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Abstract

Atherosclerosis is the major cause of ischemic heart disease and stroke, the leading causes of 

mortality worldwide. The central pathological features of atherosclerosis include macrophage 

infiltration and foam cell formation. However, the detailed mechanisms regulating these two 

processes remain unclear. Here we show that oxidative stress-activated Ca2+-permeable transient 

receptor potential melastatin 2 (TRPM2) plays a critical role in atherogenesis. Both global 

and macrophage-specific Trpm2 deletion protect Apoe−/− mice against atherosclerosis. Trpm2 
deficiency reduces oxidized low-density lipoprotein (oxLDL) uptake by macrophages, thereby 

minimizing macrophage infiltration, foam cell formation and inflammatory responses. Activation 

of the oxLDL receptor CD36 induces TRPM2 activity, and vice versa. In cultured macrophages, 

TRPM2 is activated by CD36 ligands oxLDL and thrombospondin-1 (TSP1), and deleting Trpm2 
or inhibiting TRPM2 activity suppresses the activation of CD36 signaling cascade induced by 

oxLDL and TSP1. Our findings establish the TRPM2-CD36 axis as a molecular mechanism 

underlying atherogenesis, and suggest TRPM2 as a potential therapeutic target for atherosclerosis.
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Introduction

Atherosclerosis and its complications, myocardial infarction and stroke, are the leading 

causes of death worldwide1. Atherosclerosis is a chronic inflammatory disease. The initial 

and central pathological feature of atherosclerosis is the formation of foam cells after 

infiltrated macrophages uptake oxidized low density lipoprotein (oxLDL) and become 

overloaded with cholesterol2. These lipid-laden macrophages are the culprit for the 

progression of atherosclerotic lesions by secreting pro-inflammatory cytokines and matrix-

degrading proteases, which cause profound inflammatory responses and tissue damage in 

the vessel walls3. Therefore, inhibiting foam cell formation and inflammatory cytokine 

production could be a promising strategy for developing more effective therapies for 

atherosclerosis1.

The uptake of oxLDL by macrophages is mediated by several scavenger receptors. CD36 is 

the predominant receptor for oxLDL as it is responsible for over 70% of oxLDL uptake4. 

The binding of oxLDL to CD36 not only triggers internalization of oxLDL, but also 

elicits downstream signaling cascades, including Fyn, JNK and p38, which further induces 

oxidative stress and expression of pro-inflammatory genes5. Moreover, binding of oxLDL 

to CD36 promotes the activation of NLRP3 inflammasome by interacting with Toll like 

receptor 4 and 6 (TLR4/6) heterodimer, driving the differentiation of macrophages toward 

a pro-inflammatory phenotype6. Thus, CD36 plays a critical role in macrophage activation 

and foam cell formation in atherosclerotic lesions. However, the underlying mechanisms 

regarding how oxLDL binding triggers CD36 signaling activation remain unclear4,7.

TRPM2 is a nonselective cation channel activated by heat, reactive oxygen species 

(ROS), intracellular Ca2+, and ADP-ribose (ADPR)8–10, which are substantially generated 

in inflammatory responses11. TRPM2 is widely expressed in myeloid cells, and 

TRPM2-mediated Ca2+ signaling is important for macrophage activation and phagocytic 

functions12,13. Knockout of Trpm2 was found to reduce ROS production in macrophages 

and mitigate tissue damage in a lung injury mouse model14. However, whether TRPM2 is 

involved in foam cell formation and atherogenesis is unknown. Considering atherosclerosis 

is also an inflammatory disease and TRPM2 is activated by oxidative stress under 

inflammatory conditions, we proposed that TRPM2 in macrophages plays a key role in 

atherogenesis by integrating extracellular stimuli and intracellular signaling cascade.

In this study, we demonstrate that both global Trpm2 deletion and macrophage-specific 

Trpm2 deletion protect Apoe−/− mice against HFD-induced atherosclerosis, characterized 

by reduced atherosclerotic lesions, decreased macrophage burden, and suppressed 

inflammasome activation in the vessel walls. We find that deletion of Trpm2 or inhibiting 

the activation of TRPM2 in macrophages reduces oxLDL uptake, inhibits macrophage 

infiltration, and improves the impaired macrophage emigration. We reveal the mechanism by 

which Trpm2 deletion inhibits macrophage uptake of oxLDL is through impairing CD36 
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activation. Moreover, we demonstrate that TRPM2 can be activated by CD36 ligands 

in a CD36-dependent manner. Our studies establish an important, mutually regulating, 

and positive feedback mechanism between CD36 and TRPM2 in atherogenesis. Targeting 

TRPM2 inhibits both TRPM2-dependent and CD36-dependent inflammatory responses 

thereby producing potent protective effects against atherosclerosis.

Results

Global Trpm2 deletion protects mice against atherosclerosis

To investigate whether TRPM2 plays a role in atherosclerosis, global Trpm2−/− mice were 

crossed with Apoe/− mice. Successful Trpm2 deletion was confirmed by PCR (Extended 

Data Fig.1a), Western blot (Extended Data Fig.1b) and whole-cell current recordings 

(Extended Data Fig.1c–e). After mice were fed with a high-fat food (HFD) for 4 months, 

Trpm2+/+ mice developed severe atherosclerosis, with a lesion ratio of 0.36±0.17 quantified 

from en-face aortas stained with Oil Red O (ORO) (Fig. 1a, b). In contrast, Trpm2−/− 

mice exhibited significantly reduced atherosclerotic plaque lesion ratio (0.13±0.02) (Fig. 

1a, b). Similarly, significant reduced lesion areas by Trpm2 deletion were observed in 

the ORO-stained cross-sections of aorta roots (0.24±0.01 vs 0.17±0.01 mm2; Fig. 1c, 

d). Atherosclerosis is a chronic inflammatory disease and is associated with systemic 

inflammation15,16. HFD treatment induced a marked increase of total cholesterol level, 

and this increase is not influenced by Trpm2 deletion (Fig. 1e), which is consistent with 

other studies showing unaltered cholesterol level by anti-atherosclerosis manipulation17. 

In Trpm2+/+ mice, there was a significant increase of interleukin-1β (IL-1β) level in 

serum induced by HFD (430.70±73.69 pg/mL), whereas this increase was significantly 

attenuated in Trpm2−/− mice (138.03±27.10 pg/mL) (Fig. 1f), suggesting global Trpm2 
deletion attenuates systemic inflammation caused by HFD treatment. These results indicate 

that Trpm2 deletion protects Apoe−/− mice against HFD induced atherogenesis.

Macrophage infiltration plays a critical role in the initiation and progression of 

atherosclerosis3. Using a recently reported method18, we found that macrophage content 

in the plaque represented by the ratio of Mac-1 positive versus DAPI positive areas is 

significantly reduced in Trpm2−/− compared with Trpm2+/+ mice (64±4.11 vs 40.27±4.79 

%, Fig. 1g, h). Moreover, the number of F4/80 and CD80 positive macrophages in 

atherosclerotic plaque was decreased from 210.70±18.12 /mm2 in Trpm2+/+ mice to 

96.90±11.82 /mm2 in Trpm2−/− mice (Extended Data Fig.1f, Fig. 1i, j). Importantly, Trpm2 
deletion did not influence the leukocyte populations, including monocytes, in the peripheral 

blood (Fig. 1k, l). Interestingly, we observed that TRPM2 current amplitude recorded in 

peritoneal macrophages isolated from HFD fed Apoe−/− mice was significantly larger than 

that from regular chow fed mice (Fig. 2a–c). The increase of TRPM2 currents resulted 

from the upregulated TRPM2 expression (Extended Data Fig.2a–d) could be caused by 

systemic inflammation such as enhanced Il-1β as previously reported19 20. Consistent with 

the immunofluorescence staining, HFD-induced increase of CD11b and CD80 expression 

in the aortas was inhibited in Trpm2−/− mice (Fig. 2d, g). These data suggest that Trpm2 
deletion reduces macrophage infiltration in the plaques.
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Macrophage infiltration in atherosclerosis is strongly influenced by two chemokines, 

monocyte chemoattractant protein-1 (MCP1) and macrophage migration inhibitory factor 

(MIF)21. We found that Trpm2 deletion drastically inhibited the HFD-induced increase of 

both MCP1 and MIF expression in the aortas (Fig. 2e, h), suggesting that TRPM2 may 

influence the recruitment of macrophages into the plaques. Macrophages that infiltrate into 

the atheroprone site quickly become the center of inflammatory cues. Inducible nitric oxide 

synthase (iNOS) shifts the production of nitric oxide by NOS toward the production of 

ROS22, and was previously found to be abundantly expressed in human atherosclerotic 

lesions23. We found that Trpm2 deletion significantly inhibited the increase of iNOS 

expression in aortas after HFD treatment (Fig. 2f, i), implicating that Trpm2 deletion may 

reduce ROS production in atherosclerotic plaques. Activation of NLRP3 inflammasome 

in macrophages has been shown to be required for atherogenesis24,25. We found that in 

Trpm2+/+ mice fed with HFD, there was a significant increase of NLRP3, ASC, cleaved 

Caspase-1 and cleaved IL-1β expression in the, whereas this increase was inhibited in 

Trpm2−/− mice (Fig. 2j, k), indicating Trpm2 deletion reduces in vivo inflammasome 

activation.

Deletion of Trpm2 inhibits macrophage activation

To investigate the mechanisms underlying the reduced macrophage contents in plaques (Fig. 

1g–j), we established an in vitro assay to examine whether TRPM2 influences the infiltration 

ability of macrophages (Detailed in Extended Data Fig. 3a). Different from previous 

reported infiltration assays26, we plated aortic endothelial cells isolated from wild-type 

(WT) mice onto the upper surface of transwell inserts to better mimic the pathophysiological 

conditions during atherosclerosis. We found that MCP1 induced a significant increase of 

macrophage infiltration into the lower chamber in WT group, but this increase was inhibited 

in M2KO group (Fig. 2l, m). Moreover, MIF-induced macrophage infiltration was also 

inhibited by Trpm2 deletion (Extended Data Fig. 3c, d). These results indicate that Trpm2 
deletion in macrophages reduces their infiltration ability.

Macrophage emigration refers to the returning of macrophages from atherosclerotic lesion 

sites back into circulation, which is important for atherosclerosis plaque regression2,27. 

However, uptake of oxLDL markedly impairs the migration ability of macrophages, 

resulting in macrophages being trapped in atherosclerotic areas thereby contributing to 

sustained inflammatory responses in the vessel walls26. We designed an in vitro assay to 

examine the emigration ability of macrophages (Detailed in Extended Data Fig.3b). We 

found that preloading with oxLDL dramatically inhibited the migration of WT macrophages, 

whereas this inhibition was not observed in M2KO macrophages (Fig. 2n, o). We also 

found that the non-directed migration ability of macrophages evaluated by scratch assay 

was also significantly inhibited by Trpm2 deletion (Fig. 2p, q). Taken together, the above 

data suggest that Trpm2 deletion inhibits macrophage migration, and alleviates impaired 

emigration caused by oxLDL overload.

