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IFI-16 inhibition attenuates myocardial
remodeling following myocardial infarction

Yi Deng,1,2,4,6 Xiuqing Pang,5,6 Li Chen,1,3,4,6 Weihang Peng,1,3 Xiaoyan Huang,1,3,4 Peiying Huang,1,3,4

Shuai Zhao,1,4 Zhishang Li,1,4 Xingui Cai,1,4 Qiuping Huang,1,4 Jing Zeng,1,4 Yuchao Feng,1,3,4,*

and Bojun Chen1,3,4,7,*
SUMMARY

Myocardial remodeling (MR) following myocardial infarction (MI) contributes to heart failure. Inflamma-
tion is a key determinant in cardiac remodeling, with potential prognostic improvements by inhibiting
inflammatory factors. Pattern recognition receptors, including interferon gamma-inducible protein-16
(IFI-16), play significant roles in this process, yet its specific involvement remains underexplored. This
study investigates IFI-16’s role in initiating inflammation via the inflammasome and its direct interaction
with galectin-3 protein post-MI. Elevated IFI-16 levels were observed in human and rat myocytes and a
mouse MI model under hypoxic, nutrient-deprived conditions, correlating with increased inflammation-
associated proteins. Suppression of IFI-16/IFI-204 using short hairpin RNA (shRNA) lentivirus or adeno-
associated virus decreased inflammatory factor activation, thereby mitigating remodeling and enhancing
cardiac function post-MI. Co-immunoprecipitation (coIP) and double-fluorescence staining confirmed
IFI-16’s ability to interact directly with galectin-3. These findings underscore IFI-16’s critical role as a
pro-inflammatory factor in post-MI MR, suggesting its inhibition as a potential therapeutic strategy.

INTRODUCTION

Myocardial infarction (MI) is one of the most severe manifestations of coronary heart disease, posing a significant threat to human health.

Following MI, the left ventricle (LV) undergoes a series of repair and wound healing responses, including inflammation and scar formation,

collectively termed as LV remodeling. Prolonged and excessive LV remodeling can lead to HF post-MI, with a 5-year mortality rate of

50%.1,2 Consequently, it is essential to improve our understanding of the cellular and molecular mechanisms that regulate post-MI LV

remodeling.

Post-MI cardiac inflammation is initiated in response to ischemic stress and is triggered by the release of alarmins or damage-associated

molecular patterns (DAMPs) from dying cardiomyocytes. DAMPs bind to specific pattern recognition receptors (PRRs) of the innate immune

system found on parenchymal cells and infiltrating leukocytes. This activates the complement pathway and initiates an inflammatory

cascade.3–5 Substantial evidence highlights the crucial role of inflammation in cardiac remodeling post-MI.6–8 In clinical practice, studies

on canakinumab9 and colchicine10 have highlighted the feasibility and efficacy of anti-inflammatory therapies for the treatment of chronic cor-

onary artery disease.

Interferon gamma inducible protein-16 (IFI-16) belongs to the PRR family and contains an N-terminal pyrin domain (PYD) and two C-ter-

minal hematopoietic interferon-inducible nuclear domains.11 IFI-16 has been implicated in inflammation, viral infections, innate immunity, and

aging, suggesting its involvement in inflammation-associated human diseases.12 Elevated IFI-16 levels have been observed in patients diag-

nosed with systemic lupus erythematosus and inflammatory bowel disease.13,14 IFI-16 functions as a sensor of replicating DNA from herpes

viruses in the nucleus. It forms an inflammasome complex consisting of IFI-16, apoptosis-associated speck-like protein containing a caspase

recruitment domain, and caspase-1.15 This assembly leads to the formation of the IFI-16-caspase-1 inflammasome complex. Furthermore,

released mitochondrial DNA activates endothelial cells and promotes mitophagy through the IFI-16-NF-kB signaling pathway.16 The murine

ortholog of IFI-16, IFI-204, acts as a cytoplasmic DNA sensor, triggering stimulator of interferon genes (STING)-dependent type 1 inter-

feron.17,18 However, it’s worth noting that there is a paucity of research concerning the function of IFI16 in cardiac physiology, and the specific
1The Second Clinical Medical School of Guangzhou University of Chinese Medicine, Guangzhou City, Guangdong Province 511400, China
2The Postdoctoral Research Station, Guangdong Provincial Hospital of Chinese Medicine, Guangzhou City, Guangdong Province 511400, China
3Guangdong Provincial Key Laboratory of Research on Emergency in Traditional Chinese Medicine, Clinical Research Team of Prevention and Treatment of Cardiac
Emergencies with Traditional Chinese Medicine, Guangzhou City, Guangdong Province 511400, China
4Emergency Department of Guangdong Provincial Hospital of Traditional Chinese Medicine, Guangzhou City, Guangdong Province 511400, China
5Department of Infectious Diseases, the Third Affiliated Hospital of Sun Yat-sen University, 600 Tianhe Road, Guangzhou 510630, China
6These authors contributed equally
7Lead contact
*Correspondence: speeters@126.com (Y.F.), gzcbj@gzucm.edu.cn (B.C.)
https://doi.org/10.1016/j.isci.2024.110568

iScience 27, 110568, August 16, 2024 ª 2024 The Author(s). Published by Elsevier Inc.
This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).

