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Background: Macrophages play a crucial role in the inflammatory response and fibrosis after myocardial infarction (MI). CMTM3 
exerts important functions in the immune system and cardiovascular system. This study aims to explore the role and mechanism of 
CMTM3 in regulating macrophage-related inflammation after MI.
Methods: The CMTM3−/− mouse MI model was established. The effects of CMTM3 on MI and macrophage-related inflammation in mice 
were evaluated by TTC, Masson, echocardiography, flow cytometry and Elisa. In vitro, the effects of CMTM3 on primary macrophages 
were assessed by flow cytometry, RT-qPCR and Elisa. The mechanism of CMTM3 regulating macrophages was explored by Western blot.
Results: In the mouse MI model, CMTM3 expression was mainly increased in macrophages. CMTM3 deficiency resulted in an 
enlarged infarct size, increased collagen deposition, and deteriorated cardiac function. Further studies revealed that CMTM3 deficiency 
promoted macrophage polarization toward M1 types, and increase the production and secretion of inflammatory factors IL-1β, IL-6 
and TNF-α. In vitro studies also confirmed CMTM3 deficiency promoted M1 macrophage differentiation and upregulated the 
expression of inflammatory factors. Mechanistically, CMTM3 can interact with PPARα, CMTM3 deficiency can inhibit PPARα 
activity, and increase the phosphorylation of NF-κB, thereby promoting macrophage inflammation.
Conclusion: CMTM3 inhibits macrophage-related inflammation after MI by activating PPARα and inhibiting NF-κB phosphoryla
tion. This study highlights the anti-inflammatory effect of CMTM3 in MI, and holds that CMTM3 can serve as a new target for 
improving cardiac remodeling after MI.
Keywords: CMTM3, myocardial infarction, macrophage, inflammation, NF-κB, PPARα

Introduction
Myocardial infarction (MI) can result in irreversible myocardial cell necrosis and adverse cardiac remodeling, which subse
quently progresses to heart failure, malignant arrhythmias, and ultimately death.1 Inflammation represents a key and persistent 
pathological process influencing MI. Myocardial ischemic injury triggers a robust inflammatory cascade, characterized by 
extensive infiltration of immune cells into the infarcted myocardium, which participate in the progression of MI.2,3 Among these, 
mononuclear macrophages, as the primary immune cells, exhibit functional heterogeneity at different stages of MI.4 In the early 
stage of MI, they are mainly of the pro-inflammatory types (M1 types), and in the late stage, they are mainly of the pro-repair type 
(M2 types).5 Pro-inflammatory macrophages possess strong phagocytic and pro-inflammatory properties, which can phagocytic 
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necrotic cardiomyocytes and extracellular matrix (ECM) fragments, and to produce inflammatory factors and chemokines, 
thereby shaping an inflammatory microenvironment.6 Cardiac repair process after MI involves a balance between inflammatory 
response and tissue repair. Moderate inflammatory response can promote the clearance of necrotic cells and the scar formation, 
exerting a positive role on tissue repair.7 However, excessive inflammatory response will hinder wound healing, enlarges the 
infarct size, and leads to deterioration of cardiac function.8 Therefore, clarifying the phenotypic transition of macrophages and the 
regulatory mechanism underlying inflammatory responses is of great significance for preventing post-MI cardiac rupture and 
improving cardiac function.

The chemokine-like factor (CKLF)-like MARVEL transmembrane domain-containing (CMTM) family is a gene super
family associated with human chemotaxis. It comprises 9 members, including CKLF and CMTM1-8.9 CMTMs not only play 
important roles in the cardiovascular system but also exert critical functions in inflammatory and immune regulation. 
Accumulating evidence has demonstrated that CMTMs have significant impacts on immune-related pathways and immune 
cell infiltration in tumors.10 For instance, CMTM4 and CMTM6 can regulate the anti-tumor function of T cells through PD-L1,11 

and CMTM4 is associated with the secretion of the inflammatory factor IL-6.12 In a comprehensive analysis of immune 
infiltration in esophageal cancer, it was found that the expression levels of CMTM1, 3, 5, and 7 are significantly correlated with 
macrophage expression.13 Moreover, CMTMs are closely linked to various chronic autoimmune inflammatory diseases, such as 
rheumatoid arthritis.14 Additionally, CMTM3 has been reported to have dual effects on inflammation in different diseases, 
including pro-inflammatory effects on neutrophil-associated inflammation in sepsis and inhibition of tumor-associated inflam
mation in the tumor immune microenvironment.15,16 However, despite studies indicating that CMTMs are highly correlated with 
immune cells expression and play a crucial role in regulating immune responses, their role in macrophage-related inflammation 
during MI remains unreported.