Macrophage-specific Trpm2 deletion inhibits atherogenesis

To understand the mechanisms by which Trpm2 deletion protects mice against 

atherosclerosis as shown in Fig. 1, we generated cell type specific deletion of Trpm2 
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by breeding Apoe−/−Trpm2fl/fl mice28 with Cd11b-cre29 mice. Cd11b-cre induces gene 

deletion predominantly in macrophages and granulocytes, which provides a powerful tool 

to investigate the function of a specific gene in macrophages29,30. Macrophage deletion of 

Trpm2 in Apoe−/− mice was confirmed by Western blot and TRPM2 current recording 

(Extended Data Fig.1g–i). Littermates of Cd11b-cre- mice were used as control for 

Trpm2fl/fl Cd11b-cre+ (or Cd11b-cre+ Trpm2 KO) mice. HFD treatment induced significant 

atherosclerotic lesions in aortas and aorta roots in Cd11b-cre- mice, which was inhibited 

in Cd11b-cre+ Trpm2 deletion mice (Fig. 3a–d). Similar to global Trpm2−/−, Cd11b-cre+ 

Trpm2 deletion did not influence serum cholesterol level (Fig. 3e). The macrophage 

contents evaluated by Mac-1 staining of aorta root sections and F4/40 and CD80 double 

staining of aorta sections was significantly reduced by Cd11b-cre+ Trpm2 deletion (Fig. 3 

f–i), suggesting that Trpm2 deletion in macrophages inhibit their infiltration ability. The 

peripheral leukocyte populations were not influenced by Cd11b-cre+ Trpm2 deletion (Fig. 

3j, k).

Consistent with the increased macrophage contents in the atherosclerotic plaques, the 

expression of macrophage marker CD80 was much higher in Cd11b-cre- mice compared 

to that in Cd11b-cre+ mice (Fig. 3l, o). During atherosclerosis, macrophages are the 

predominant cell type in producing inflammatory cytokines such as MCP1, MIF, and 

Il-1β21,31,32. Cd11b-cre+ Trpm2 deletion markedly reduced MCP1, MIF, iNOS and Il-1β 
production (Fig. 3m–q), and significantly inhibited inflammasome activation (Fig. 3r, s). 

These results indicate that Cd11b-cre+ Trpm2 deletion produced similar anti-atherosclerosis 

effects as those of global Trpm2 deletion (Fig. 1; Fig. 2), underscoring the essential role of 

TRPM2 in macrophages in promoting atherosclerosis.

Trpm2 deletion inhibits foam cell formation

Over-uptake of oxLDL transforms macrophages into highly pro-inflammatory foam cells, 

which produces inflammatory cytokines thereby promoting atherosclerosis progression2. We 

found that deletion of Trpm2 markedly inhibited oxLDL uptake in macrophages, as shown 

by ORO staining (Fig. 4a, b; Extended Data Fig. 4a). The reduced oxLDL uptake in Trpm2 
KO macrophages may explain the improved macrophage emigration in vitro (Fig. 2n, o) as 

well as reduced macrophage burden in vivo (Fig. 1 g–j; Fig. 3f–i).

CD36 is the major receptor mediating oxLDL uptake in macrophages5, and activation 

of signaling cascades downstream of CD36, such as Fyn, JNK, and p38, has been 

shown to promote macrophage activation, and inhibit the emigration of macrophages from 

atherosclerotic plaques5,26. We found that Trpm2 deletion did not influence the basal 

expression of CD36, but largely abolished the oxLDL induced up-regulation of CD36 

(Fig. 4c, d). Also, Trpm2 deletion drastically inhibited oxLDL-mediated phosphorylation 

of Fyn, JNK and p38. To understand whether this reduced phosphorylation results from 

the reduced CD36 expression in Trpm2 KO macrophages, we treated macrophages with 

oxLDL for a shorter time (30 min) so that the CD36 was activated but CD36 expression was 

not upregulated (Extended Data Fig.4b, c). We found that activation of CD36 downstream 

signaling by a 30-min oxLDL treatment in WT macrophages was almost completely 
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abolished by Trpm2 KO. These data indicate that TRPM2 is critical for CD36 signaling 

activation in macrophages elicited by oxLDL.

Activation of p38 MAP kinase and JNK2 are required for foam cell formation33,34, 

and CD36-mediated JNK2 activation is required for oxLDL uptake by macrophages35. 

Anisomycin is a potent activator for both JNK2 and p38. As shown in Fig. 4e, anisomycin 

significantly increased lipid uptake by 29.85% in WT macrophages (Fig. 4f; Extended 

Data Fig.4f), and this increase is more pronounced in M2KO macrophages (299.28%, 

Fig. 4f; Extended Data Fig.4f), suggesting that Trpm2 deletion reduces oxLDL uptake by 

inhibiting CD36 signaling activation. To understand the mechanisms by which TRPM2 

regulates CD36 activation, we applied BAPTA-AM to chelate intracellular Ca2+ including 

the TRPM2-mediated Ca2+ influx, and found that oxLDL-induced CD36 activation was 

abolished (Fig. 4g, h). This result suggests that TRPM2-mediated Ca2+ influx may play 

an important role in regulating CD36-mediated oxLDL uptake. Indeed, BAPTA-AM also 

eliminated the oxLDL uptake in both WT and Trpm2 KO macrophages (Fig. 4i, j; Extended 

Data Fig. 4g).

Reactive oxygen species (ROS) production is a hallmark of macrophage activation during 

atherosclerosis22,36. Rhodamine-123 (R123) imaging is a commonly used method for 

monitoring mitochondrial oxidative stress and ROS production37,38. We found that oxLDL 

induced a marked and rapid increase of R123 signal in WT macrophages within 5 min of 

oxLDL exposure, but this increase was largely inhibited by Trpm2 deletion (Fig. 4k, l). 

Besides mitochondria, ROS can be produced by NADPH oxidase in the cell, which cannot 

be detected by measuring R123 signal. However, we found that NADPH oxidase inhibitor 

apocynin did not directly influence CD36 activation in response to oxLDL treatment 

(Extended Data Fig. 4d, e). To further understand how TRPM2 influences ROS production, 

we evaluated the expression of iNOS, a known driver for ROS production in macrophages22. 

As shown in Fig. 4m, n, Trpm2 deletion significantly inhibited the increase of iNOS 

expression in macrophages treated by oxLDL.

Increased intracellular Ca2+ is crucial for macrophage activation12,13,22,36,39. We found that 

oxLDL induced a robust increase of intracellular Ca2+ in WT macrophages, but this increase 

was significantly inhibited in M2KO macrophages (Fig. 4o, p; Extended Data Fig. 4h), 

suggesting oxLDL-induced intracellular Ca2+ changes depends on TRPM2-mediated Ca2+ 

influx. Moreover, increase of intracellular Ca2+ is required for oxLDL-induced increase of 

R123 signal, as BAPTA-AM abolished R123 signal changes induced by oxLDL (Fig. 4q, 

r). NLRP3 inflammasome activation induced by oxLDL uptake is critical for macrophage 

activation during atherogenesis6. We found that Trpm2 deletion inhibited IL-1β secretion 

induced by oxLDL, suggesting that activation of NLRP3 inflammasome was suppressed 

by Trpm2 deletion (Fig. 4s). These results suggest that Trpm2 deletion inhibits oxLDL-

mediated macrophage activation.

In atherosclerotic plaque, MCP1 and MIF produced by foam cells lead to the recruitment 

of more macrophages into the lesion sites, thereby resulting in a positive feed-back vicious 

cycle accelerating atherosclerosis progression3. We found that MCP1 and MIF expression 

were significantly increased after oxLDL treatment in WT macrophages, whereas this 

Zong et al. Page 6

Nat Cardiovasc Res. Author manuscript; available in PMC 2022 September 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



increase was inhibited in M2KO macrophages treated with oxLDL (Fig. 4t, v). Interestingly, 

Trpm2 deletion did not change MCP1 and MIF production induced by oxLDL in endothelial 

cells (Extended Data Fig.4i, j), which is consistent with previous reports that macrophages 

are the predominant cells for MCP1 and MIF production21,31,32, and also supports our 

hypothesis that TRPM2 in macrophages plays the key role in promoting atherosclerosis. As 

expression of MCP140 and MIF32 are regulated by NFκB pathway, we examined whether 

TRPM2 influences NFκB signaling in macrophages exposed to oxLDL by detecting p65 

phosphorylation. We found that WT macrophages exhibited significantly enhanced p65 

phosphorylation after oxLDL treatment, which was largely inhibited by Trpm2 KO (Fig. 4u, 

w), suggesting that TRPM2 regulates oxLDL induced MCP1 and MIF production through 

activating NFκB pathway41.

To exclude any potential non-specific effect caused by oxLDL and confirm the TRPM2-

dependent activation of CD36, we used another CD36 ligand, thrombospondin-1 (TSP1). 

TSP1 is an extracellular glycoprotein secreted by macrophages and other types of cells, and 

is known to promote inflammation42,43. It was recently demonstrated that global deletion 

of TSP1 protects mice against leptin induced atherosclerosis by inhibiting the abnormal 

activation of smooth muscle cells44. However, whether TSP1 is involved in HFD induced 

atherogenesis and in macrophage activation in the plaques remains unknown. We found 

that similar to the up-regulated TRPM2 expression in macrophages induced by oxLDL 

(Extended Data Fig.2c, d), a 24-h TSP1 treatment significantly increased the expression of 

TRPM2 in macrophages (Extended Data Fig.5a, b). Moreover, TSP1 also elicited activation 

of CD36 signaling, whereas these changes were largely abolished in M2KO macrophages 

(Fig 5a, b; Extended Data Fig. 5c, d).

Similar to oxLDL, TSP1 treatment induced an increase of R123 fluorescence in WT 

macrophages, but this increase was markedly inhibited in M2KO macrophages (Fig. 5c, 

d), suggesting that ROS production induced by TSP1 is inhibited by Trpm2 deletion. 

Also, NADPH oxidase inhibitor apocynin did not influence CD36 activation in response 

to TSP1 (Extended Data Fig. 5e, f). Moreover, the increased expression of iNOS induced 

by TSP1 was inhibited in M2KO macrophages (Fig. 5e, f). Interestingly, TSP1 at a 

lower concentration induced a larger increase of intracellular Ca2+ concentration than that 

induced by oxLDL (TSP1 at 10 μg/ml vs oxLDL at 50 μg/ml) in macrophages from WT 

group, whereas Trpm2 deletion inhibited this increase (Fig. 5g, h; Extended Data Fig.5g). 

Importantly, intracellular Ca2+ chelator BAPTA-AM abolished TSP1 induced activation of 

CD36 signaling (Fig. 5i, j) and increase of ROS production (Fig. 5k, l). These results 

indicate that TSP1-induced macrophage activation is inhibited by Trpm2 deletion.

Next, we sought to determine the effects of TRPM2 on TSP1-induced cytokine production. 