1

mailto:speeters@126.com
mailto:gzcbj@gzucm.edu.cn
https://doi.org/10.1016/j.isci.2024.110568
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2024.110568&domain=pdf
http://creativecommons.org/licenses/by-nc/4.0/


ll
OPEN ACCESS

2 iScience 27, 110568, August 16, 2024

iScience
Article



Figure 1. Elevation of IFI-16/IFI-204 inflammasome following myocardial infarction

(A and B) Western blot analysis depicting the expression levels of IFI-16, ASC, pro-caspase-1, cleaved-caspase-1, GSDMD, and cleaved-GSDMD in AC16

myocytes exposed to hypoxia and nutrient deprivation for 0–6 h (control, H2, H4, and H6) with sample collection at the specified time points.

(C) Timeline outlining the collection of heart samples at 3 hours (3 h), 3 days (3 d), and 2 weeks (2 w) after ligation to establish a myocardial infarction (MI) mouse

model. Sham heart samples were obtained at 2 weeks after surgery. Hematoxylin and eosin (H&E) staining, along with IFI204 immunostaining, was performed in a

mouse MI model at different time points.

(D and E) Western blot analysis shows the expression of IFI-204, ASC, pro-caspase-1, cleaved-caspase-1, GSDMD, and cleaved-GSDMD in mouse heart tissue

collected at different time points after coronary ligation and in sham-operated hearts. The western blot experiments were repeated three times, and the data are

presented as mean G SEM.
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role of IFI-16 in post-MI cardiac remodeling remains elusive. This study investigated the role of IFI-16 in MR and explored the underlying

mechanism of IFI-16 in post-MI procedures.

RESULTS

Elevation of IFI-16/IFI-204 inflammasome in cardiac remodeling post-MI

PRRs play a pivotal role in cardiac repair post-MI.19 However, the role of IFI-16 in heart remodeling post-MI remains largely unknown. In our

investigation, we systematically examined the expression levels of IFI-16, apoptosis-associated Speck-like protein (ASC), pro-caspase-1,

cleaved-caspase-1, gasdermin-D (GSDMD), and cleaved-GSDMD over a time course under hypoxic and nutrient-deprived conditions in

AC16 cells. The IFI-16 and tumor necrosis factor-a (TNF-a) levels exhibited a decline at 2 h (H2) of hypoxia and nutrient deprivation, followed

by anelevation at 4 h (H4) and 6h (H6) compared to the control group (Figures 1A and1B).Notably, ASC, pro-caspase-1,GSDMD, and cleaved-

GSDMD were activated between 2 and 6 h in the in vitromodel, peaking at H4. While cleaved-caspase-1 levels increased at H4, they subse-

quently increased at H6 compared to the control group. Consequently, we focused our investigation on the 4-h hypoxia period. H9c2 cells in a

hypoxic and nutrient deprivation model exhibited results consistent with those of AC16 cells (Figure S1). To verify the presence of IFI-16 and

confirm the successful establishment of theMRmousemodel, heartswere collected at predetermined timepoints. Subsequently, the samples

were sectioned, and hematoxylin and eosin (H&E) staining and IFI-204 immunostainingwereperformed. The results revealedpredominant IFI-

204 expression in the infarcted area. Intriguingly, with the prolongation of MI duration, the expression of IFI-204 was found to progressively

increase both in the infarcted area and in non-infarcted regions (Figures 1C, S2, and S3). Further assessment involved the examination of

IFI-16, ASC, pro-caspase-1, cleaved-caspase-1, GSDMD, and cleaved-GSDMD in mouse models of MI (n = 5). IFI-204 and inflammasome-

related proteins exhibited heightened expression three days post-infarction, with further increases observed at two weeks post-infarction

(Figures 1D and 1E). Consequently, the two-week post-infarction heart remodeling model was selected for subsequent analysis.

IFI-16 recognition of mitochondrial released DNA

Our earlier findings demonstrated the upregulation of the IFI-16 inflammasome in MI models. Previous reports have established IFI-16 as a

cytoplasmic DNA recognition receptor,12 suggesting that impaired mitochondrial membrane integrity following MI results in leakage of

mtDNA, which is subsequently recognized by IFI-16 in the cytoplasm, thereby promoting IFI-16 expression. To explore this hypothesis, we

examined total mtDNA levels in both the control group and the 4-h hypoxia and nutrient deprivation (H4) group in AC16 cells and observed

an increase inmtDNA release under hypoxic conditions, consistent with the expression pattern of IFI-16 (Figure 2A; Table S1). To further inves-

tigate the relationship between mtDNA leakage and IFI-16 expression, we used VBIT4,20 a suppressor of mtDNA leakage. The addition of

VBIT4 decreased IFI-16 expression under H4 condition (Figures 2B and 2C); Table S1). Subsequently, we performed immunofluorescence la-

beling of mitochondria using Mito-Tracker-Rhodamine, and IFI-16 was labeled using fluorescein isothiocyanate (FITC). Our observations re-

vealed a significant overlap between mitochondria and IFI-16, implying a close association between IFI-16 and mitochondrial activation (Fig-

ure 2D). These findings provide compelling evidence suggesting that the activation of IFI-16 is intricately linked to mitochondrial processes,

specifically the recognition of leaked mtDNA.