In this study, CMTM3 was initially selected from the CMTMs via bioinformatics analysis. We conducted studies 
in the CMTM3−/− mice MI model, detected the expression changes of CMTM3, explored the effects of CMTM3 on 
MI area, cardiac function and inflammatory microenvironment. Furthermore, the regulation and mechanism of 
CMTM3 in macrophage differentiation were explored. It provides a novel target for anti-inflammatory therapy 
following MI.

Materials and Methods
Microarray Data Retrieval
MI data set from a public repository NCBI GEO (http://www.ncbi.nlm.nih.gov/geo). To better analyze the expression 
changes of CMTMs in MI, we selected the GSE161427 dataset as the analysis set and GSE236374 as the validation set. 
GSE161427 (Zhang et al, 2020) (Agilent-028005 SurePrint G3 Mouse GE 8x60K Microarray) contains a total of 14 heart 
samples of mice Sham, MI3d, and MI14d, generated by the GPL10787 platform. To better analyze the differential genes 
between the MI group and the CON group, we selected five samples from the MI group at 3 days and four samples from 
the Sham group for analysis. GSE236374 (Yu et al, 2023) (Illumina NovaSeq 6000) contains a total of 9 heart samples of 
mice Sham, MI7d, and MI28d, generated by the GPL24247 platform.

Validation of Gene Expression Through DEG Analysis
The downloaded gene expression profiles and their matching platform files were analyzed using R (version 4.0) 
software, and they were converted into gene symbol expression profiles. Differential gene expression (differential 
expression genes, DEG) was performed with the “LIMMA” package (3.50.0) with |log2 (Fold-change)|≥1, adjust 
p<0.05.

Next, the correlations between CMTM2a, CMTM3, CMTM7 and IL-1β, IL-6, CD68, NF-κB, PPARα were analyzed 
using the Pearson algorithm.

Human Samples and Ethical Statement
This study collected blood samples from 20 patients with acute MI within 24 hours of onset at Yantai Yuhuangding 
Hospital Affiliated to Qingdao University from May 1, 2024 to October 31, 2024. Another 20 blood samples from 
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healthy individuals undergoing physical examinations were taken as the control group. All the subjects gave informed 
consent. This study was approved by the Ethics Committee of Yantai Yuhuangding Hospital. The studies in this work 
abide by the Declaration of Helsinki principles.

Animal Care
C57BL/6 mice (Pengyue, Experimental Animal Breeding Co., LTD., Jinan, China) were raised in the SPF-grade 
experimental animal room, free of specific pathogens, with a constant room temperature (23±1°C), appropriate humidity 
(45–55%), 12h/12h light and dark circulation, ventilation, and free feeding and drinking, replace the gasket regularly. 
Each cage is 390 mm×180 mm×180 mm in size, and no more than 6 adult mice in each cage. The animal experiment 
process was carried out in accordance with the guidelines of the National Institutes of Health of the United States and 
was approved by the Animal Ethics Committee of Yuhuangding Hospital.

MI Model
MI was induced in C57BL/6 J male mice (6–8 weeks, male) by permanent ligation of the left anterior descending 
coronary artery (LAD). The specific steps are as follows: Mice were anesthetized by a small animal air anesthesia 
machine (Shenzhen Ruiwode Lift Technology Co., Ltd., China, R5301E), fixed in the supine position, and the skin, 
connective tissue, and the third rib space were dissected successively to expose the heart. Ligate the anterior descending 
branch of the left coronary artery approximately 2mm away from the tip of the left atrial appendage with a 7–0 thread, 
and then suture it. In the sham operation group, the left anterior descending coronary artery of mice was encircled with 
needle and thread, but not ligated.

Echocardiography
After the mice were anesthetized with isoflurane, echocardiography was performed using the animal echocardiography 
system (VINNO 6 LAB, VINNO, China). B-mode ultrasound observe the long axial section beside the sternum in mice, 
and M-mode ultrasound was used to analyze left ventricular ejection fraction (LVEF), left ventricular shortening rate 
(LVFS), left ventricular end-systolic diameter (LVIDs), left ventricular end-diastolic diameter (LVIDd).

Bone Marrow-derived Macrophage (BMDM) Culture
BMDM was derived from C57BL/ 6J mice. After the mice (6–8 weeks old, male) were sacrificed, disinfected, the tibia 
and femur were isolated, bone marrow was collected, sieving was performed to obtain a single-cell suspension, and the 
cell precipitate was obtained by centrifugation. The cells were resuspended and spread in DMEM high glucose 
medium containing 10% bovine serum. Macrophage colony-stimulating factor (M-CSF, 50 ng/mL, peprotech, 
China) was used for 3–4 days to allow BMDMs maturity. Subsequently, the cells were digested and cultured in six- 
well plates. LPS+IFN-γ can induce macrophages to differentiate into pro-inflammatory types in vitro. LPS (1ug/mL, 
servicebio, China) and IFN-γ (10ng/mL, servicebio, China) were added to BMDMs, while the control group cells were 
added with the same volume of PBS. After stimulation for 24 h, the cells were extracted for the next step of the 
experiment.