As shown in Fig. 5m–o, TSP1 induced an increase in Il-1β, MCP1, and MIF expression in 

WT macrophages, which was markedly inhibited in M2KO macrophages. However, Trpm2 
deletion did not influence the increased expression of MCP1 and MIF in endothelial cells 

treated with TSP1 (Extended Data Fig. 5h, i). Also, TSP1 increased p65 phosphorylation 

in WT macrophages, and Trpm2 KO significantly inhibited this increase (Fig. 5p, q), 

suggesting that TRPM2 contributes to TSP1 induced MCP1 and MIF expression through 

activating NFκB pathway. As the expression of TSP1 was shown to be significantly 
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increased in atherosclerotic aortas45, our data suggest that TSP1 induced activation of CD36 

signaling in macrophages may play an important role in macrophage activation during 

atherogenesis, and that the in vivo protective effects of TRPM2 deletion may partially be 

mediated by inhibiting TSP1 induced CD36 activation.

In summary, our results suggest a hypothetical working model: the mutual activating 

relationship of TRPM2 and CD36 forms a positive feedback loop to increase oxLDL uptake 

and promote foam cells formation, and enhance the production of inflammatory cytokines 

(MCP1 and MIF). The increased cytokine production (Fig. 2e & Fig. 3m; Fig. 4t & Fig. 

5n) further attracts macrophage infiltration to atherosclerotic areas, forming a vicious cycle 

perpetuating atherosclerosis progression.

TRPM2 is required for CD36 signaling activation

The requirement of TRPM2 for CD36 activation by oxLDL and TSP1 is an unexpected 

discovery. To understand the underlying mechanisms, we first determined whether TRPM2 

is indeed activated during oxLDL and TSP1 treatment. We found that oxLDL substantially 

activated TRPM2 currents in HEK293T cells co-transfected with both TRPM2 and CD36 

in 5 min (Fig. 6a, upper). In contrast, there was no TRPM2 current activation in cells 

transfected with TRPM2 only, even after perfusion with oxLDL for 10 min (Fig. 6a, lower). 

The currents activated by oxLDL display typical TRPM2 characteristics such as linear 

I-V relation (Extended Data Fig.6a) and can be blocked by 30 μM N-(p-amylcinnamoyl) 

anthranilic acid (ACA), a TRPM2 blocker. Moreover, preincubation with sulfosuccinimidyl 

oleate (SSO), a CD36 specific inhibitor, effectively abolished the activation of TRPM2 

by oxLDL (2156.00 ± 342.00 pA vs 50.02 ± 10.65 pA) (Fig. 6b, Extended Data 

Fig. 6a). To further confirm that oxLDL-elicited TRPM2 activation was mediated by 

influencing intracellular signaling pathways, we performed perforated-patch for TRPM2 

current recording so that the intracellular content is not disturbed by pipette solution. We 

found that oxLDL induced a smaller but similar TRPM2 activation (Fig. 6c) as that obtained 

by regular whole-cell current recording in Fig. 6a.

Since the activation of TRPM2 needs intracellular Ca2+ and ADP ribose (ADPR)46, we 

reasoned that oxLDL may influence intracellular Ca2+ or ADPR thereby activating TRPM2. 

We found that PJ34, a specific inhibitor for poly ADP-ribose polymerase to inhibit ADPR 

production, effectively abolished the activation of TRPM2 by oxLDL. Similarly, U73122, a 

potent PLC inhibitor to suppress Ca2+ release from endoplasmic reticulum, also eliminated 

the activation of TRPM2 by oxLDL (Fig. 6b, Extended Data Fig. 6a). These results indicate 

that oxLDL activates TRPM2 by increasing intracellular ADPR and Ca2+ levels. To exclude 

the non-specific effect caused by oxLDL, we applied CD36 inhibitor SSO, and found that 

the activation of TRPM2 induced by oxLDL was abolished (Fig. 6c). This rapid activation 

of TRPM2 induced by CD36 (by ligand binding) also explains the observed oxLDL-induced 

Ca2+ entry in macrophages (Fig. 4o).

To understand how TRPM2-mediated Ca2+ influences CD36 activation, we inhibited 

TRPM2 activation using ACA, PJ34, and U73122, and evaluated activation of CD36 

signaling cascade in WT and TRPM2-KO macrophages (Fig. 6d). In WT macrophages, 

inhibition of TRPM2 by ACA, PJ34 and U72122 effectively inhibited CD36 activation 
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(pFyn, pJNK and pp38) induced by oxLDL (Fig. 6d, e). As a Ca2+-permeable non-selective 

cation channel47, TRPM2-mediated Ca2+ signaling has been found to be important for 

various cellular functions47. Given that Trpm2 deletion or inhibiting TRPM2 activation 

produced similar inhibitory effects on CD36 signaling as those produced by chelating 

internal Ca2+ with BAPTA-AM (Fig. 4g, h), our results suggest that TRPM2-mediated Ca2+ 

signaling is essential for oxLDL activated CD36 signaling cascades in macrophages.

We further evaluated CD36-dependent TRPM2 activation by TSP1. Interestingly, compared 

to oxLDL, TSP1 treatment induced a more robust activation (4117.00 ± 454.90 pA by TSP1 

versus 2156.00 ± 342.00 pA by oxLDL) of TRPM2 currents in HEK293T cells transfected 

with both TRPM2 and CD36 (Fig. 6f, upper), but not in cells transfected with TRPM2 

alone (Fig. 6f, lower). This observation was further supported by the perforated-patch results 

showing TRPM2 was activated by TSP1 in TRPM2 and CD36 co-expressed HEK293 

cells, but not in TRPM2 single-transfected cells (Fig. 6h). Moreover, CD36 inhibitor SSO 

completely inhibited the activation of TRPM2 by TSP1 (Fig. 6g, Extended Data Fig. 6b), 

suggesting CD36-dependent activation of TRPM2 induced by TSP1. Similar to oxLDL 

induced activation of TRPM2, TRPM2 activation by TSP1 disappeared when transfected 

cells were treated with ACA, PJ34 and U73122 (Fig. 6g, Extended Data Fig. 6b). Together 

with CD36-dependent activation of TRPM2 by oxLDL (Fig. 6a–c), these results indicate 

that ligand engagement to CD36 induces TRPM2 activation by increasing intracellular 

Ca2+ and ADPR. Moreover, CD36 signaling activation in WT macrophages by TSP1 was 

inhibited by ACA, PJ34, and U73122 treatment (Fig. 6i, j), presumably through inhibiting 

TRPM2 activation. Indeed, SSO, ACA, PJ34 and U73122 treatments did not produce 

any additional effect on activating CD36 signaling cascades in TRPM2-KO macrophages 

subjected to oxLDL or TSP1 (Extended Data Fig. 7a–d), indicating these inhibitors did 

not affect CD36 activation in the absence of TRPM2. The above data suggest that during 

oxLDL and TSP1 treatment, CD36 signaling activates TRPM2 by increasing the production 

of ADPR and intracellular Ca2+ concentration, and TRPM2-mediated Ca2+ signaling is also 

critical for the activation of CD36 signaling cascades.

TRPM2 mediates macrophage activation by oxLDL or TSP1

We then sought to understand whether inhibiting TRPM2 influences the activation 

of macrophages by oxLDL or TSP1. As a negative control, inhibition of CD36 by 

preincubating macrophages with SSO significantly mitigated the increase of R123 signal 

in macrophages induced by either oxLDL or TSP1 treatment (Fig. 7a–d). Moreover, 

ACA, PJ34 and U73122 preincubation markedly inhibited the increase of R123 signal in 

macrophages induced by oxLDL or TSP1 treatment (Fig. 7a– d). Furthermore, TRPM2 

inhibitor ACA and inhibiting the activation of TRPM2 by PJ34 or U73122 (with low Ca2+ 

extracellular medium) inhibited the expression iNOS in macrophages exposed to oxLDL 

and TSP1 treatment (Fig. 7e– g). Noticeably, SSO, ACA, PJ34 and U73122 treatments 

did not cause additional inhibition on the expression of iNOS in M2KO macrophages 

subjected to oxLDL or TSP1 (Extended Data Fig.7e–h). Similarly, SSO, ACA, PJ34 and 

U73122 preincubation markedly inhibited the increase of intracellular Ca2+ concentration in 

macrophages induced by either oxLDL (Fig. 7h, i) or TSP1 treatment (Fig. 7j, k). These data 

indicate that inhibiting TRPM2 activation suppressed production of ROS and elevation of 
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intracellular Ca2+ in macrophages during oxLDL or TSP1 treatment. Since ROS and Ca2+ 

signaling are critical for the activation of pro-inflammatory pathways in macrophages12,36, 

we examined whether these inhibitors affect the activation of NLRP3 inflammasome 

by measuring the concentration of IL-1β in culture medium. Our data showed that by 

inhibiting the activation of TRPM2 using ACA, PJ34 and U73122, the secretion of IL-1β by 

macrophages induced by oxLDL or TSP1 was significantly inhibited (Fig. 7l, m). Given the 

crucial role of ROS and Ca2+ signaling in the activation of macrophages, the above results 

suggest that inhibition of TRPM2 activation significantly suppresses macrophage activation 

induced by oxLDL and TSP1.

Inhibiting TRPM2 suppresses foam cell formation

After confirming that inhibiting TRPM2 activation could suppress macrophage activation, 

we examined whether these inhibitors affect the phenotypic changes of macrophages 

induced by oxLDL and TSP1. CD36 inhibitor SSO significantly inhibited the uptake of 

oxLDL in macrophages derived from bone marrow (Fig. 8a, b), and TRPM2 inhibitor 

ACA, as well as PJ34 and U73122 also suppressed oxLDL uptake in macrophages (Fig. 

8a, b). Moreover, the increased expression of MCP1 and MIF induced by oxLDL or 

TSP1 was inhibited by ACA, PJ34 and U73122 (Fig. 8c–f) in WT macrophages, whereas 

these inhibitors did not produce any suppression of MCP1 and MIF expression in M2KO 

macrophages subjected to oxLDL or TSP1 treatment (Extended Data Fig.7i–l). Furthermore, 

preincubation with ACA, PJ34 and U73122 inhibited in vitro macrophage infiltration 

induced by MCP1 (Fig. 8g, h) and prevented the impairment of emigration ability caused 

by oxLDL preloading (Fig. 8i, j). These results recapitulate the reduced oxLDL uptake by 

macrophages, inhibited macrophage infiltration, and preserved macrophage emigration by 

deleting Trpm2 in vitro (Fig.2, Extended Data Fig. 3a, b).

Discussion

Atherosclerosis is a chronic inflammatory disease with the central pathological features of 

macrophage infiltration and foam cell formation1,2. Mitigating atherosclerosis is essential 

for minimizing its complications such as myocardial infarction and ischemic stroke, which 

are the leading causes of mortality and morbidity1. Current available therapies which 

controls dyslipidermia have proven effective only to some extents1, mainly due to the poor 

patient compliance to lifelong lifestyle modification48. Therapeutic strategies which directly 

target the culprit, macrophages, in the pathogenesis of atherosclerosis have been lacking due 

to the incomplete understanding of atherogenic mechanisms. In this study, we revealed that 

TRPM2 plays a key role in promoting the activation of macrophages during atherogenesis, 

and established that targeting TRPM2 in macrophages could be a promising therapeutic 

strategy for atherosclerosis.