IFI-16/Ifi-204 knockdown suppresses inflammasome-associated protein activation post-MI

Building on our previous observations of elevated IFI-16 inflammasomes in MR post-MI, we hypothesized that the downregulation of IFI-16

could diminish inflammasome-associated proteins and alleviate MR progression. We achieved IFI-16 downregulation in vitro by lentivirus-

mediated transfection of AC16 myocytes with the IFI16-shRNA-pLVX-PURO plasmid. Our results revealed a reduction in the levels of IFI-

16, ASC, pro-caspase-1, cleaved-caspase-1, and cleaved-GSDMD during the 4-h period of hypoxia and nutrient deprivation (H4, see

Figures 3A and 3B). To further investigate the role of IFI-16 in vivo, we employed adeno-associated viruses (AAVs) to knockdown ifi-204.

As anticipated, the levels of ASC, cleaved-caspase-1, GSDMD, and cleaved-GSDMD were reduced in the AAV-IFI204 (pAAV-U6-shRNA

(ifi204)-CMV-EGFP-WPRE) group compared to the AAV-Ctrl (pAAV-U6-shRNA (NC2)-CMV-EGFP-WPRE) group (Figures 3C and 3D; Fig-

ure S7). These results are consistent with those observed in the in vitro study. Subsequent investigations using wheat germ agglutinin

(WGA) fluorescence staining and tissue-specific immunofluorescence staining revealed significant disparities. Specifically, the average fluo-

rescence intensity of Cy3-labeled IFI-204 was significantly lower in the AAV-IFI204 group compared to the AAV-Ctrl group (Figures 3E and 3F;

Figure S4). Overall, these findings suggest that the downregulation of IFI-16 leads to decreased expression of various inflammasome-asso-

ciated proteins, thereby indicating the potential role of IFI-16 in modulating the inflammatory response and attenuating MR post MI.
iScience 27, 110568, August 16, 2024 3



Figure 2. IFI-16 recognition of mitochondrial released DNA

(A) Quantification of released mitochondrial DNA copy number in AC16 myocytes exposed to hypoxia and nutrient deprivation for 4 h (H4) compared to the

normal control (Con) using qPCR with D loop1, a mitochondrial DNA-specific primer.

(B) Measurement of mitochondrial DNA leakage in hypoxia and nutrient deprivation for 4 h (H4) with or without VBIT4 treatment (5 mM).

(C and D) Western blot analysis illustrating the expression levels of IFI-16, cleaved-caspase-1, and pro-caspase-1 in AC16 myocytes in hypoxia and nutrient

deprivation for 4 h (H4) with or without VBIT4 treatment.

(E) Immunofluorescence staining displaying the localization of IFI-16 (labeled with FITC-tagged secondary antibody) andmitochondria (labeled withmito-tracker-

red) in hypoxia and nutrient deprivation for 4 h and normal control in AC16 cells. Western blot experiments were repeated three times, and data are presented as

mean G SEM.
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Knockdown of IFI-16/Ifi-204 reduces apoptosis in tissues and cells post-MI

Studies have shown that IFI-16 can activate apoptosis through p53.21 Apoptosis is recognized as a prominent mechanism of cell death in MI.

Consequently, we hypothesized that the knockdown of IFI-16 and Ifi-204 would lead to a reduction in apoptosis in both cells and myocardial

tissues. To investigate this, we assessed the expression of p53 and cleaved-caspase-9 in IFI-16 knockdown cardiomyocytes by western blot-

ting. The results revealed a significant decrease in p53 and cleaved-caspase-9 expression in the short hairpin RNA (shRNA) group compared

to the scrambled group (Figure 4B). Subsequently, TUNEL staining was performed on the cells, demonstrating a lower proportion of red-pos-

itive cells in the shRNAgroup compared to the scramble group (Figure 4A). These findings were consistent with the TUNEL assay and p53 and

cleaved-caspase-9 expressions examined in vivo. Following the knockdown of Ifi-204, the expression of p53 and cleaved-caspase-9 and the

positive ratio of TUNELdecreased (Figures 4C and 4D). Collectively, these results suggested that IFI-16 knockdown led to reducedmyocardial

apoptosis during the remodeling procedure post-MI.

Ifi-204 knockdown improves heart function and attenuates remodeling post myocardial infarction

To further elucidate the role of IFI-16 (mouse IFI-204) in cardiac function, cardiac ultrasound examinations were conducted two weeks post-

surgery. The results demonstrated a significant enhancement in the ejection fraction (EF) and fractional shortening (FS) in the AAV-IFI204

group compared to those in the AAV-Ctrl group (Figure 5A; Figures S5 andS10). Subsequently, mouse hearts were harvested, and Mas-

son’s trichrome and H&E staining were performed on cardiac tissue sections (Figures 5B and 5C). The findings revealed a substantial
4 iScience 27, 110568, August 16, 2024
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Figure 3. IFI-16/IFI-204 knockdown suppress inflammasome-associated proteins activation following myocardial infarction

(A and B) Myocytes were transfected with the lentivirus, ifi16-shRNA, to knock down IFI-16 expression, followed by exposure to hypoxia and nutrient deprivation

for 4 h (H4). Scramble-shRNA was used as control. Western blot analysis was performed to assess the levels of IFI-16, ASC, pro-caspase-1, cleaved-caspase-1,

GSDMD, and cleaved-GSDMD.