Triphenyl Tetrazolium Chloride (TTC) Staining
Hearts were isolated 7d after MI and stored at − 20 °C for 25 min. Then, hearts were sectioned into 1 mm short axis 
slices. It was immediately placed in 37°C water bath with TTC solution (Solarbio, China) for 10 min, and then fixed with 
4% paraformaldehyde for 2–3 min for photography. Calculate the proportion of the white infarcted area to the entire 
cardiac area.

Flow Cytometry Analysis
The mouse hearts were cut into 1mm3 small pieces, and type II collagenase was added. They were digested in 37°C water bath 
for 30 min to obtain a single-cell suspension of the heart. Then, the red blood cell lysate (Elabscience, China) was used for 
treatment for 2–5 min. Anti-cd16/32 antibody (Elabscience, China) treatment blocks FcγR. The primary antibody was used to 
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avoid light at 4°C for 20–30 min for staining of cell surface markers, including: Anti-F4/80 antibody (PerCP/Cyanine5.5, 
Elabscience, China), anti-CD11b antibody (Elab Fluor700, Elabscience, China), anti-Ly6C antibody (FITC, Elabscience, 
China), anti-CD86 antibody (PE, Elabscience, China). All samples were detected by flow cytometry using the MoFlo XDP 
flow cytometer (Beckman) and analyzed by Flowjo (version 10.0) software. Gating strategy: Cardiac macrophages: 
CD11b+F4/80+; Cardiac pro-inflammatory macrophages: CD11b+F4/80+ Ly6ChighCD86+.

ELISA
Take serum or cell supernatants and operate to detect the contents of IL-1β (JONLNBIO, Shanghai, China), IL-6 (JONLNBIO, 
Shanghai, China), TNF-α (JONLNBIO, Shanghai, China), and CMTM3 (Keqiaobio, Shanghai, China) in accordance with the 
corresponding kit instructions. And the final absorbance value was determined at 450 nm.

Western Blot
The total protein of tissue and cell samples was extracted using RIPA lysis buffer containing protease inhibitors 
(Sparkjade, China), and the protein concentration was determined using the BCA protein assay kit (Yeasen, China). 
The protein samples were successively separated by 10–12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
and then transferred to PVDF or NC membranes. They were blocked with 5% skimmed milk powder for 1–
2 h. Subsequently, anti-GAPDH antibody (1:8000, Hongheyuan, China) and anti-CMTM3 antibody (1:800, bioss, 
China), anti-P- NF-κB antibody (1:1000, CST, America), anti-NF-κB antibody (1:1000, CST, America), anti-PPARα 
antibody (1:1000, proteintech, China). After overnight incubation at 4°C, the membrane was incubated at room 
temperature in sheep anti-rabbit antibody (1:10000, affinity, China) for 1h. The ECL system was used for development, 
and the protein expression level was determined using Image J software.

Co-Immunoprecipitation (CO-IP)
BMDMs were cultured, stimulated with LPS+IFN-γ, proteins were extracted using lysate provided by CO-IP kit (absin, 
abs9649, China), protein concentration was determined by BCA method. CO-IP samples were prepared using the 
magnetic beads method according to the kit instructions. Specifically, CMTM3 antibody (5μg) and IgG antibody (5μg) 
were mixed with magnetic beads for 1–2 hours, the magnetic beads were rinsed, the protein samples were mixed with 
magnetic beads for 1–2 hours, the magnetic beads were rinsed, and the samples were boiled with a loading buffer, and 
then gel electrophoresis experiments were performed.

Additional Methods
The expanded methods in the Supplementary Material contain Real-time qPCR (RT–qPCR), immunofluorescence, flow 
cytometry analysis, immunohistochemistry (IHC) staining, HE, masson, extraction of mononuclear cells from human 
peripheral blood (PBMCs), the primer sequence (Supplemental Table 1).

Statistical Analysis
The GraphPad Prism 9.5 software was used for analysis, all data were expressed as mean ±standard error (SEM). The 
differences between the two groups were analyzed using the unpaired Student’s t-test, and the differences between the 
three or four groups were analyzed using one-way ANOVA and Tukey’s test or two-way ANOVA and Tukey’s test. 
P value < 0.05 was considered statistically significant.

