ml oxLDL for 24 h. 
Western blot was used to detect the expression of p-JNK (E, F, n = 4, *p < 0.05, ***p < 0.001 vs. Vec; ##p < 0.01 vs. 
oxLDL + Vec) and p-p38 (G, H, n = 5, **p < 0.01, ***p < 0.001 vs. Vec; #p < 0.05 vs. oxLDL + Vec)
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A	 Con	 DMSO	 T16A-A01

	 oxLDL	 oxLDL + DMSO	 oxLDL + T16A-A01

Figure 5. TMEM16A inhibitors T16Ainh-A01 and 
CaCCinh-A01 prevent oxLDL-induced foam cell 
formation. A, B – RAW264.7 cells were co-cultured 
with T16A-A01 for 2 h. Then cells were treated 
with or without 80 µg/ml oxLDL for 24 h and were 
stained with oil red O. Images showing foam cell 
formation were taken under a microscope at 400× 
magnification (n = 4, ***p < 0.001 vs. DMSO, ###p < 
0.001 vs. oxLDL + DMSO)
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examined the JNK and p38 MAPK pathways. JNK 
and p38 signaling are well known to regulate tran-
scription factors such as AP-1 and PPARγ, which 
drive the expression of SR-A  and CD36 [25, 26, 
36, 37]. Consistent with previous findings [38, 39], 
our data show that TMEM16A positively regulat-
ed the phosphorylation of both kinases, whereas  
TMEM16A deficiency suppressed their activation. 

Mechanistically, the reduction in [Cl-]i  induced 
by TMEM16A activation may serve as a  second-
ary signal that triggers MAPK activation [40]. It 
has been shown that alterations in intracellular 
Cl- concentration can affect macrophage foam 
cell formation [12, 19], and ClC-3 chloride chan-
nels modulate macrophage foam cell formation 
through regulation of [Cl-]I [18]. However, the pre-
cise mechanism linking chloride efflux to JNK/p38 
phosphorylation remains to be fully elucidated. 
Emerging evidence implicates chloride-sensitive 
kinases, particularly the With-No-Lysine (WNK) 

family, as critical mediators of this process. In 
vascular smooth muscle cells, VRCC-mediated Cl- 
efflux reduces [Cl-]i and activates WNK1, which 
regulates downstream proliferation pathways 
[41]. More directly, recent studies have established 
functional TMEM16A-WNK1 signaling in the vas-
culature: TMEM16A inhibits vascular smooth 
muscle cell migration in a WNK1-dependent man-
ner [42], and endothelial TMEM16A activation re-
duces [Cl-]i to stimulate WNK kinase, which in turn 
regulates TRPV4 channels and vasodilation [43]. 
Given that WNK1 is expressed in macrophages 
and functions as an intracellular chloride sensor 
regulating inflammatory responses [44], we hy-
pothesize that macrophage TMEM16A activation 
reduces [Cl-]i, thereby activating WNK1 or related 
chloride-sensitive kinases, which subsequently 
phosphorylates JNK/p38 to upregulate SR-A and 
CD36 expression. Further investigations using 
WNK1-specific inhibitors or macrophage-specific 
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C	 Con	 DMSO	 CaCC-A01

	 oxLDL	 oxLDL + DMSO	 oxLDL + CaCC-A01

Figure 5. Cont. C, D – RAW264.7 cells were co-cul-
tured with CaCC-A01 for 2 h. Then cells were treat-
ed with or without 80 µg/ml oxLDL for 24 h and 
were stained with Oil Red O. Images showing foam 
cell formation were taken under a  microscope at 
400× magnification (n = 4, ***p < 0.001 vs. DMSO, 
###p < 0.001 vs. oxLDL + DMSO)
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Wnk1 knockout models are warranted to verify 
this hypothesis. In addition to the present finding, 
TMEM16A has also been shown to enhance NOX2 
activity and ROS production in endothelial cells 
[45],. as well as to promote proliferation of vas-
cular smooth muscle cells [39]. Collectively, these 
data raise the possibility that TMEM16A inhibition 
could exert multiple protective effects in the vas-
culature by limiting both macrophage foam cell 
formation and pathological vascular cell function.

The pharmacological findings in this study high-
light the translational potential of targeting TME-
M16A in cardiovascular therapy. We found that 
the TMEM16A-specific inhibitors T16Ainh-A01 
[27Ano1 is expressed in all classes of ICC, includ-
ing those that do not generate slow waves sug-
gesting that Ano1 may have other functions. In-
deed, a role for Ano1 in regulating proliferation of 
tumors and ICC has been recently suggested. Re-
cently, a high-throughput screen identified a small 

molecule, T16A(inh] and CaCCinh-A01 [28] effec-
tively mitigate macrophage lipid accumulation by 
suppressing the JNK/p38–SR-A/CD36 signaling 
pathway. Clinical studies show that benzbroma-
rone, a  well-known TMEM16A inhibitor used for 
gout, reduces inflammation [46] and lowers stroke 
risk [47, 48]. These findings suggest that, in con-
trast to current systemic lipid-lowering thera-
pies, the modulation of TMEM16A may represent 
a novel strategy for limiting atherosclerosis. 