(C and D) Injection of adeno-associated virus (AAVs) to knock down ifi204 expression in mice was used, with AAV-Ctrl injection serving as the normal control. Two

weeks after surgery, hearts were harvested for further examination after ultrasound echocardiography. Western blot analysis of IFI-16, ASC, pro-caspase-1,

cleaved-caspase-1, GSDMD, and cleaved-GSDMD expression in heart tissue obtained from mice in the different treatment groups.

(E) The assessment of IFI-204 expression within tissues was conducted through immunofluorescence analysis. In this analysis, green fluorescence signified wheat

germ agglutinin (WGA), blue fluorescence represented DAPI staining, and red fluorescence indicated the presence of Cy3-labeled IFI-204. Scale bar: 50 mm.

(F) Quantitative assessment of the mean fluorescence intensity for each respective group in (E) was conducted. Western blot experiments were repeated three

times, and data are presented as mean G SEM.
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decrease in the fibrotic area in the AAV-IFI204 group compared to the AAV-Ctrl group (n = 5). Furthermore, H&E staining demonstrated a

significant improvement in the distribution of myocardial inflammatory cells in the AAV-IFI204 group compared to that in the AAV-Ctrl

group (Figures 5D and 5E). The expression levels of TNF-a and a-SMA in the AAV-Ctrl and AAV-IFI204 groups were assessed through
Figure 4. Knockdown of IFI-16/IFI-204 reduces apoptosis in tissues and cells after myocardial infarction

(A) TUNEL detection in myocytes. Lentiviral transfection was utilized to knock down IFI-16 in AC16 cells. Subsequently, TUNEL detection was performed after 4 h

of hypoxia and nutrient deprivation (H4). Images captured via laser confocal microscopy depict blue fluorescence for DAPI and red fluorescence for TUNEL-

positive cells. Scale bar: 100 mm. Statistical analysis was conducted using ImageJ.

(B) Western blot analysis was performed to evaluate the expression of p53 and cleaved caspase-9 in myocytes in both the scramble and shRNA groups.

(C) TUNEL staining was conducted on cardiac slices from the sham group, AAV-Ctrl group, and AAV-IFI204 group. Laser confocal microscopy captured images,

and statistical analysis was performed using ImageJ. Scale bar: 50 mm.

(D)Western blot detection and statistical analysis were employed to assess the expression of p53 and cleaved-caspase-9 in the sham group, AAV-Ctrl group, and

AAV-IFI204 group. The western blot experiments were replicated three times, and data are presented as mean G SEM.

6 iScience 27, 110568, August 16, 2024
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Figure 5. IFI-204 knockdown improves heart function and attenuates remodeling post myocardial infarction

(A) Two weeks post-surgery, mice were anesthetized with pentobarbital (50 mg/kg) for echocardiography. Parasternal short axis view and parasternal long axis

view images were obtained. Statistical analysis of echocardiography data was performed in the sham, AAV-Ctrl, and AAV-IFI204 groups (n = 5 in each group).

(B and C) Images of Masson staining in the sham, AAV-Ctrl, and AAV-IFI204 groups (n = 5) were captured. Statistical analysis of fibrosis proportion in Masson-

stained samples was conducted.

(D and E) Images of H&E staining in the sham, AAV-Ctrl, andAAV-IFI204 groups (n= 5) were obtained, and statistical analysis of the number of cells within the field

of view was conducted.

(F)Western blot analysis was performed to assess TNF-a and a-SMA expression in heart tissue obtained frommice in the Sham, AAV-Ctrl, andAAV-IFI204 groups.

Data are presented as mean G SEM.
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western blot analysis (Figure 5F), indicating a reduction in TNF-a and a-SMA levels in the AAV-IFI204 group compared to the AAV-Ctrl

group.

In conclusion, the downregulation of Ifi-204 not only improved cardiac function and reduced fibrosis but also attenuated the expression of

inflammatory markers, suggesting a potential therapeutic strategy to mitigating remodeling post-MI.
Galectin-3 and IFI-16 expression is correlated

To further investigate themechanistic role of IFI-16, we performed RNA sequencing after overexpressing IFI-16. Pearson’s correlation analysis

confirmed a robust correlation between the samples (Figure 6A). The results revealed 189 upregulated and 21 downregulated genes in the IFI-

16 overexpression group (Figure 6B; Table S2). To understand the functional implications of these differentially expressed genes, we per-

formed Gene Ontology (GO) enrichment analysis, which revealed a significant association with myocardial ischemia for most genes

(Figures 6C; Table S3). Notably, LGALS3 (galectin-3) emerged as a significantly upregulated gene in this context (Figure 6D).