Results
Bioinformatics Analysis Reveals the Potential Role of CMTM3 in Myocardial Infarction
Analysis of MI samples based on the GSE161427 dataset revealed differential expression of CMTMs through volcano 
plot results: CMTM2a, CMTM3, and CMTM7 all showed an upregulated trend, while CMTM8 was downregulated. In 
contrast, CMTM1, CMTM2b, CMTM4, CMTM5, and CMTM6 exhibited no statistically significant differences 
(Figure 1A). Notably, in the subsequent correlation analysis, CMTM3 displayed the most significant correlation 
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characteristics — it had the highest correlation coefficient with pro-inflammatory factors IL-1β, IL-6, and macrophage 
marker CD68. Although CMTM2a and CMTM7 were also correlated with IL-1β, IL-6 and CD68, their correlation 
coefficients were all lower than that of CMTM3 (Figure 1B). Futhermore, the high-throughput sequencing results of the 

Figure 1 In the CMTMs, CMTM3 is upregulated and closely associated with inflammatory factors. (A) Volcano plots of differentially expression genes. Data points in red 
represent up-regulated, and blue represent down-regulated genes, |log2 (Fold-change)|≥1, adjust p<0.05; (B) Correlation analysis of CMTM2a, CMTM3 and CMTM7 
expression with IL-1β, IL-6 and CD68 expression respectively (n=4-5); (C) The expression levels of CMTM3 in the GSE236374 (n=3). ****p<0.0001.
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GSE236374 dataset also indicated that CMTM3 was significantly upregulated at 7 days after MI (Figure 1C). In 
summary, the bioinformatics analysis results clearly indicated that among all upregulated CMTMs, CMTM3 not only 
showed a significant change in expression in the MI model but also exhibited the optimal performance in terms of 
correlation with inflammation. Therefore, this study focuses on CMTM3 to explore in depth its role and molecular 
mechanism in the inflammatory response of MI.

CMTM3 Is Upregulated After MI
Mice model of MI were established. The expression of CMTM3 in the infarction border zone of mice with MI at 3d, 7d, 
14d and 28d was detected by RT-qPCR and Western blot. Results demonstrated that CMTM3 mRNA and protein levels 
were upregulated as early as 3 days, peaked at 7 days, then decreased slowly, however, expression remained higher than 
that in the Sham group at 28d (Figure 2A and B). IHC staining further validated the increased expression of CMTM3 in 
murine hearts following MI (Figure 2C). The secretion of CMTM3 in the serum of patients with MI was detected by 
Elisa. The results indicated that the secretion of CMTM3 in the serum of patients with MI increased compared with 
healthy controls (Figure 2D). The above results suggest that CMTM3 is upregulated after MI, and suggest its potential 
involvement in the pathogenesis and progression of MI.

CMTM3 Deficiency Exacerbated MI-induced Cardiac Dysfunction, Increased the 
Infarction Size and Collagen Deposition
CMTM3 knockout (CMTM3−/−) mice were provided by the Central Laboratory of Yuhuangding Hospital were obtained. 
Western blot analysis confirmed the absence of CMTM3 expression in the cardiac tissues of CMTM3−/− mice 
(Supplemental Figure 1A). Baseline assessments, including blood pressure, cardiac weight/tibial length (HW/TL), and 
TTC staining, revealed no significant differences between wild-type (WT) and CMTM3−/− mice (Supplemental 
Figure 1B–D), indicating that CMTM3 deficiency does not affect normal cardiac function. To analyse the role of 
CMTM3 in MI, mice MI model were constructed, TTC staining showed that the infarct size of CMTM3−/− mice was 
larger than WT mice (Figure 3A). And the HW/TL in CMTM3−/− mice was significantly higher than WT mice 
(Figure 3B). Cardiac function was evaluated by echocardiography on the 0d, 3d, 7d, and 28d of MI respectively. The 
results showed, compared with WT mice, LVIDs and LVIDd of CMTM3−/− mice were significantly increased, LVEF and 

Figure 2 CMTM3 is upregulated after MI. (A) RT-qPCR was used to detect the expression of CMTM3 in the infarction border zone on days 0, 3, 7, 14, and 28 of MI (n = 4); 
(B) Western blot was used to detect the expression of CMTM3 in the infarction border zone on days 0, 3, 7, 14, and 28 of MI (n = 3); (C) Typical IHC staining images and 
statistics showed the expression of CMTM3 in the hearts of mice on days 0, 3, 7, 14, and 28 of MI (n = 3). Scale bars,50um; (D) Serum CMTM3 levels in patients with MI and 
the control group (n = 20). *p< 0.05, **p< 0.01, ***p< 0.001.

https://doi.org/10.2147/JIR.S558274                                                                                                                                                                                                                                                                                                                                                                                                                                                           Journal of Inflammation Research 2026:19 6