With the unique feature of being activated by oxidative stress during inflammation, TRPM2 

has been implicated in several pathological conditions including Alzheimer’s disease, 

ischemic stroke, inflammatory bowel disease, and inflammatory lung injury20. However, 

whether TRPM2 is involved in atherogenesis was unknown. Here, we demonstrate that 

both Trpm2 deletion globally and Trpm2 deletion in macrophages markedly attenuates 
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atherosclerosis in Apoe−/− mice fed with HFD. Moreover, we discovered an unknown 

link between TRPM2 and atherosclerosis initiators, the CD36 ligands oxLDL and TSP1. 

We found that inhibiting TRPM2 markedly suppressed the pro-inflammatory activation of 

macrophages induced by oxLDL and TSP1, both of which have been implicated as potent 

atherogenic activators44,45,49.

One of the intriguing discoveries in this study is the TRPM2 activation mediated by CD36 

ligands oxLDL and TSP1, which can be blocked by CD36 inhibitor SSO. The activation 

of TRPM2 by TSP1 may provide new mechanistic insights about the important role of 

TSP1 in atherosclerosis shown in a recent study44. By utilizing R123 real-time cell imaging, 

we demonstrated previously unknown phenomenon that oxLDL and TSP1 induced a rapid 

increase of ROS production and mitochondrial oxidative stress in cultured macrophages. The 

increased ROS and oxidative stress promote ADPR production. As CD36 activation also 

leads to PLCγ activation which enhances intracellular Ca2+ 50, the enhanced ADPR and 

Ca2+ will further activate TRPM2, resulting in a mutually activating feedback loop between 

TRPM2 and CD36, which perpetuates the inflammatory response in atherosclerosis.

The TRPM2-CD36 axis constitutes a strong self-promoting mechanism in the initiation and 

progression of atherosclerosis. We observed a marked TRPM2-mediated intracellular Ca2+ 

increase in macrophages induced by TSP1 and oxLDL. Inhibiting this Ca2+ signaling by 

deleting or inhibiting TRPM2 reduces production of ROS, MCP1 and MIF, inhibits oxLDL 

uptake and suppresses macrophage migration. Moreover, we reveal that TRPM2-CD36 

mediated Ca2+ signaling also promotes NLRP3 inflammasome activation. Consistent with 

our results, previous studies have implicated that Ca2+ is involved in NLRP3 induced 

inflammasome activation in cultured macrophages24,51. Thus, the TRPM2-CD36 activation 

loop triggers multiple factors and signaling pathways in promoting atherosclerosis. 

Controlling this atherogenic TRPM2-CD36 axis by targeting TRPM2 provides a promising 

anti-atherosclerosis strategy.

One major limitation of our study is lack of flow cytometry analysis of immune cell 

populations inside the aorta, which is generally considered as the golden standard for 

quantifying immune cell infiltration in atherosclerotic aortas52. Another limitation is our 

heavy reliance on in vitro assays for examining the migration ability of macrophages. In the 

future, fate mapping experiments53 will be needed to further confirm our observation in in 
vitro experiments that Trpm2 deletion inhibits the migration of macrophages while preserves 

their emigration ability.

In conclusion (Extended Data Fig. 8), we found that at the animal level, Trpm2 deletion 

globally or specifically in macrophages protected Apoe−/− mice against HFD induced 

atherosclerosis, which was characterized by reduced plaque burden in the aorta. At the 

tissue level, Trpm2 deletion resulted in decreased macrophage burden and suppressed 

inflammasome activation. At the cellular level, deletion of Trpm2 or inhibiting TRPM2 

activation in macrophages suppressed macrophage infiltration, decreased oxLDL uptake, 

thereby improving the impaired macrophage emigration. At the molecular level, oxLDL 

and TSP1 activated TRPM2 through CD36 activation, and TRPM2 was required for the 

activation of CD36 signaling cascades in macrophages induced by oxLDL or TSP1. Taken 

Zong et al. Page 11

Nat Cardiovasc Res. Author manuscript; available in PMC 2022 September 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



together, our studies reveal an important mechanism for understanding the development and 

progression of atherosclerosis, and establish a therapeutic strategy that targets TRPM2, a key 

player in atherogenesis, for attenuating atherosclerosis.

Methods

Animals Care

All the experimental mice bred and hosted in the animal facility building of University 

of Connecticut School (UCONN Health) were fed with standard chow diet or high-fat 

diet (HFD) (Harlan, TD.88137), and water ad libitum. Standard housing conditions were 

maintained at a controlled temperature (18–23°C) and humidity (40–60%) with a 12-h 

light/dark cycle. Male mice for atherosclerosis study were fed with HFD for 16 weeks. 

All experimental procedures and protocols were approved by the Institutional Animal Care 

and Use Committee (IACUC) of University of Connecticut School of Medicine (animal 

protocol: AP-200135–0723), and were conducted in accordance with the U.S. National 

Institutes of Health Guidelines for the Care and Use of Laboratory Animals.

Knockout of TRPM2 (TRPM2-KO)

The global TRPM2 knockout (Trpm2−/−) mice were generated by Dr. Yasuo Mori’s lab at 

Kyoto University, Japan. The deletion of Trpm2 was developed in C57B6J mice by replacing 

the third exon (S5–S6 linker in the pore domain) with a neomycin coding region. The 

knockout mice exhibited no differences in behavior or impairment in breeding, compared 

to wild type (WT) C57BL/6 mice. Trpm2−/− mice were back-crossed to C57BL/6 mice 

for ≥10 generations before being used for experiments. Trpm2−/− mice were crossed with 

Apoe−/− mice (JAX laboratory, 002052) to generate Trpm2−/− and Apoe−/− mice. Knockout 

was confirmed by genotyping. The mice were backcrossed with C57BL/6 mice for ≥10 

generations before being used for experiments.

Trpm2fl/fl mice were generated by Dr. Barbara Miller (Penn State University, Pennsylvania). 

The exons 21 and 22 encoding transmembrane domain 5 and 6 and pore loop were flanked 

by loxp recombination sites and will be deleted by Cre recombinase 54. Trpm2fl/fl mice 

were first bred with Apoe−/− mice (JAX laboratory, 002052) to generate Trpm2fl/fl and 

Apoe−/− mice, and then bred with Cd11b-Cre mice generated by Dr. Vacher’s lab at 

Institut de Recherches Cliniques de Montreal, Canada29. All mice were on the C57BL/6 

background for more than 10 generations before breeding. Specific deletion of Trpm2 in 

Cd11b expressing cells was achieved by crossing Trpm2fl/fl mice with Cd11b-cre mice with 

C57BL/6 background. Knockout was confirmed by genotyping.

Male mice (8~12 weeks) were used for all the experiments.

Flow cytometry of leukocytes population in the peripheral blood

Peripheral blood (~ 200 μL) was harvested from mouse tail based on approved animal 

protocol, and incubated with 1 mL of red blood cell (RBC) lysis buffer at room temperature 

for 15 min. Antibody cocktail was prepared by mixing CD11b (eFluor 450), NK1.1 (PE-

Cyanine7), Ly-6C (Alexa Fluor® 700), Ly-6G (FITC), CD3ε (PE) and anti-mouse/human 
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CD45R/B220 (PerCP/Cyanine5.5) in washing buffer at a dilution at 1:100. 100 μL antibody 

cocktail was used for incubation at room temperature for 15 min. Flow cytometry was 

performed using ZE5 Cell Analyzer (BIO-RAD). Collected data were analyzed using 

FlowJo (9.9.6). Firstly, T cell, NK cell and NKT cell populations were identified using the 

T cell marker CD3ε and NK cell marker NK1.1. Secondly, B cell population was identified 

using the B cell maker B220 from the non-T/NK/NKT population. Then neutrophil 

population was identified using the neutrophil maker Ly6G from the non-B/T/NK/NKT 

population. Lastly, monocyte population was identified using CD11b and Ly6C from the 

non-neutrophil/B/T/NK/NKT population.

Measurement of total cholesterol in serum

Cholesterol E kit was ordered from Fujifilm (999–02601). 10 μL of serum was added into 

each well followed by 250 μL of working solution. After incubation at 37 °C for 5 min, 

absorbance was measured at 600 nm. The concentration of total cholesterol was determined 

by comparing the absorbance of sample to the absorbance of standard solution.

Oil Red O (ORO) staining

Oil Red O (Sigma-Aldrich, O0625) was dissolved to a 0.5% stock solution. 30 min prior 

to use, ORO stock solution was diluted with water at a 6 : 4 ratio, and filtered to make the 

working solution.

For en-face analysis of atherosclerotic areas, mice were euthanized based on our animal 

protocol, and the full-length aorta was carefully dissected out. Aortas were washed, and 

fixed in 10% formaldehyde for 30 min at room temperature. Then aortas were washed, and 

stained by ORO working solution for 10 min at room temperature. After washing 3 times 

using PBS, the aorta was ready for imaging.

For aortic root staining, aortic roots were cut into slices at a thickness of 6 μm (based on 

a well-established protocol55). Prior to staining, slides were left at room temperature for 

enough dehydration. Slices were fixed in 10% formaldehyde for 15 min, and stained by 

ORO working solution for 5 min at room temperature. After washing 3 times using PBS, the 

aorta was ready for mounting and imaging.

For in vitro cultured macrophages staining, mature bone-marrow derived macrophages were 

plated on 25 mm square coverslips, and treated with oxLDL at a concentration of 50 μg/ml 

for 24 h. Macrophages were fixed in 10% formaldehyde, and stained by ORO working 

solution for 30 s at room temperature, following a wash using 60% isopropanol for 60 s. 

After washing 3 times using PBS, the coverslip was mounted using Prolong® Gold antifade 

reagent with DAPI.