Previous research indicates that galectin-3 promotes inflammation and fibrosis and can serve as an indicator of the severity of HF. Evalu-

ating the expression of galectin-3 in a post-MI MRmodel, revealed a pattern consistent with IFI-16 expression. Furthermore, we examined the

expression of galectin-3 in an MR mouse model with downregulated IFI-16 and found a high degree of consistency with IFI-16 expression

(Figures 6E and 6L). Using western blotting, we conducted a correlation analysis between the expression of IFI-16 and galectin-3, revealing

a possible correlation between the two proteins, with an R square = 0.5228, p < 0.0001 (Figure 6M). This suggests a potential association be-

tween galectin-3 and IFI-16 expression.
Direct combination of IFI-16 and galectin-3

To elucidate the potential interrelationship between IFI-16 and galectin-3, we conducted co-immunoprecipitation (coIP) experiments

using AC16 cells, which demonstrated that IFI-16 can precipitate galectin-3, as illustrated in Figures 7A and S9. Subsequently, we investigated

IFI-16’s capacity to pull down galectin-3 under normal culture conditions (Con) and during hypoxia and nutrient deprivation for 4 h (H4). Inter-

estingly, we observed that at H4, IFI-16’s ability to pull down galectin-3 differs between the normal group and the H4 group (Figure 7B). Fluo-

rescence labeling of IFI-16 and galectin-3 in AC16 cells and mouse heart slices revealed substantial co-localization of these two proteins

(Figures 7C and 7D; Figure S6), providing compelling evidence of a direct interaction between them. To further elucidate the relationship

between IFI-16 and galectin-3, we performed plasmid overexpression of IFI-16 (OV-IFI16) and small interfering RNA (siRNA) interference

targeting galectin-3 (siRNA-Gal). Con-siRNA andCon-OV served as the negative control group. Results revealed that siRNA effectively down-

regulates galectin-3 expression in the H4 background, while overexpression (OV) enhances IFI-16 expression under H4 conditions. In the

siRNA group, levels of caspase-1, cleaved-caspase-1, GSDMD, and cleaved-GSDMD were significantly lower compared to the con-siRNA

group. Conversely, in the OV-IFI16 group, these proteins exhibited higher expression levels compared to the con-OV group. The

OV-IFI16+siRNA-Gal group showed protein expression levels similar to the OV-IFI16 group, which were higher than those in the siRNA-

Gal group. However, notable differences were observed in the protein expression levels of ASC, cleaved-caspase-1, GSDMD, and

cleaved-GSDMD between the OV-IFI16 and OV-IFI16+siRNA-Gal groups.

Using molecular docking methods, we predicted the binding interaction between IFI-16 and galectin-3, revealing a calculated binding

free energy of�22.8348 kcal/mol (Figure 7E; Figure S8). These findings suggest that galectin-3 interacts directly with IFI-16, potentially acting

as a crucial mediator of IFI-16 and exerting pro-inflammatory and pro-fibrotic roles in the context of post-MI remodeling. In summary, the

upregulation of IFI-16 leads to altered gene expression, particularly of genes associated with inflammation, and the direct interaction be-

tween IFI-16 and galectin-3 contributes to the pro-inflammatory and pro-fibrotic processes observed during MR after infarction.
DISCUSSION

Recent research has provided compelling evidence implicating inflammation in cardiac remodeling following ischemic heart disease, partic-

ularly MI. Various PRRs, such as NOD-like receptor protein 3 (NLRP3),22 absent in melanoma 2 (AIM2),23 toll-like receptor 2 (TLR2),24 toll-like

receptor 9 (TLR9),25,26 and cyclic guanosine monophosphate-adenosine monophosphate synthase (cGAS)27 have been shown to play impor-

tant roles in MR post-infarction. However, the role of IFI-16, a type of PRR,16,28 in the heart, particularly in MR, has been poorly investigated. In

this study, we demonstrate that IFI-16 is upregulated during MR post-infarction, and knocking down IFI-16 results in a decrease in ASC-cas-

pase-1 signaling and cleaved-GSDMD, TNF-a, and a-SMA levels during MR. These findings indicate a key role of IFI-16 in regulating inflam-

mation during cardiac repair post-MI.
8 iScience 27, 110568, August 16, 2024



Figure 6. Consistent expression trends of IFI-16 and galectin-3

(A) Pearson correlation heatmap illustrates the repeatability of samples within and between groups in myocytes overexpressing (OV) IFI-16 with the IFI16-pcdh-

GFP+PURO plasmid compared to the control group using the pcdh-GFP+PURO plasmid (n = 3), all samples were subjected to 4-h hypoxia and nutrient

deprivation (H4).

(B) Volcano plots depict the differentially expressed genes between the OV-H4 and H4 groups. Red and green dots represent up-regulated (189 dots) and down-

regulated (21 dots) transcripts, respectively (p < 0.05, [log2fc] > 1).

(C) An analysis of disease association was performed on the different genes using disgenet.

(D) Heatmap displays myocardial ischemia-related genes between the OV-H4 and Vector-H4 groups.
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Figure 6. Continued

(E and I) Western blot analysis of galectin-3 expression in AC16 myocytes during the in vitro hypoxia and nutrient deprivation for 0–6 h.

(F and J) Western blot analysis of galectin-3 expression in IFI-16 knockdown AC16 cells in 4 h of hypoxia and nutrient deprivation in vitro model (H4).

(G and K) Western blot analysis of galectin-3 expression in the hearts of the post-infarction myocardial remodeling mouse model.

(H and L) Western blot analysis of galectin-3 expression in the hearts of IFI-16 knockdown mouse models.