Sun et al                                                                                                                                                                              

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com/article/supplementary_file/558274/558274%20Supplementary%20Material.docx
https://www.dovepress.com/article/supplementary_file/558274/558274%20Supplementary%20Material.docx
https://www.dovepress.com/article/supplementary_file/558274/558274%20Supplementary%20Material.docx
https://www.dovepress.com/article/supplementary_file/558274/558274%20Supplementary%20Material.docx


Figure 3 CMTM3 absence aggravates cardiac dysfunction in mice with MI. (A) TTC staining evaluate the infarct area in WT and CMTM3−/− mice on the 7d of MI (n = 4); (B) 
Measure HW/TL on the 28th day after MI (n = 6); (C and D) Evaluation of left ventricular function on days 0, 3, 7, and 28 of MI by echocardiography, including LVIDd, LVIDs, 
LVEF, LVFS (n = 3); (E) HE staining on the 28th day of MI; (F) Typical plots and statistics of Masson staining on the 28th day of MI (n = 5); (G) RT-qPCR was detected the 
expressions of α-SMA, collage I and collage III in the cardiac tissues of multiple groups of MI 28d mice (n = 5). *p< 0.05, **p< 0.01, ***p< 0.001, ****p<0.0001. 
Abbreviation: ns, no significance.
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LVFS were decreased (Figure 3C and D). HE staining showed that the myocardium of CMTM3−/− mice was more 
disordered after MI (Figure 3E). Masson staining indicated an augmented area of blue-stained collagen fibers in infarcted 
hearts of CMTM3−/− mice (Figure 3F). The mRNA expression of α-SMA, collage I, and collage III in CMTM3−/− MI 
mice were significantly increased (Figure 3G). In conclusion, CMTM3 deficiency exacerbates post-MI cardiac dysfunc
tion, increases infarct size, and promotes collagen deposition, thereby accelerating adverse cardiac remodeling.

CMTM3 Is Upregulated in Macrophages After MI
Cardiomyocytes (CM), fibroblasts (CF), endothelial cells (EC) and macrophages (Mø) were isolated from murine heart 
tissues using density gradient centrifugation and flow cytometry. CMTM3 expression in the above cells was detected, RT- 
qPCR and the results showed that a marked upregulation of CMTM3 specifically in macrophages following MI, with no 
significant changes observed in CM, CF and EC (Figure 4A). In pro-inflammatory macrophages induced by LPS+IFN-γ, 
Western blot analysis demonstrated that CMTM3 protein levels were significantly elevated (Figure 4B). Furthermore, 
immunofluorescence co-staining of CMTM3 with cell-specific markers—FSP-1 (CF), α-actinin (CM), CD31 (EC) and 
CD68 (macrophages) was performed respectively—validated that CMTM3 upregulation was restricted to macrophages 
after MI, with no change in other cell types (Figure 4C and Supplemental Figure 2A). PBMCs were isolated from the 
blood of patients with MI and the control group. RT-qPCR and results showed increased CMTM3 expression in the MI 
group (Figure 4D). In addition, since CM are the main cell type of the heart, CMTM3 in H9C2 cells was knocked down 
in this study to further explore whether CMTM3 affects CM, and the results showed that CMTM3 had no effect on the 
expression of apoptosis-related protein Bax in H9C2 cells (Supplemental Figure 2B), indicating that CMTM3 had no 
effect on the apoptosis of hypoxia-treated H9C2 cells, and the possibility of CMTM3 indirectly affecting macrophages by 
affecting CM was ruled out in this study. The above results support the specific upregulation of CMTM3 in macrophages 
after MI, and CMTM3 regulates MI by directly affecting macrophage function. These findings indicate that CMTM3 is 
specifically upregulated in macrophages after MI, suggesting that CMTM3 may contribute to the pathogenesis and 
progression of MI through its effects on macrophage function.

CMTM3 Deficiency Exacerbates the Inflammatory Response After MI
Next, this study focuses on macrophage inflammation. The phenotypes of macrophages in the hearts of MI at 3 days and 
7 days were analyzed by flow cytometry, the results showed that compared with the WT group, the proportion of 
CD11b+F4/80+ macrophages in the hearts of the CMTM3−/− group increased (Figure 5A), and pro-inflammatory 
macrophages (CD11b+F4/80+Ly6ChighCD86+) in the CMTM3−/− group also increased (Figure 5B). Subsequently, 
macrophages in the infarcted heart was analyzed by IHC staining, the results showed that CD68+ macrophages in the 
infarcted hearts of CMTM3−/− mice was higher than WT mice (Figure 5C). The RT-qPCR results showed that at 3 days 
and 7 days of MI, the pro-inflammatory factors IL-1β, IL-6 and TNF-α of CMTM3−/− mice were more than WT mice 
(Figure 5D). Elisa results also showed that the secretion of IL-1β, IL-6 and TNF-α in the serum increased after CMTM3 
knockout (Figure 5E), indicating that CMTM3 deletion increased the production and secretion of inflammatory factors 
after MI. The above results indicate that CMTM3 deletion promotes the differentiation of macrophages into pro- 
inflammatory phenotypes, increases inflammatory factors, aggravates the inflammatory response after MI.