Antibodies, chemicals and reagents

Rabbit polyclonal antibodies to TRPM2 (Novus, NB110–81601, 1:500 in 5% BSA); 

Rabbit polyclonal antibodies to Mac-1 (Cell Signaling Technology, 49420, 1:250 in 10% 

goat serum and 5% BSA for immunofluorescence (IF)); Rabbit polyclonal antibodies 

to F4/80 (Santa Cruz Biotechnology, sc-377009–594, 1:100 in 10% goat serum and 
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5% BSA for immunofluorescence (IF)); Rabbit polyclonal antibodies to CD80 (Santa 

Cruz Biotechnology, sc-376012 AF488, 1:1000 in 5% BSA for western blot (WB), 

1:100 in 10% goat serum and 5% BSA for IF); Prolong® Gold antifade reagent with 

DAPI (Life technologies, P36935); Rabbit polyclonal antibodies to MCP-1 (E8Y7P) (Cell 

Signaling Technology, 81559, 1:1000 in 5% BSA); Rabbit polyclonal antibodies to MIF 

(E7T1W) (Cell Signaling Technology, 87501, 1:1000 in 5% BSA); Rabbit polyclonal 

antibodies to CD36 (D8L9T) (Cell Signaling Technology, 14347S, 1:1000 in 5% BSA); 

Rabbit polyclonal antibodies to Fyn (Cell Signaling Technology, 4023S, 1:2500 in 5% 

BSA); Rabbit polyclonal antibodies to Phospho-Src Family (Tyr416) (E6G4R) (Cell 

Signaling Technology, 59548S, 1:2500 in 5% BSA); Rabbit polyclonal antibodies to 

SAPK/JNK (Cell Signaling Technology, 9252S, 1:2500 in 5% BSA for WB); Rabbit 

polyclonal antibodies to Phospho-SAPK/JNK (Thr183/Tyr185) (81E11) (Cell Signaling 

Technology, 4668S, 1:2500 in 5% BSA); Rabbit polyclonal antibodies to p38 MAPK (Cell 

Signaling Technology, 9212S, 1:2500 in 5% BSA for WB); Rabbit polyclonal antibodies 

to Phospho-p38 MAPK (Thr180/Tyr182) (Cell Signaling Technology, 9211S, 1:2500 in 

5% BSA for WB); Rabbit polyclonal antibodies to iNOS (Santa Cruz Biotechnology, 

sc-7271, 1:1000 in 5% BSA for WB); Rabbit polyclonal antibodies to GAPDH (Cell 

Signaling Technology, 7074S, 1:5000 in 5% BSA for WB); HRP-linked anti-rabbit IgG 

(Cell Signaling Technology, 7074S); Rabbit polyclonal antibodies to Phospho-NF-κB 

p65 (Ser536) (93H1) (Cell Signaling Technology, 3033, 1:1000 in 5% BSA); Rabbit 

polyclonal antibodies to NF-κB p65 (D14E12) (Cell Signaling Technology, 8242, 1:1000 

in 5% BSA); CD11b Monoclonal Antibody (M1/70), eFluor 450, eBioscience™ (Thermal 

Fisher Scientific, 48–0112-80); NK1.1 Monoclonal Antibody (PK136), PE-Cyanine7, 

eBioscience™ (Thermal Fisher Scientific, 25–5941-81); Alexa Fluor® 700 Rat Anti-Mouse 

Ly-6C (BD Biosciences, 561237); FITC anti-mouse Ly-6G Antibody (BioLegend, 127605); 

PE anti-mouse CD3ε Antibody (BioLegend, 100308); PerCP/Cyanine5.5 anti-mouse/human 

CD45R/B220 Antibody (BioLegend, 103236). NP40 (Thermal Fisher Scientific, 28324), 

Triton™ X-100 (T-9284), Bovine Serum Albumin (Sigma-Aldrich, 9048–46-8), Goat 

Serum (Thermal Fisher Scientific, 16210–064). Sulfosuccinimidyl Oleate (sodium salt) 

(SSO) (Cayman chemical, 11211), N-(p-amylcinnamoyl) Anthranilic Acid (ACA) (Cayman 

chemical, 14531), PJ-34 (hydrochloride) (Cayman chemical, 14440), U73122 (Cayman 

chemical, 70740), BAPTA-AM (Cayman chemical, 15551), Apocynin (Cayman chemical, 

11976). Recombinant Human Thrombospondin-1 Protein, CF (TSP1) (R&D systems, 

3074-TH-050), Recombinant Human CCL2/MCP-1 Protein, (MCP-1) (R&D systems, 

279-MC-050/CF), Recombinant Human MIF Protein (R&D systems, 289-MF-002/CF). 

All chemicals for making Tyrode solution and recording solution (see U73122ow) were 

purchased from Sigma-Aldrich.

Plasmids and enzymes

CD36 (Addgene, 52025). The pcDNA4/TO-FLAG-hTRPM2 construct was a kind gift from 

Dr. A.M. Sharenberg(University of Washington, Seattle).

Cell culture and transfection

HEK293T cells were cultured in Dulbecco’s Modified Eagle’s medium (DMEM) (Thermal 

Fisher Scientific, 12100–038) supplemented with 10% Bovine Growth Serum (BGS) 
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(HyClone, SH30541.03) and 0.5% penicillin/streptomycin (Thermal Fisher Scientific, 

15140–122) at 37 °C and 5% CO2. Cells were transfected when at a confluence about 

80–90% using Lipofectamine® 3000 Transfection Kit (Thermal Fisher Scientific, 2232162) 

based on manufacturer’s instruction.

Isolation and culture of aorta-derived endothelial cell

Endothelial culture medium was made prior to isolation: DMEM: Nutrient Mixture F-12 

(DMEM/F12) (Thermal Fisher Scientific, 11330) was supplemented with 100 μg/ml 

Endothelial cell growth supplement from bovine neural tissue (Sigma, E2759–15MG), 

10% Fetal Bovine Serum (FBS) (Thermal Fisher Scientific, A4766) and 0.5% penicillin/

streptomycin (Thermal Fisher Scientific, 15140–122).

Wild-type mice were euthanized based on IACUC-approved protocols. Thoracic aorta was 

quickly dissected out, and the lumen was filled with collagenase II (Worthington, 4177) in 

DMEM/F12 at a concentration of 1 mg/ml with 2 ends ligated, and digested at 37 °C for 

30 min. Then the ligations were released, and homogenate in the aorta was centrifuged at 

1000 g for 10 min at 4 °C. The supernatant was carefully removed, and the cell pellet was 

re-suspended using 20% BSA in DMEM/F12 and centrifuged at 1000 g for 20 min at 4 

°C. Then the cell pellet was re-suspended with prewarmed endothelial cells culture medium, 

and cells were plated onto 35 mm culture dishes precoated with Corning® Collagen I, Rat 

Tail (Corning, 354236). Culture medium was changed every 2 days. Puromycin (Sigma, 

P8833–25MG) at a concentration 2 μg/ml was be added in the 1st week to inhibit the growth 

of other non-endothelial cells. After 1 week, immunofluorescence staining of CD31 was 

performed to confirm the purity of isolated endothelial cells. Then endothelial cells were 

plated onto transwell inserts with 12 μm pore size (Costar, 3403) at a density of ~5 × 106 

cells/ml.

Isolation and culture of bone marrow derived macrophages

Mice were euthanized and femurs were quickly removed. Two ends for femurs were cut 

using a scissor, and bone marrow was washed out using PBS. Collected bone marrow 

was thoroughly resuspended with DMEM: Nutrient Mixture F-12 (DMEM/F12) (Thermal 

Fisher Scientific, 11330) supplemented with 25 ng/ml Macrophage Colony-Stimulating 

Factor from mouse (Sigma, M9170–10UG), 10% BGS (HyClone, SH30541.03) and 

0.5% penicillin/streptomycin (Thermal Fisher Scientific, 15140–122). Culture medium was 

changed every 3 days. After culturing for 7 ~ 9 days, macrophages were usable for 

experiments.

Isolation of peritoneal macrophages

1 ml of thioglycolate medium (sodium thioglycolate, 0.5 g/L; yeast extract, 5 g/L; glucose, 

5.5 g/L; sodium chloride, 2.5 g/L; L-cystine, 0.5 g/L) was injected intraperitoneally. After 

4 days, mice were euthanized, and 8 ml of sterilized ice-cold PBS was injected into the 

peritoneal cavity to collect peritoneal macrophages. Collected peritoneal exudate cells in 

PBS were centrifuged at 800 g for 10 min at 4°C. Then cells were resuspended and plated on 

culture dishes at a density of ~2.5 × 106 cells/ml. At 3rd day of isolation, macrophages were 

subjected to whole-cell TRPM2 current recording.
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Treatment of macrophages

SSO was used to specifically inhibit the activation of CD36 by oxLDL or TSP1. ACA, 

PJ34 and U73122 were used to inhibit TRPM2 activation by oxLDL or TSP1. SSO, PJ34 

and U73122 were all diluted to a working concentration of 1 μM. U73122 was used in 

combination with low Ca2+ medium and solution. For cell culture, U73122 was diluted in 

HBSS medium supplemented with BGS and penicillin/streptomycin. For current recording, 

Fura-2 and Rhodamine-123 imaging, U73122 was diluted in Ca2+ free Tyrode solution.

In vitro macrophage infiltration and emigration test

As shown in the graphic illustrations in Extended Data Fig. 3, macrophage infiltration 

and emigration across cultured aorta-derived endothelial cells were examined. Transwell 

inserts were plated with endothelial cells as described above. For fluid permeation test, 

~100000 isolated bone marrow derived macrophages were added into the upper chamber, 

and recombinant human MCP1 or MIF was added into the lower chamber at a concentration 

of 50 nM to promote macrophage infiltration. For the macrophage infiltration test, 

macrophages were treated with oxLDL at a concentration of 50 μM for 24h. Then ~100000 

oxLDL preloaded macrophages were added into the upper chamber, and recombinant 

human MCP1 was added into the lower chamber at a concentration of 50 nM to promote 

macrophage emigration.\

Scratch assay of isolated macrophages56

Macrophage migration ability was further examined by scratch assay. 14-days old bone 

marrow derived macrophages were plated at appropriate density on 60 mm dish. On 2nd 

day after plating, a 200 μL sterile micropipette tip was used to scratch the cell layer. 

The migration ability was quantified by analyzing the proportion of “healing” area to the 

scratched area using imageJ56.

Real-time monitoring of mitochondrial function

Mitochondria function was evaluated using Rhodamine-123 dye (Rh123, Thermal Fisher 

Scientific, R302) quenching as previously reported. Pre-warmed DMEM/F12 medium was 

used to dilute Rhodamine-123 to a 20 μg/ml working concentration. Cells were incubated 

with Rh123 at 37 °C for 15 min. Fluorescence intensities at 509 nm with excitation at 

488nm were collected every 15 s for 30 min using CoolSNAP HQ2 (Photometrics) and data 

were analyzed using NIS-Elements (Nikon).

Ratio calcium imaging experiments

Changes of intracellular Ca2+ were measured using ratio Ca2+ imaging as we describe 

previously. Pre-warmed DMEM/F12 medium was used to dilute Fura-2 AM (Thermal 

Fisher Scientific, F1221) to a working concentration at 2.5 μM, and 0.02% Pluronic™ 

F-127 (Thermal Fisher Scientific, P3000MP) was added to facilitate loading of Fura-2 AM. 

Ca2+ influx was measured by perfusing the cells with Tyrode’s solution under different 

treatments. Ionomycin (Iono) at 1 μM was applied at the end of the experiment as an 

internal control. Fluorescence intensities at 510 nm with 340 nm and 380 nm excitation were 

collected at a rate of 1 Hz using CoolSNAP HQ2 (Photometrics) and data were analyzed 
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using NIS-Elements (Nikon). Ca2+ influx induced by oxLDL or TSP1 was normalized to the 

maximal response caused by ionomycin as previously performed 57.