(M) A correlation analysis was performed to assess the relationship between IFI-16 and galectin-3 expression. Data are presented as mean G SEM.
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Our findings reveal that IFI-16 predominantly localizes in the cytoplasm of AC16myocytes, in contrast to its distribution in vascular smooth

muscle cells.29 This difference suggests that IFI-16 may assume different roles depending on the cell-type. In humanmacrophages, IFI-16 de-

tects HIV proviral DNA and activates cGAS, a stimulator of interferon genes (STING), and type I interferon production.30 Although IFI-16 in-

creases cyclic guanosinemonophosphate-adenosine monophosphate (cGAMP) production by cGAS inmacrophages, it does not exhibit this

activity in keratinocytes. This observation emphasizes the cell-specific roles of IFI-16 in its interaction with the cGAS pathway.31 AIM2 and IFI-

16 belong to the PYD 200 family, and AIM2 is mainly expressed in the cytoplasm of myocardial cells.32 These were consistent with our results.

During conditions of hypoxia or ischemia, myocyte death leads to the release of DAMPs.33 mtDNA has been described as a DAMP34; it is

the primary source of DNA in the cytoplasm. In response to cellular injury, it leaks out through the mitochondrial permeability transition pore

(mPTP)35 or through mitochondrial outer membrane permeabilization (MOMP) mechanisms, such as BAX/BAK oligomers36 and voltage-

dependent anion-selective channels (VDACs).20 IFI-16 is a viral DNA sensor involved in innate immune signaling. Our findings show that

IFI-16 is located in the cytoplasm of myocytes, where mtDNA is primarily present. Hypoxia induces the release of mtDNA. Furthermore,

we confirmed the co-localization of IFI-16 andmitochondria under hypoxic conditions. These results suggest that IFI-16 is activated bymtDNA

leakage post-MI.

Previous studies have shown that NLRP3 induces inflammation in MR models activated by leaked mtDNA.37 Another study demon-

strated that damaged mtDNA released from pressure-overloaded cardiomyocytes activates TLR9 and induces sterile inflammation, leading

to left ventricular failure.25 Inflammasome activation, characterized by the activation of AIM2 and NLRC4 inflammasomes, has also been

observed in chronic HF; AIM2 inhibition has been proposed as a therapeutic strategy for the treatment of chronic HF.23 These findings

are consistent with our results and support the notion that injured mitochondria release DAMPs, triggering inflammation during cardiac

remodeling.

In CD4+ T cells, IFI-16 forms an inflammasome complex with ASC, leading to the activation of caspase-1 and subsequent

pyroptotic cell death, which effectively aborts the infection within these cells.38 IFI-16 proteins are also involved in the activation of

the cGAS/STING pathway, which induces the expression of type I interferon (IFN-b) in response to cytosolic DNA.39 Previous

investigations have demonstrated the activation of the cGAS/STING pathway during pressure overload, and inhibition of this pathway

prevents pathological cardiac remodeling and left ventricular dysfunction under pressure overload conditions.40 Our results

indicate that IFI-16 knockdown in mouse models of post-infarction MR improves heart function by reducing myocardial fibrosis and

inflammation. Specifically, the downregulation of IFI-16 is associated with decreased levels of ASC, cleaved caspase-1, GSDMD-N,

and IL-1b, which are components of the inflammasome, as well as downstream inflammatory factors. These findings are consistent

with previous investigations involving the knockdown or knockout of NLRP3 and TLR9 in MR procedures.25,37 IFI-16 has been

reported to activate apoptosis through p5321; our results indicate that IFI-16 regulates apoptosis through the p53/cleaved caspase-9

pathway.

To gain further insights into the association between IFI-16 and MR, we performed mRNA sequencing using an in vitro MR model.

Our data revealed that many differentially expressed genes are associated with inflammation. Notably, LGALS3 (galectin-3) emerged as

one of the 50 most significant genes between the overexpression and control groups. Galectin-3, a 35 kDa protein encoded by the

LGALS3 gene located on chromosome 14,41 is a beta-galactoside-binding lectin that plays a pivotal role in fibrosis formation in multiple

organs. It is involved in cardiac fibrosis in the context of pressure overload, hypertension, and post-MI remodeling.42 Furthermore, it has

emerged as a biomarker of fibrosis in heart diseases,43 with elevated baseline levels in healthy individuals associated with increased

mortality.44,45 Mechanistically, in vitro studies have demonstrated that galectin-3 can induce the differentiation of quiescent fibroblasts

into myofibroblasts, which produce and secrete matrix proteins, including collagens, fibronectin, and TGF-b.46 Furthermore, in vivo

studies have demonstrated the important role of galectin-3 in cardiac fibrosis and remodeling. Studies using hypertensive rats have

revealed that galectin-3 co-localizes with macrophages and fibroblasts in fibrotic areas,46 while experiments involving hypertensive

rats and mice subjected to pressure overload have demonstrated that the absence of galectin-3 prevents cardiac fibrosis and is asso-

ciated with reduced a-SMA staining (indicative of myofibroblast proliferation), decreased proliferating cells, and reduced fibrosis.47

Moreover, IFI-16 contributes to the onset of cellular senescence, which is associated with beta-galactosidase.48 Consistent with these

findings, our results demonstrate elevated galectin-3 levels in the in vitro and in vivo MR models, which decreased upon IFI-16 knock-

down. In pursuit of a comprehensive understanding of the intricate interplay between IFI-16 and galectin-3, our coIP investigations pro-

vided compelling evidence of the intrinsic capability of IFI-16 to effectively co-precipitate galectin-3. Moreover, fluorescence labeling

studies elucidated the distinct co-localization of these two proteins, substantiating their direct interaction. Nevertheless, further

research is warranted to elucidate the specific mechanistic underpinnings and their impact on protein function. These findings propose

that galectin-3 is a pivotal mediator of IFI-16, contributing to the observed pro-inflammatory and pro-fibrotic effects on MR following

infarction.
10 iScience 27, 110568, August 16, 2024



Figure 7. IFI-16 combines to galectin-3 directly

(A and B) Western blot analysis of co-immunoprecipitated products.