CMTM3 Deficiency Exacerbates the Inflammatory Response in BMDMs
Next, the effect of CMTM3 on macrophages was evaluated in BMDMs. Flow cytometry showed that the proportion of 
CD11b+CD86+ macrophages in the CMTM3−/− group was higher than WT group (Figure 6A). The RT-qPCR results 
showed that the expressions of IL-1β, IL-6 and TNF-α in BMDMs of the CMTM3−/− group were higher than WT group 
(Figure 6B). The Elisa results showed that the contents of IL-1β, IL-6 and TNF-α in the supernatant of the CMTM3−/− 

group were more than WT group (Figure 6C). In conclusion, these results indicate that in vitro, CMTM3 deletion can 
also exacerbate macrophage-related inflammatory responses.
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Figure 4 CMTM3 is mainly upregulated in macrophages after MI. (A) RT-qPCR was used to detect the expression of CMTM3 in cardiomyocytes (CM), fibroblasts (CF), 
macrophages (Mφ), and endothelial cells (EC) (n = 3); (B) Western blot analysis of the expression and statistics of CMTM3 in BMDMs (n = 3); (C and D) CMTM3 (green) 
was co-stained with macrophage markers CD68 (red) and DAPI (blue) for immunofluorescence in cardiac sections of the MI and sham operation groups, and the percentage 
of CMTM3+CD68+ cells among CD68+ cells was calculated (n = 3). Scale bars, 50μm; (E) RT-qPCR was used to detect the expression of CMTM3 in PBMCs with MI and the 
control group (n = 10). *p< 0.05, **p< 0.01, ***p< 0.001. 
Abbreviation: ns, no significance.
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Figure 5 CMTM3 deficiency aggravates the macrophage-related inflammation in MI mice. (A) Flow cytometry analyzed the content of CD11b+F4/80+ macrophages in the hearts of 
mice after MI (n = 3); (B) Taking CD11b+F4/80+ as the cross gating, pro-inflammatory macrophages (CD11b+F4/80+Ly6ChighCD86+) after MI in the two groups were analyzed, and the 
content of pro-inflammatory macrophages was calculated (n = 3); (C) Typical immunohistochemical staining images and statistics showed that the content of CD68+ macrophages in the 
hearts of mice on days 3 and 7 of MI. Scale bars,50um (n = 3); (D) RT-qPCR was used to detect the contents of IL-1β, IL-6 and TNF-α in the hearts of mice on days 3 and 7 of MI (n = 3); 
(E) Elisa kits detected the contents of IL-1β, IL-6 and TNF-α in the serum of mice in the two groups after MI (n = 3). *p< 0.05, **p< 0.01, ***p< 0.001, ****p<0.0001. 
Abbreviation: ns, no significance.
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Figure 6 CMTM3 deficiency aggravates the macrophage-related inflammation in BMDMs. (A) Flow cytometry analysis of CD11b+CD86+ macrophages in BMDMs (n = 3); 
(B) The expressions of IL-1β, IL-6 and TNF-α in BMDMs of each group were detected by RT-qPCR (n = 3); (C) The secretion of IL-1β, IL-6 and TNF-α in the supernatants of 
WT and CMTM3−/− group BMDMs were detected by Elisa kits (n = 3). *p< 0.05, **p< 0.01, ***p< 0.001, ****p<0.0001. 
Abbreviation: ns, no significance.
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CMTM3 Deficiency Promoted the Inflammatory Response Through NF-κB and PPARα 
Signaling Pathway
Previous studies have revealed, macrophage-related inflammation is regulated by NF-κB and PPARα.17,18 In addition, the 
bioinformatics results based on the GSE161427 dataset also indicated that CMTM3 was significantly correlated with NF-κB 
and PPARα (Supplemental Figure 3A and B). Therefore, in this study, the Western blot method was used to analyze the 
expressions of NF-κB and PPARα in the hearts and BMDMs of mice in the CMTM3−/− and the WT group. The results showed 
that in BMDMs and infarcted hearts, after CMTM3 knockout, the phosphorylation level of NF-κB increased, while the non- 
phosphorylation level showed no difference, the expression of PPARα decreased (Figure 7A–D), suggesting that CMTM3 
affect inflammation by regulating the NF-κB and PPARα. Subsequently, the interaction between CMTM3 and NF-κB and 
PPARα was further explored, and the co-immunoprecipitation results showed that there was a direct interaction between 
CMTM3 and PPARα, but no interaction with NF-κB (Figure 7E). The results of BMDMs immunofluorescence staining 
showed that CMTM3 deficiency enhanced the nuclear entry of NF-κB and inhibited the nuclear translocation of PPARα 
induced by LPS (Figure 8A). Subsequently, the NF-κB inhibitor pyrrolidinedithiocarbamate ammonium (PTDC) (100uM) 
was added to the CMTM3−/− group BMDMs to observe its effect on inflammation.19 The flow cytometry results showed that, 
the proportion of CD11b+CD86+ macrophages decreased significantly (Figure 8B). The RT-qPCR results showed that the 
expressions of IL-1β, IL-6 and TNF-α decreased, and the Elisa results indicated that the release of IL-1β, IL-6 and TNF-α 
reduced (Figure 8C and D). PPARα is an anti-inflammatory nuclear receptor that inhibits the pro-inflammatory factor NF- 
κB.20 Combined with the previous literature and the above results, CMTM3 directly interacted with PPARα, and its deletion 
inhibited the expression of PPARα, increased the activation of NF-κB, the specific mechanism is related to competitive nuclear 
translocation.