Despite these insights, several limitations 
should be acknowledged. This study focused 
on macrophage-intrinsic mechanisms in vitro. 
Future studies employing macrophage-specific 
TMEM16A knockout models on ApoE-/- or Ldlr-/-  
backgrounds will be essential to determine 
whether suppression of the JNK/p38–SR-A/CD36 
axis translates into reduced plaque burden and 
enhanced plaque stability in vivo. Moreover, while 
T16Ainh-A01 and CaCCinh-A01 are valuable tool 
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Figure 6. TMEM16A inhibitors T16Ainh-A01 
and CaCCinh-A01 decrease Dil-oxLDL uptake in 
RAW264.7 cells. A, B – RAW264.7 cells were co-cul-
tured with T16A-A01 for 2 h. Then cells were treat-
ed with 30  µg/ml Dil-oxLDL for 6  h and stained 
with Hoechst stain. Dil fluorescence was deter-
mined by fluorescence microscopy (400×) (n = 7, 
***p < 0.001 vs. DMSO)
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compounds, their pharmacokinetic properties, se-
lectivity, and long-term safety profiles require fur-
ther evaluation before clinical translation.

In conclusion, this study identified TMEM16A 
as a  novel and critical regulator of macrophage 

foam cell formation by activating the JNK/p38 
MAPK pathway and inducing the expression of 
scavenger receptors SR-A and CD36. These find-
ings position TMEM16A as a  promising target 
against atherosclerosis.
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Figure 6. Cont. C, D – RAW264.7 cells were co-cul-
tured with CaCC-A01 for 2 h. Then cells were treat-
ed with 30  µg/ml Dil-oxLDL for 6  h and stained 
with Hoechst stain. Dil fluorescence was deter-
mined by fluorescence microscopy (400×) (n = 7, 
***p < 0.001 vs. DMSO)
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Figure 7. Pharmacological inhibition of TMEM16A blocks JNK/p38–SR-A/CD36 signaling pathway in RAW264.7 
cells. A–E – RAW264.7 cells were co-cultured with T16Ainh-A01 or CaCCinh-A01 for 2 h. Then cells were treated 
with or without 80 µg/ml oxLDL for 24 h. Western blot was used to detect the expression of SR-A and CD36 (n = 5,  
**p < 0.01, ***p < 0.001 vs. DMSO; ##p < 0.01, ###p < 0.001 vs. oxLDL + DMSO)
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Figure 7. Cont. F–I – RAW264.7 cells were co-cultured with T16Ainh-A01 or CaCCinh-A01 for 2 h. Then cells were 
treated with or without 80 µg/ml oxLDL for 24 h. Western blot was used to detect the expression of p-JNK and 
p-p38 (n = 5, *p < 0.05, **p < 0.01, ***p < 0.001 vs. DMSO; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. oxLDL + DMSO)
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A	 Con	 DMSO	 T16A-A01

	 oxLDL	 oxLDL + DMSO	 oxLDL + T16A-A01

Figure 8. TMEM16A inhibitors T16Ainh-A01 and 
CaCCinh-A01 prevent oxLDLinduced THP-1-derived 
foam cell formation. A, B – THP-1 cells were co-cul-
tured with T16A-A01 for 2 h. Then cells were treat-
ed with or without 80 µg/ml oxLDL for 24 h and 
stained with Oil Red O. Images showing foam cell 
formation were taken under a microscope at 400× 
magnification (n = 3, ***p < 0.001 vs. DMSO; ##p < 
0.01 vs. oxLDL + DMSO)
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C	 Con	 DMSO	 CaCC-A01

	 oxLDL	 oxLDL + DMSO	 oxLDL + CaCC-A01

Figure 8. Cont. C, D – THP-1 cells were co-cultured 
with CaCC-A01 for 2 h. Then cells were treated with 
or without 80 µg/ml oxLDL for 24  h and stained 
with Oil Red O. Images showing foam cell forma-
tion were taken under a microscope at 400× mag-
nification (n = 3, ***p < 0.001 vs. DMSO; ##p < 0.01 
vs. oxLDL + DMSO)
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Figure 9. TMEM16A inhibitors T16Ainh-A01 and 
CaCCinh-A01 decrease Dil-oxLDL uptake in THP-1  
cells. A, B – THP-1 cells were co-cultured with 
T16A-A01 for 2  h. Then cells were treated with 
30  µg/ml Dil-oxLDL for 6  h and stained with 
Hoechst stain. Dil fluorescence was determined by 
fluorescence microscopy (400×) (n = 3, ***p < 0.001 
vs. DMSO)
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Figure 9. Cont. C, D – THP-1 cells were co-cultured 
with CaCC-A01 for 2  h. Then cells were treated 
with 30 µg/ml Dil-oxLDL for 6 h and stained with 
Hoechst stain. Dil fluorescence was determined by 
fluorescence microscopy (400×) (n = 3, ***p < 0.001 
vs. DMSO)
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Figure 10. Pharmacological inhibition of TMEM16A blocks JNK/p38–SR-A/CD36 signaling pathway in THP-1 cells. 
A–E – THP-1 cells were co-cultured with T16Ainh-A01 or CaCCinh-A01 for 2 h. Then cells were treated with or with-
out 80 µg/ml oxLDL for 24 h. Western blot was used to detect the expression of SR-A and CD36 (n = 3, **p < 0.01 
vs. DMSO; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. oxLDL + DMSO)
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Figure 10. Cont. F–I – THP-1 cells were co-cultured with T16Ainh-A01 or CaCCinh-A01 for 2 h. Then cells were treat-
ed with or without 80 µg/ml oxLDL for 24 h. Western blot was used to detect the expression of p-JNK and p-p38 
(n = 3, *p < 0.05, **p < 0.01 vs. DMSO; #p < 0.05, ##p < 0.01 vs. oxLDL + DMSO)
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