(A) The eluted products obtained from co-immunoprecipitation (coIP) were subjected to western blot detection for GAPDH and galectin-3.

(B) The eluted products were subjected to western blot detection for IFI-16 and galectin-3.

(C) Fluorescence double staining analysis in AC16 cells. Galectin-3 was labeled using a Cy3 secondary antibody, while IFI16 was labeled with an FITC secondary

antibody. DAPI staining was additionally employed. The images were captured using laser confocal microscopy.

(D) Fluorescence double staining analysis in heart slices. Galectin-3 was labeled using an FITC secondary antibody, while IFI16 was labeled with a Cy3 secondary

antibody. DAPI staining was additionally employed. The images were magnified by a factor of 633.

(E) Overexpressing (OV) IFI-16 with the IFI16-pcdh-GFP+PURO plasmid and siRNA-mediated interference with galectin-3 expression. Con-siRNA and Con-OV

served as the negative control group. Western blot analysis was performed to assess the levels of IFI-16, galectin3, ASC, pro-caspase-1, cleaved-caspase-1,

GSDMD, and cleaved-GSDMD. * represents p < 0.05, ** represents p < 0.01, *** represents p < 0.001, **** represents p < 0.0001. Data are presented as

mean G SEM.

(F) Molecular docking pattern. A diagram illustrating themolecular docking pattern was created. Protein structures 2nmn (galectin-3) and 4qgu (IFI-16-DNA) were

obtained from the Protein DataBank (PDB). Molecular docking experiments were conducted using Schrödinger’s protein-protein docking module. In the visual

representation, the 4qgu protein is depicted with green ribbons, the nucleic acid structure with red ribbons, and the 2nmn protein structure with blue ribbons.
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In conclusion, our study highlights the role of IFI-16 in promoting inflammation during the cardiac remodeling post-MI. IFI-16 knockdown

alleviatesMR and improves heart function in a post-infarction setting by exerting anti-inflammatory effects. Galectin-3 has emerged as a direct

signaling molecule of IFI-16 and may act as a key mediator of IFI-16-induced proinflammatory and profibrotic processes. However, the exact

mechanism underlying the regulation of galectin-3 by IFI-16 requires further investigation.

Limitations of the study

In our study, we utilized adeno-associated virus to knock down IFI-204 in vivo and conducted subsequent experimental validations. Using

transgenic mice with cardiac-specific IFI-204 knockout might provide a better understanding of the mechanistic role of IFI-204. Additionally,

our research demonstrated an interaction between IFI16 and galectin-3 proteins. However, the detailed regulatorymechanisms and functions

of these two proteins remain unclear and warrant further in vivo and in vitro investigations.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

IFI-16 Affinity Cat#DF6750; RRID: AB_2838712

IFI-16 Cell Signaling Technology Cat#14970; RRID: AB_2798669

IFI-204 ABCAM Cat#ab307201; RRID: AB_3166180

ASC Santa Cruz Cat#sc-514414; RRID: AB_2737351

Caspase-1/Cleaved-caspase-1 Affinity Cat#AF4022; RRID: AB_2845464

Caspase-1 ABCAM Cat#ab207802; RRID: AB_2889889

GSDMD/cleaved-GSDMD Affinity Cat#AF4012; RRID: AB_2846776

a-SMA Proteintech Cat#67735-1; RRID: AB_2918504

TNF-a Proteintech Cat#60291-1; RRID: AB_2833255

Galectin-3 Proteintech Cat#60207-1; RRID: AB_10951109

GAPDH BOSTER Cat#BM3896; RRID: AB_3166181

P53 Proteintech Cat#60283-2; RRID: AB_2881401

Cleaved-caspase-9 Cell Signaling Technology Cat# 9507; RRID: AB_2228625

b-actin Proteintech Cat#66009-1; RRID: AB_2687938

TNNT2 Proteintech Cat# 15513-1-AP; RRID: AB_2206563

Critical commercial assay

Mito-Tracker Red CMXRos Beyotime Cat#C1053

DAPI Beyotime Cat#C1005

CO-IP test Kit Thermo Fisher Cat#26149

SYBR Green Pro Taq HS Accurate biology Cat#AG11701

Silver staining test kit Beyotime Cat#P0017

Proteinase K Accurate biology Cat#AG12306

VBIT-4 MREDA Cat#M204494

Digitonin MREDA Cat#M98985

Oligonucleotides

See Table S4 for a list of oligonucleotides

Software and algorithms

ImageJ ImageJ https://imagej.nih.gov/ij/

Adobe Illustrator Adobe https://www.adobe.com/es/

Adobe Photoshop Adobe https://www.adobe.com/es/

Prism GraphPad https://www.graphpad.com/
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Bojun Chen