Figure 7 CMTM3 deficiency promotes the polarization and inflammation of BMDMs through the NF-κB and PPARα signaling pathway. (A) Western blot typical patterns and 
statistics showed P-NF-κB and NF-κB levels in BMDMs (n = 3); (B) Western blot analyses of PPARα levels in BMDMs (n = 3); (C) Western blot typical patterns and statistics 
showed P-NF-κB and NF-κB levels in the hearts of mice in each group (n = 3); (D) Western blot showed PPARα levels in the hearts of mice (n = 3); (E) CO-IP detected the 
interaction of CMTM3 with PPARα and NF-κB in BMDMs (n = 3). *p< 0.05, **p< 0.01, ***p< 0.001. 
Abbreviation: ns, no significance.
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Discussion
In this study, the expression of CMTM3 was upregulated in the serum of MI patients and the hearts of mice with MI, and 
the upregulated CMTM3 was mainly expressed in infiltrating macrophages. CMTM3 knockout aggravates the inflam
matory response in mice with MI, increases the infarct area, enhances fibrosis and aggravates cardiac dysfunction. In 
BMDMs, CMTM3 deficiency promotes the differentiation of macrophages into pro-inflammatory phenotypes by 
activating the NF-κB and inhibiting PPARα, increases the secretion of inflammatory factors, and aggravates the 
inflammatory response (Figure 9). These results indicate that CMTM3 can reduce the inflammatory response and 
improve cardiac remodeling in MI, thereby protecting the heart and improving cardiac function.

Figure 8 CMTM3 deficiency affects BMDMs through the NF-κB and PPARα signaling pathway. (A) Immunofluorescence staining of NF-κB and PPARα in BMDMs of each 
group (n = 3), Scale bars,50μm; (B) Flow cytometry was used to analyze CD11b+CD86+ macrophages in BMDMs of each group (n = 3); (C) RT-qPCR was used to detect the 
expressions of IL-1β, IL-6 and TNF-α in BMDMs of each group (n = 3); (D) Elisa kits were used to detect the expressions of IL-1β, IL-6 and TNF-α in the supernatants of 
BMDMs in each group (n = 3). *p< 0.05, **p< 0.01, ***p< 0.001, ****p<0.0001.
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The CMTM family is a class of cytokines with chemotactic effects, consisting of a total of 9 members including CKLF and 
CMTM1-8, playing an important role in myocardial ischemia. Previous studies have shown that CMTM5 has a certain 
protective effect in the occurrence and development of coronary heart disease. Overexpression of CMTM5 can inhibit the 
proliferation and migration of vascular endothelial cells through the PI3K/Akt signaling pathway, thereby exerting an anti- 
atherosclerotic effect.21–23 CKLF has also been proven to have a protective effect on the hearts of rats with MI, which is related 
to the fact that CKLF can accelerate the mobilization of CD34+ cells in peripheral blood for migration and differentiation and 
promote the proliferation of myocardial cells.24 This study found that the absence of CMTM3 would aggravate the cardiac 
injury in mice with MI, specifically manifested as increased infarction area, aggravated fibrosis, and deteriorated cardiac 
function, proving the protective effect of CMTM3 on the myocardium of mice with MI. This is consistent with the previously 
reported protective effects of CKLF and CMTM5 on myocardial ischemia.