Western blotting

NP-40/Triton lysis buffer (10% NP40, 1% Triton™ X-100, 150 mM NaCl, 1 mM EDTA, 

50 mM Tris, pH=8.0) containing proteinase inhibitors and phosphatase inhibitors was used 

to lyse both cultured cells and frozen aorta tissue. For cultured macrophages, proteins were 

extracted 8 h after either oxLDL treatment. For tissue, full-length aortas were collected 

4 months after HFD treatment. Protein concentration was measured using Pierce™ Rapid 

Gold BCA Protein Assay Kit. 50–80 μg of total protein per lane was loaded and separated 

proteins were transferred to nitrocellulose membranes. Membranes were blocked with 

5% BSA and 2.5% goat serum in Tris buffered saline (TBS, pH=7.4), and incubated 

with primary antibodies in TBS with 0.05% Tween (TBS-T). Then membranes were 

incubated with secondary antibodies. Blots were developed with ImageQuant LAS 4000 

imaging system. Band intensity was quantified using ImageJ software and normalized with 

appropriate loading controls.

Electrophysiology

Whole cell currents were recorded using an Axopatch 200B amplifier. Data were digitized 

at 10 or 20 kHz and digitally filtered offline at 1 kHz. Patch electrodes were pulled from 

borosilicate glass and fire-polished to a resistance of ∼3 MΩ when filled with internal 

solutions. Series resistance (Rs) was compensated up to 90% to reduce series resistance 

errors to <5 mV. Cells in which Rs was >10 MΩ were discarded 46. For recordings using 

SSO, ACA, PJ34 and U73122, these inhibitors were added into the extracellular recording 

solution at the same concentration as used during pre-incubation.

Normal Tyrode solution contained (mM): 145 NaCl, 5 KCl, 2 CaCl2, 10 HEPES, 10 glucose, 

osmolarity=290–320 mOsm/Kg, and pH=7.4 was adjusted with NaOH. NMDG-Cl solution 

contained (mM): 150 NMDG-Cl, 10 HEPES, 10 glucose, osmolarity=290–320 mOsm/Kg, 

and pH=7.4 was adjusted with NMDG. The internal pipette solution for whole cell current 

recordings of TRPM2 contained: 135 mM Cs-methanesulfonate (CsSO3CH3), 8 mM NaCl, 

500 nM CaCl2, 5 μM EGTA, and 10 mM HEPES, with pH adjusted to 7.2 with CsOH. Free 

[Ca2+]i buffered by EGTA was about 500 nM calculated using Max chelator46. ADPR 1 μM 

was included in the pipette solution for all experiments.

Perforated-patch recordings were conducted to maintain intact intracellular contents as we 

previously reported 46. In brief, freshly prepared nystatin (Sigma, N6261) was added into 

the internal pipette solution (135 mM Cs-methanesulfonate (CsSO3CH3), 8 mM NaCl, 

3 mM MgCl2 and 10 mM HEPES, with pH adjusted to 7.2 with CsOH) to make the 

nystatin working concentration at 100 μg/mL. There was no added Ca2+ or EGTA in the 

pipette solution. Patch electrodes were pulled from borosilicate glass and fire-polished to a 

resistance of 3~5 MΩ when filled with internal pipette solutions. After forming tight seal, 

cells were kept in the cell-attached mode at a holding potential of 0 mV until the series 

resistance was <20 MΩ (typically within 5 to 10 min), and then the ramp protocol for 
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current recording (see above) was applied. Normally, 10 min was allowed for achieving 

perforated-patch prior to current recording.

Immunofluorescence staining

Full length aortas or the heart with aortic valve harvested from mice were mounted in Fisher 

Healthcare™ Tissue-Plus™ O.C.T. Compound (Thermal Fisher Scientific, 23–730-571) 

prior to cutting. Aortas were cut into slices at a thickness of 6 μm. Prior to staining, 

slides were left at room temperature for enough dehydration. Slices were fixed in 10% 

formaldehyde for 15 min, and incubated in blocking solution containing 5% BSA, 15% goat 

serum and 1% Triton X-100 at room temperature for 2 h. Primary antibodies were diluted 

as described previously in TBS-T containing 15% goat serum. Slices were incubated with 

primary antibodies for at least 12 h at 4 °C, and incubated with secondary antibodies at room 

temperature for 2 h. Then slices were washed 3 times using PBS, mounted using Prolong® 

Gold antifade reagent with DAPI.

Software

NIS Elements AR4 (Nikon), pClamp 9.2 (Molecular Devices) and ZE5 Cell Analyzer (BIO-

RAD) were used for data collection. FlowJo (9.9.6) and ImageJ (US NIH) were used for 

quantification. GraphPad Prism 6.0 (GraphPad Software) was used for statistical analysis. 

Biorender was used for drawing graphic illustrations. Adobe Illustrator 6.0 (Adobe) was 

used for preparing figures.

Data analysis

The investigators were blinded to group allocation during data collection and/or analysis. All 

data are expressed as mean ± SEM. For two groups’ comparison, statistical significance was 

determined using two-tailed Student’s t-test. For multiple groups data analysis, statistical 

significance was determined using one-way or two-way analysis of variance (ANOVA), 

followed by Bonferroni post-test. P<0.05 with confidence interval of 95% was considered as 

significant.

Statistics and Reproducibility

All the experiments were independently replicated or reproduced for at least three times. The 

exact number of replications is described in the result of each experiment.

Zong et al. Page 18

Nat Cardiovasc Res. Author manuscript; available in PMC 2022 September 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Extended Data

Extended Data Fig. 1. Knockout of Trpm2 in Apoe−/− mice
(a) Representative PCR genotyping results showing a 514bp and 740 bp products for WT 

and M2KO mice. (b) Representative WB analysis of TRPM2 expression in macrophages 

isolated from Apoe single knockout (WT (n=3)) and Apoe / Trpm2 double knockout 

(M2KO (n=3)) mice (c-e) Representative recording (c, I-V curve; d, time-current trace) 

and quantification of TRPM2 current in macrophages isolated from Apoe single knockout 

(WT) and Apoe / Trpm2 double knockout (M2KO) mice. ACA is a TRPM2 blocker. 

(***: p < 0.001; unpaired t test; mean ± SEM) (f) Graphic illustration showing the 

atherosclerotic area chosen for taking images of F4/80&CD80 staining in Fig 1i and Fig 

3h. (g) Representative WB analysis of TRPM2 expression in macrophages isolated from 

Trpm2fl/flCd11b-cre− (n=3) and Trpm2fl/flCd11b-cre+ mice (n=3) with Apoe knockout. (h, 
i) Representative recording and quantification of TRPM2 current in macrophages isolated 

from Trpm2fl/flCd11b-cre− and Trpm2fl/flCd11b-cre+ mice with Apoe knockout.
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Extended Data Fig. 2. Expression of TRPM2 is increased during atherogenesis
(a, b) Representative WB analysis of TRPM2 expression in aorta from wild-type mice 

(WT) with or without the treatment of high-fat diet (HFD) for 4 months (n=6/group). (c, d) 

Representative WB analysis of TRPM2 expression in macrophages isolated from WT mice 

with or without the treatment of oxLDL (50 μg/ml) for 24 h (n=6/group). (***: p < 0.001; 

unpaired t test, two-tailed; mean ± SEM)

Extended Data Fig. 3. In vitro macrophage migration and emigration assay
(a) Graphic illustration of in vitro examination of macrophage infiltration across endothelial 

cells induced by MCP1. Aorta-derived endothelial cells were plated on the transwell inserts 

(pore size: 12 μm) for 3–5 days. Bone marrow derived macrophages were added into the 

upper chamber after endothelial cells completely covered the upper surface of transwells. 

After 4 h, F4/80 and CD80 staining of macrophages in the lower chamber was performed 

as in Fig 2l. (b) Graphic illustration of in vitro examination of macrophage emigration 

across endothelial cells induced by MCP1. Aorta-derived endothelial cells were plated on 

the transwell inserts (pore size: 12 μm) for 3–5 days. Bone marrow derived macrophages 

preloaded with oxLDL for 24 h were added into the upper chamber after endothelial cells 
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completely covered the upper surface of transwells. After 24 h, F4/80 and CD80 staining 

of macrophages in lower chamber was performed as in Fig 2n. (c, d) In vitro macrophage 

migration assay induced by MIF instead of MCP1 as shown in Extended Data Fig. 3a. l, 
F4/80 and CD80 staining of macrophages in the lower chamber (Red: F4/80; Blue: DAPI; 

Green: CD80). c, Quantification of the number of infiltrated macrophages within a x 10 

field. 6 dishes from each group were chosen for quantification. (***: p < 0.001; ANOVA, 

two-tailed, Bonferroni’s test; mean ± SEM).

Extended Data Fig. 4. TRPM2 is required for CD36 activation in macrophages induced by 
oxLDL
(a) Quantification of Fig 4a by counting percentage of Oil red O staining macrophages 

(n=8/group). (b, c) 30-min oxLDL treatment (50 μg/ml) induce the activation of CD36 

signaling without upregulating CD36 expression. Representative WB analysis of CD36, 

pFyn, pJNK and pp38 expression in macrophages after oxLDL treatment for 30 min (n=6/

group). (d, e) NADPH oxidase inhibitor apocynin does not inhibit CD36 activation induced 

by 24-h oxLDL treatment (50 μg/ml) in macrophages isolated from wild-type (WT) mice. 

Representative WB analysis of CD36, pFyn, pJNK and pp38 expression in macrophages 

after oxLDL treatment for 24 h (n=6/group). (f) Quantification of Fig 4k by counting 

percentage of Oil red O staining macrophages (n=6/group). (g) Quantification of Fig 4o by 
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counting percentage of Oil red O staining macrophages (n=8/group). (h) A set of original 

Fura-2 real time recording traces without normalization during oxLDL treatment as in Fig 

4o. (i, j) Trpm2 deletion does not influence the production of MCP1/MIF in endothelial 

cells isolated from aorta in response to 24-h oxLDL treatment (50 μg/ml). Representative 

WB analysis of MCP1 and MIF expression in endothelial cells after oxLDL treatment for 

24 h (n=6/group). (ns: no statistical significance; *: p < 0.05; **: p < 0.01; ***: p < 0.001; 

ANOVA, two-tailed, Bonferroni’s test; mean ± SEM).

Extended Data Fig. 5. TRPM2 is required for CD36 activation in macrophages induced by TSP1
(a, b) Representative WB analysis of TRPM2 expression in macrophages isolated from 

WT mice with or without the treatment of TSP1 (10 μg/ml) for 24 h (n=6/group). (c, 
d) 30-min TSP1 (10 μg/ml) treatment induce the activation of CD36 signaling without 

upregulating CD36 expression. Representative WB analysis of CD36, pFyn, pJNK and pp38 

expression in macrophages after TSP1 treatment for 30 min (n=6/group). (e, f) NADPH 

oxidase inhibitor apocynin does not inhibit CD36 activation induced by 24-h TSP1 (10 

μg/ml) treatment in macrophages isolated from wild-type (WT) mice. Representative WB 

analysis of CD36, pFyn, pJNK and pp38 expression in macrophages after TSP1 treatment 

for 24 h. (g) A set of original Fura-2 real time recording traces without normalization during 
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TSP1 treatment as in Fig 5g. (h, i) Trpm2 deletion does not influence the production of 

MCP1/MIF in endothelial cells isolated from aorta in response to 24-h TSP1 (10 μg/ml) 

treatment. Representative WB analysis of MCP1 and MIF expression in endothelial cells 

after TSP1 treatment for 24 h (n=6/group). (ns: no statistical significance; *: p < 0.05; **: p 

< 0.01; ***: p < 0.001; ANOVA, two-tailed, Bonferroni’s test; mean ± SEM).

Extended Data Fig. 6. Different inhibitors suppressed the activation of TRPM2 by oxLDL or 
TSP1 treatment
(a, b) Representative recording of TRPM2 current in HEK293T cells transfected with CD36 

and TRPM2 during oxLDL treatment (50 μg/ml) as in a, and during TSP1 treatment (10 

μg/ml) as in b. Transfected cells were treated with different inhibitors as indicated before 

current recording.
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Extended Data Fig. 7. Inhibition of CD36 or TRPM2 did not produce additional inhibitory effect 
on M2KO macrophages
(a) Representative WB analysis of the expression of CD36, pFyn, Fyn, pJNK, JNK, pp38 

and p38 in isolated macrophages from M2KO mice after oxLDL treatment (50 μg/ml). 

Macrophages were treated with different inhibitors as indicated before protein extraction. (b) 

Quantification of WB bands (n=3/group). (c) Representative WB analysis of the expression 

of CD36, pFyn, Fyn, pJNK, JNK, pp38 and p38 in isolated macrophages from M2KO 

mice after TSP1 treatment (10 μg/ml). Macrophages were treated with different inhibitors 

as indicated before protein extraction. (d) Quantification of WB bands (n=3/group). (e) 

Representative WB analysis of the expression of iNOS in isolated macrophages from M2KO 

mice after oxLDL treatment (50 μg/ml). Macrophages were treated with different inhibitors 

as indicated before protein extraction. (f) Quantification of WB bands (n=3/group). (e) 

Representative WB analysis of the expression of iNOS in isolated macrophages from M2KO 

mice after TSP1 treatment (10 μg/ml). Macrophages were treated with different inhibitors 

Zong et al. Page 24

Nat Cardiovasc Res. Author manuscript; available in PMC 2022 September 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



as indicated before protein extraction. (f) Quantification of WB bands (n=3/group). (i) 
Representative WB analysis of the expression of MCP1 and MIF in isolated macrophages 

from M2KO mice after oxLDL treatment (50 μg/ml). Macrophages were treated with 

different inhibitors as indicated before protein extraction. (j) Quantification of WB bands 

(n=3/group). (k) Representative WB analysis of the expression of MCP1 and MIF in isolated 

macrophages from M2KO mice after TSP1 treatment (10 μg/ml). Macrophages were treated 

with different inhibitors as indicated before protein extraction. (l) Quantification of WB 

bands (n=3/group). (ns: no statistical significance; ANOVA, two-tailed, Bonferroni’s test; 

mean ± SEM).

Extended Data Fig. 8. Graphic illustration, the activation of CD36 and TRPM2 form a positive 
feedback loop in atherogenesis
In summary, we found that: (1) Global Trpm2 deletion and macrophage-specific Trpm2 
deletion protect against atherosclerosis in Apoe−/− mice fed with a high-fat diet (HFD). 

(2) Trpm2 deficiency in macrophages inhibits atherogenesis by inhibiting macrophage 

infiltration and minimizing foam cell formation. (3) TRPM2 activation is required for CD36-

induced oxLDL uptake and subsequent inflammatory responses in macrophages. (4) The 

ligands of CD36, oxLDL and TSP1, activate TRPM2, thereby perpetuating TRPM2-CD36 

inflammatory cycle in atherogenesis cascade. (5) Our data establish TRPM2-CD36 axis 

in macrophages as an important atherogenesis mechanism and TRPM2 as a promising 

therapeutic target for atherosclerosis
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1: Global Trpm2 deletion protects mice against atherosclerosis.
(a,b) Global Trpm2 deletion (Trpm2−/−) inhibited atherosclerotic plaque formation. a, 

Representative images of Oil Red O (ORO) staining of full-length aorta (red areas represents 

plaque). b, Mean atherosclerotic lesion ratio based on ORO staining from Trpm2+/+ (n=5) 

and Trpm2−/− mice (n=6), P < 0.0001. (c, d) Representative images and quantification 

of ORO staining of the aortic root sections from Trpm2+/+ (n=8) and Trpm2−/− mice 

(n=9), P = 0.0009. (e) Trpm2−/− did not influence the total cholesterol level in serum 

(n=5/group) (HFD: high-fat diet). (f) Trpm2−/− inhibited systemic inflammation evaluated 

by measuring IL-1β level in serum (n=4/group). (g-j) Trpm2−/− reduced macrophage burden 

in atherosclerotic plaque. g, h Representative merged images and quantification of Mac-1 

staining of aortic root sections from Trpm2+/+ (n=7) and Trpm2−/− mice (n=8), P = 0.0027. 

(i, j) Representative merged images and quantification of F4/80 and CD80 staining of 

aorta cross-sections using the plaque areas as shown in Extended Data Fig. 1f (Red: 

F4/80; Blue: DAPI; Green: CD80) from Trpm2+/+ (n=9) and Trpm2−/− mice (n=8), P 
= 0.0001. (k, l) Trpm2−/− did not influence the leukocyte population in the peripheral 

blood. k, Representative monocyte population identified using flow cytometry. Ly6C+ 

monocyte population was identified from CD11b+ and Ly6G− leukocytes. l, Quantification 

of monocyte, neutrophil, B cell, T cell, NK cell and NKT cell population in the peripheral 
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blood from Trpm2+/+ (n=5) and Trpm2−/− mice (n=5) with or without HFD treatment. (ns: 

no statistical significance; *: p < 0.05; **: p < 0.01; ***: p < 0.001; ANOVA, two-tailed, 

Bonferroni’s test; mean ± SEM).
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Fig. 2: Trpm2 deletion attenuates inflammation in the aortas.
(a-c) a, Time-dependent activation of TRPM2 currents (Green: outward current at +100 

mV; Purple: inward current at −100 mV) recorded from isolated peritoneal macrophages. 

N-Methyl-D-glucamine (NMDG) blocks inward current indicating the tightness of seal. 

b, Representative TRPM2 currents recorded with ramp protocol. c, Quantification of 

current amplitude (HFD: high-fat diet). (d, g) Representative western blot (WB) analysis 

and quantification of the expression of CD11b and CD80 in aorta (n=6/group). (e, h) 

Representative WB analysis and quantification of the expression of MCP1 and MIF in aorta 

(n=6/group). (f, i) Representative WB analysis and quantification of iNOS expression in 

aortas (n=6/group). (j, k) Representative WB analysis and quantification of the expression 

of NLRP3, ASC, cleaved caspase-1 (cCas1), and cleaved IL-1β (cIL-1β) expression in 

aortas (n=6/group). (l, m) In vitro macrophage migration assay using the methods shown in 

Extended Data Fig. 3a. l, F4/80 and CD80 co-staining of macrophages in the lower chamber 
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(Red: F4/80; Blue: DAPI; Green: CD80). c, Quantification of the number of infiltrated 

macrophages within a x 10 field. Six dishes from each group were chosen for quantification. 

(n, o) In vitro macrophage emigration assay using the methods shown in Extended Data 

Fig. 3b. Note that macrophages were pre-treated with oxLDL prior this assay. n, F4/80 and 

CD80 co-staining of macrophages in the lower chamber (Red: F4/80; Blue: DAPI; Green: 

CD80). o, Quantification of the number of emigrated macrophages within a x 10 field. Six 

dishes from each group were chosen for quantification. (p, q) Scratch assay of cultured 

macrophages. p, images of macrophages under bright field taken right after (0 h), 24 h, 48 h 

and 72 h after the scratch. q, Quantification of the percentage of wound healing. Six dishes 

from each group were chosen for quantification. (ns: no statistical significance; **: p < 0.01; 

***: p < 0.001; ANOVA, two-tailed, Bonferroni’s test; mean ± SEM).
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Fig. 3: Trpm2 deletion in macrophages protects mice against atherosclerosis.
(a,b) Trpm2 deletion in Cd11b expressing cells (Trpm2fl/flCd11b-cre+) inhibited 

atherosclerotic plaque formation. a, Representative images of Oil Red O (ORO) staining 

of full-length aorta (red areas represents plaque). b, Mean atherosclerotic lesion ratio based 

on ORO staining from Trpm2fl/flCd11b-cre− (n=5) and Trpm2fl/flCd11b-cre+ mice (n=8), 

P < 0.0009. (c, d) Representative images and quantification of ORO staining of the aortic 

root sections from Trpm2fl/flCd11b-cre− (n=9) and Trpm2fl/flCd11b-cre+ mice (n=10), P 
= 0.0016. (e) Trpm2fl/flCd11b-cre+ did not influence the total cholesterol level in serum 

(n=5/group) (HFD: high-fat diet). (f-i) Trpm2fl/flCd11b-cre+ reduced macrophage burden 

in atherosclerotic plaque. f, g Representative merged images (Blue:DAPI; Green: Mac-1) 

and quantification of Mac-1 staining of aortic root sections from Trpm2fl/flCd11b-cre− 

(n=8) and Trpm2fl/flCd11b-cre+ mice (n=7), P = 0.0071. (h, i) Representative merged 

images and quantification of F4/80 and CD80 staining of aorta cross-sections using the 
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plaques areas as shown in Extended Data Fig. 1f (Red: F4/80; Blue: DAPI; Green: CD80) 

from Trpm2fl/flCd11b-cre− (n=9) and Trpm2fl/flCd11b-cre+ mice (n=10), P = 0.0005. (j, k) 

Trpm2fl/flCd11b-cre+ did not influence the leukocyte population in the peripheral blood. 

j, Representative monocyte population identified using flow cytometry. Ly6C+ monocyte 

population was identified from CD11b+ and Ly6G− leukocytes. k, Quantification of 

monocyte, neutrophil, B cell, T cell, NK cell and NKT cell population in the peripheral 

blood from Trpm2fl/flCd11b-cre− (n=3) and Trpm2fl/flCd11b-cre+ mice (n=4) with or 

without HFD treatment. (l, o) Representative WB analysis and quantification of the CD80 

expression in aorta (n= 6 mice/group). (m, p) Representative WB analysis and quantification 

of the expression of MCP1 and MIF in aorta (n= 6 mice/group). (n, q) Representative 

WB analysis and quantification of iNOS expression in aortas (n= 6 mice/group). (r, s) 

Representative WB analysis and quantification of the expression of NLRP3, ASC, cleaved 

caspase-1 (cCas1), and cleaved IL-1β (cIL-1β) expression in aortas (n= 6 mice/group). (ns: 

no statistical significance; **: p < 0.01; ***: p < 0.001; ANOVA, two-tailed, Bonferroni’s 

test; mean ± SEM).
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Fig. 4: Deletion of Trpm2 inhibits foam cell formation.
(a, b) Representative images and quantification of ORO staining in macrophages from 

wild-type (WT) or Trpm2 knockout (M2KO) mice after 24h oxLDL treatment (n=6/group). 