CMTM3 is a membrane protein that can participate in immune responses and can be involved in the inflammatory 
immune responses of various diseases (such as sepsis, gastritis, and various tumor diseases).13,25 CMTM3 has been 
confirmed to have dual effects of promoting and inhibiting cancer in tumors. Similarly, CMTM3 also has dual regulatory 
effects on inflammation in different diseases.26 CMTM3 is the chaperone protein of B-cell connexin (BLNK), which can 
bind to B-cell receptors and activate BLNK-mediated signaling pathways.27 The effect of CMTM3 on neutrophils has 
also been studied in sepsis models. In sepsis, CMTM3 exerts a pro-inflammatory effect. CMTM3 knockout reduces 
neutrophil infiltration in the liver, lung and kidney tissues of septic mice. The mechanism is related to the reduction of 
neutrophil migration from the bone marrow to the bloodstream through the TLR4 pathway by CMTM3.15 Similarly, in 
the acute respiratory distress syndrome (ARDS) model, CMTM3 can regulate pulmonary vascular endothelial function 
by promoting pulmonary inflammatory responses.28 However, in various tumor diseases, CMTM3 has been proven to 
have anti-inflammatory effects, specifically manifested in inhibiting the phosphorylation modification of inflammation- 
related pathway proteins.16,29,30 In this study, the expression changes of CMTM3 were mainly reflected in the infiltrating 
mononuclear macrophages of infarcted hearts. The infiltration and phenotypic transformation of macrophages play an 
important role in MI. CMTM3 deficiency will promote the polarization of infarcted hearts and macrophages treated with 
LPS towards type M1, aggravating the related inflammatory response. It is suggested that CMTM3 has an inhibitory 
effect on macrophage-related inflammation in MI.

Figure 9 Schematic diagram of CMTM3 regulation of macrophages.
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GO analysis indicated that CMTM3 could be enriched in inflammatory immune-related signaling pathways. Previous 
studies have also reported that CMTM3 is involved in immune-related pathways, such as MAPK, Erk1/2, JAK2/STAT3, 
P53, PPARs and NF-κB.16,31–36 Studies have shown that CMTM3 in gastric epithelial cells can regulate the activation of 
NF-κB by regulating the ubiquitination of the factor NEMO in the NF-κB pathway.26 CMTM3 deletion in hepatocellular 
carcinoma can inhibit the PPARs pathway.29 NF-κB and PPARα not only participate in the pathological process of MI, 
but also are important transcription factors regulating LPS-induced inflammatory responses, they are antagonize each 
other. The activation of NF-κB and the inhibition of PPARα are associated with various chronic inflammatory diseases 
(such as atherosclerosis).20 The results of the database also indicate that NF-κB and PPARα have a significant correlation 
with CMTM3. Take together, both in vivo and in vitro experiments of this study demonstrated that CMTM3 deficiency 
inhibited the expression of PPARα, promoted the phosphorylation modification of NF-κB, enhanced the polarization of 
macrophages to the pro-inflammatory type, aggravated the inflammatory response.

Myocardial repair and functional reconstruction after MI is an important challenge in the cardiovascular field, and new 
hydrogel-based myocardial repair technologies have shown great potential in improving myocardial adverse remodeling in 
recent years. For example, Zhi et al reported that wet-adhesive hydrogels for intramyocardial injections and extracardiac 
patches are a powerful method for repairing damaged myocardium by inducing polarization and immunomodulation of 
macrophages.37 Double cross-linked conductive hydrogels effectively prevent infarct scar thinning and expansion by 
supporting collapsed myocardial structures and conductive connections between normal myocardium and fibrotic islands 
for electrical signaling.38 This study found that CMTM3 can prevent poor cardiac remodeling after MI and is related to 
inhibiting the inflammatory cascade, if CMTM3 is loaded in a hydrogel, it is expected to inhibit early inflammatory 
overactivation while exerting a strong myocardial repair effect, in order to future researchers to combine CMTM3 with 
cardiac tissue engineering strategies to make more in-depth research to provide new clinical translational benefits.

The limitation of this study is that the use of systemic knockout mice cannot rule out indirect effects caused by CMTM3 
deficiency in other tissues and cells. Although NF-kB and PPARα are different signaling pathways, the potential interaction 
between the two has not been explored in this study, and it is expected that future researchers will explore it further.

Conclusion
This study emphasizes that CMTM3 interacts with PPARα, and its deficiency will inhibit the expression of PPARα, 
promote the phosphorylation of NF-κB, increase the differentiation of macrophages into the pro-inflammatory phenotype, 
promote the secretion of inflammatory factors, and aggravate the related inflammatory response, thereby aggravating the 
damage to infarcted hearts. These findings demonstrate the new functions of CMTM3 in MI and macrophages, which is 
helpful in providing a new direction for the treatment of MI.
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