(c, d) Representative WB analysis (WB) of CD36, pFyn, pJNK and pp38 expression in 

macrophages (n=6/group). (e, f) Representative images and quantification of ORO staining 

of macrophages (n=8/group) treated with and without anisomycin (10 μM), a p38 and 

pJNK activator. (g-h) Representative WB of CD36, pFyn, pJNK and pp38 expression in 

macrophages. BAPTA-AM (1 μM), an intracellular Ca2+ chelator. (i, j) Representative 

images and quantification of ORO staining of macrophages treated with BAPTA-AM (n=3/

group). (k, l) k, Representative images of Rhodamine-123 (R123) real-time imaging before 

and 5 min after oxLDL treatment in macrophages. Control group (PBS treatment) was used 

to show the rapid photo bleaching of R123. l, Quantification of R123 fluorescence changes 

5 min after oxLDL treatment (n=30,40,40,43, respectively). (m, n) Quantification and 
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representative WB of iNOS expression in macrophages (n=6/group). (o, p) o, Representative 

real-time ratio Ca2+ imaging traces during oxLDL treatment. The averaged traces were from 

10 macrophages randomly chosen from a representative culture dish for each group. p, 

Quantification of Fura-2 fluorescence changes 5 min after oxLDL treatment (n=20/group). 

(q, r) q, Representative images of R123 imaging before and 5 min after oxLDL treatment in 

macrophages with DMSO or BAPTA-AM (1 μM) preloading for 30 min. r, Quantification 

of R123 fluorescence changes 5 min after oxLDL treatment (n=20/group). (s) Measurement 

of IL-1β level in culture medium of isolated macrophages after oxLDL treatment using 

ELISA (n=4/group). (t, v) Representative WB of MCP1 and MIF expression in macrophages 

(n=6/group). (u, w) Representative WB of pp65 expression in macrophages (n=6/group). 

(oxLDL (50 μg/ml) was treated for 24 h for all the ORO staining and WB analysis; ns: 

no statistical significance; *: p < 0.05; **: p < 0.01; ***: p < 0.001; ANOVA, two-tailed, 

Bonferroni’s test; mean ± SEM).
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Fig. 5: Trpm2 deletion inhibits the activation of CD36 signaling by TSP1.
(a, b) Representative WB analysis of CD36, pFyn, pJNK and pp38 expression in 

macrophages. (c, d) c, Representative R123 imaging before and 5 min after TSP1 treatment 

in macrophages. Control group (Con: PBS treatment) was used to show the rapid photo 

bleaching of R123. d, Quantification of changes of R123 fluorescence 5 min after TSP1 

treatment. WT (n=45 for TSP1 treatment, n=47 for control) and M2KO (n=43 for TSP1 

treatment, n=47 for control) macrophages were from 4 dishes of cultured macrophages 

isolated from 4 mice/group. (e, f) Representative WB of iNOS expression in isolated 

macrophages treated with TSP1 (10 μg/ml). (g), Representative real-time ratio Ca2+ imaging 

traces during TSP1 treatment. The averaged traces were from 10 macrophages randomly 

chosen from a representative culture dish of each group. (h), Quantification of Fura-2 

fluorescence changes 5 min after TSP1 treatment. WT (n=20 for TSP1 treatment, n=20 

for control) and M2KO (n=20 for TSP1 treatment, n=20 for control) macrophages were 

from 3 dishes of cultured cells isolated from 3 mice in each group. (i, j) Representative 

WB of CD36, pFyn, pJNK and pp38 expression in macrophages after treatment with TSP1 

and DMSO or BAPTA-AM (1 μM), an intracellular Ca2+ chelator (n=3/group). (k, l) k, 

Representative images of R123 imaging in macrophages before and 5 min after oxLDL 

treatment with DMSO or BAPTA-AM (1 μM) preloading for 30 min. l, Quantification of 

R123 fluorescence changes 5 min after TSP1 treatment (n=20/group). (m) Measurement of 

IL-1β level in culture medium after TSP1 treatment using ELISA. (n, o) Representative 

WB of MCP1 and MIF expression in macrophages (n=6/group). (p, q) Representative WB 

analysis and quantification of pp65 expression in macrophages (n=6/group). (TSP1 (10 
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μg/ml) was treated for 24 h for all the WB analysis; ns: no statistical significance; *: p < 

0.05; **: p < 0.01; ***: p < 0.001; ANOVA, two-tailed, Bonferroni’s test; mean ± SEM).
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Fig. 6: TRPM2 mediates the activation of CD36 signaling.
(a, b) Whole-cell recording of TRPM2 currents in response to oxLDL (50 μg/ml). 

a, Representative TRPM2 current traces (Green: outward current at +100 mV; Purple: 

inward current at −100 mV) in HEK293T cells transfected with both CD36 and TRPM2 

(upper) during oxLDL treatment. N-Methyl-D-glucamine (NMDG) blocks inward current 

indicating the tightness of seal. ACA is a TRPM2 blocker. Representative recording 

traces in HEK293T cells transfected with only TRPM2 (lower) during oxLDL treatment. 

b, Quantification of TRPM2 current amplitude (n=5,9,6,6,6,6, respectively). (c) TRPM2 

current recorded under perforated patch in HEK293T cells transfected with both CD36 and 

TRPM2 (upper) or transfected with only TRPM2 (lower) during oxLDL treatment. (d, 
e) Inhibiting TRPM2 activation impairs the activation of CD36 signaling cascade induced 

by oxLDL (50 μg/ml) in macrophages. Representative WB analysis of CD36, pFyn, pJNK 
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and pp38 expression in isolated macrophages from WT (n=3 in each group) and M2KO 

mice (n=3 in each group). e, Quantification of WB bands. 3 dishes of macrophages were 

used for protein extraction in each group. (f, g) Whole-cell recording of TRPM2 current 

in response to TSP1 (10 μg/ml) (n=5,6,6,6,6,6, respectively). f, Representative TRPM2 

current traces (Green: outward current at +100 mV; Purple: inward current at -+100 mV) in 

HEK293T cells transfected with both CD36 and TRPM2 (upper) during TSP1 treatment. 

Representative recording traces in HEK293T cells transfected with only TRPM2 (lower) 

during TSP1 treatment. g, Quantification of TRPM2 current amplitude. (h) TRPM2 current 

recorded under perforated patch in HEK293T cells transfected with both CD36 and TRPM2 

(upper) or transfected with only TRPM2 (lower) during TSP1 treatment. (i, j) Inhibiting 

TRPM2 activation impairs the activation of CD36 signaling cascade induced by TSP1 

(10 μg/ml) in macrophages. Representative WB analysis of CD36, pFyn, pJNK and pp38 

expression in isolated macrophages from WT (n=3 in each group) and eM2KO mice (n=3/

group). (*: p < 0.05; **: p < 0.01; ***: p < 0.001; ANOVA, two-tailed, Bonferroni’s test; 

mean ± SEM).
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Fig. 7: TRPM2 mediates macrophage activation induced by oxLDL or TSP1.
(a-d) Representative picture of Rhodamine-123 real-time imaging of macrophages before 

and 5 min after oxLDL treatment (50 μg/ml) as in a, and 5 min after TSP1 treatment (10 

μg/ml) as in c in isolated macrophages. Quantification of changes of R123 fluorescence 5 

min after oxLDL treatment as in b, and 5 min after TSP1 treatment as in d. For oxLDL 

treatment, WT (n=40 for PBS, n=38 for DMSO, n=35 for SSO, n=38 for ACA, n=39 for 

PJ34, n=44 for U73122) and M2KO (n=38 for PBS, n=35 for DMSO) macrophages were 

from 4 dishes of cultured cells isolated from 3 mice in each group. For TSP1 treatment, 

WT (n=48 for PBS, n=50 for DMSO, n=53 for SSO, n=51 for ACA, n=57 for PJ34, n=56 

for U73122) and M2KO (n=48 for PBS, n=52 for DMSO) macrophages were from 4 dishes 

of cultured cells isolated from 3 mice in each group. (e-g) Representative WB analysis 

of iNOS expression in isolated macrophages. 3 dishes of cells from 3 mice from each 

group were chosen for quantification. (h-k) Representative real-time Fura-2 Ca2+ imaging 

traces during oxLDL (50 μg/ml) as in h, and during TSP1 treatment (10 μg/ml) as in j. 
The averaged traces were from 10 macrophages randomly chosen from a representative 

culture dish of each group. Quantification of fluorescence changes 5 min after oxLDL 

Zong et al. Page 42

Nat Cardiovasc Res. Author manuscript; available in PMC 2022 September 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



treatment as in i, and 5 min after TSP1 treatment as in k. For oxLDL treatment and 

TSP1 treatment, 20 macrophages in each group from 3 dishes isolated from 3 mice were 

chosen for quantification. (l, m) Measurement of IL-1β level in culture medium of isolated 

macrophages after the treatment of oxLDL (50 μg/ml) or TSP1 (10 μg/ml) for 24 h using 

ELISA. 3 dishes of cells from 3 mice from each group were chosen for quantification. (*: p 

< 0.05; **: p < 0.01; ***: p < 0.001; ANOVA, two-tailed, Bonferroni’s test; mean ± SEM)
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Fig. 8: Inhibiting TRPM2 activation suppresses foam cell formation.
(a, b) Representative images and quantification of Oil Red O (ORO) staining of cultured 

macrophages after the treatment with oxLDL (50 μg/ml) for 24 h. 3 dishes of cells from 

3 mice from each group were chosen for quantification. (c-f) Representative WB analysis 

and quantification of the expression of MCP1 and MIF in cultured macrophages treated with 

oxLDL (50 μg/ml) or TSP1 (10 μg/ml) for 24 h (n=3/group). (g, h) Inhibiting the activation 

of TRPM2 suppressed macrophage infiltration. in vitro macrophage infiltration test was 

performed as graphic illustration in Extended Data Fig. 3a (Red: F4/80; Blue: DAPI; Green: 
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CD80). h, Quantification of the number of infiltrated macrophages within a x 10 field 

(n=6/group). (i, j) Inhibiting TRPM2 activation prevented the loss of emigration ability 

in oxLDL-pre-loaded macrophages. in vitro macrophage emigration test was performed as 

graphic illustration in Extended Data Fig. 3b. Macrophage emigration across endothelial 

cells induced by MCP1. Aorta-derived endothelial cells were plated on the transwell inserts 

(pore size: 12 μm) for 2–3 days. Macrophages preloaded with oxLDL for 24 h were added 

into the upper chamber after endothelial cells completely covered the upper surface of 

transwells. After 24 h, F4/80 and CD80 staining of macrophages in lower chamber was 

performed as in i (Red: F4/80; Blue: DAPI; Green: CD80). j, Quantification of the number 

of infiltrated macrophages within a x 10 field (n=6/group). (ns: no statistical significance; *: 

p < 0.05; **: p < 0.01; ***: p < 0.001; ANOVA, two-tailed, Bonferroni’s test; mean ± SEM).
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