(gzcbj@gzucm.edu.cn).
Materials availability

This study did not generate new unique reagents.
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Data and code availability

� Data: All data reported will be shared by the lead contact upon request.
� Code: This paper does not report original code.
� Additional information required to analyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Ethical approval

The experimental procedures adhered to the guidelines outlined in theNational Institutes of Health Guide for the Care andUse of Laboratory

Animals. Ethical approval for this study was obtained from the Research Institute of Animal Protection and Use Committee of the Guangdong

Provincial Hospital of Chinese Medicine (SCXK [Yue] 2021045).
Myocardial infarction mouse models

A recent study considered sex differences in inflammatory responses49 by exclusively using male mice and excluding female mice to mitigate

potential sex-related effects on outcomes.50 Male C57BL/6 mice, aged 6–8 weeks, were obtained from the Animal Research Laboratory of

Guangdong Province, Guangzhou, China. All animals were randomly allocated to different experimental groups. A previously established

method involving ligation of the left coronary artery was employed to induce MI.51 The mice were anesthetized with 1–2% isoflurane. Oral

intubation and mechanical ventilation were maintained throughout the procedure. A left thoracotomy was performed, followed by opening

of the pericardium. Subsequently, the ligature was securely placed around the left anterior descending coronary artery. For the sham

operations, the ligature was not tightened. Following the surgical intervention, the mice were returned to their respective cages.

To achieve knockdown of Ifi-204 expression in mice, adeno-associated virus (AAV) vectors were utilized. Specifically, the AAV vectors

named pAAV-U6-shRNA (NC2)-CMV-EGFP-WPRE (referred to as AAV-Ctrl) or pAAV-U6-shRNA (ifi204)-CMV-EGFP-WPRE (referred to as

AAV-IFI204) were injected into the LV52 at a viral copy number of 2 3 1011 using a 100-mL microinjector equipped with a 34G 1.2 mm four-

needle head (COMPUVON, Hengshui, China). Hearts were harvested from the mice after cervical dissection and euthanasia. Horizontal

cuts were made near the ligatures, and immunohistochemistry experiments were performed after fixation of the apex. 1-2 mm whole-circle

heart tissue samples near the ligature line were obtained for protein extraction, intended for western blot analysis.
METHOD DETAILS

Echocardiography

Echocardiography was conducted on the anesthetized mice utilizing the Vevo 2100 system (VisualSonics, Toronto, Canada), equipped with a

transducer operating at 40 MHz. Anesthesia was administered using pentobarbital (50 mg/kg). The imaging procedure involved acquiring

two-dimensional parasternal short-axis views of the heart using an M-mode echocardiogram recorded at the level of the papillary muscles.

The acquired images were subsequently analyzed using Vevo 2100 software (version 1.1.1, VisualSonics, Toronto, Canada). Part of the original

images are in Figure S10.
Histology and immunohistochemical staining

Immunohistochemical staining was employed to examine the percentage of fibrosis and inflammation in the heart sections of mice using he-

matoxylin-eosin andMasson staining. The stained sections were observed and analyzed under amicroscope (Olympus, Tokyo, Japan) to visu-

alize and examine the staining patterns. After three thorough washes with phosphate-buffered saline (PBS), tissue sections were stained with

WGA, following the manufacturer’s guidelines. Subsequently, the sections were incubated with anti-IFI-16 (Affinity Biosciences, 1:400) and

anti-cleaved caspase-1 (Affinity Biosciences, 1:400) primary antibodies overnight at 4�C. Following primary antibody incubation, the sections

were allowed to equilibrate at 37�C for 30 min. Subsequently, fluorescence-labeled sections underwent an additional incubation step with an

appropriate secondary antibody, namely, a 1:200 dilution of goat anti-rabbit Cy3-tagged antibody, for 45 min at 37�C. The sections were

washed and mounted using 40,6-diamidino-2-phenylindole (DAPI) and stored in a light-protected environment at 4�C until imaging.

Fluorescence was observed under a fluorescence microscope (Olympus, Tokyo, Japan) or laser scanning confocal microscope (ZEISS LSM

710). Images of the designated tissue sections were analyzed using ImageJ 1.53 to quantify immunofluorescence.
Cell cultures and knockdown or overexpression of IFI-16 in AC16 myocytes

TheAC16 human cardiac cell line was cultured inDulbecco’sModifiedEagle’sMediumandHam’s F12NutrientMixture (DMEM/F12; Thermo,

Massachusetts, US), supplemented with 10% fetal bovine serum (FBS; Gibco, USA), and antibiotics (100 U/mL penicillin and 100 mg/mL strep-

tomycin; Thermo, Massachusetts, US). To achieve knockdown or overexpression of IFI16 in AC16 myocytes, lentiviruses were prepared using

the following plasmids: IFI16-shRNA-pLVX-PURO for knockdown and IFI16-pCDH-GFP+PURO for overexpression. The detailed information

of oligonucleotides was provided in Table S4. These plasmids were co-transfected with helper plasmids psPAX2 and pMD 2. G into 293T cells

and incubated for 48 h. Subsequently, the virus-containing supernatant was collected and used to infect AC16myocytes. Following infection,

cells were subjected to puromycin selection to establish stable cell lines for further experimentation and analysis.
16 iScience 27, 110568, August 16, 2024
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Cell hypoxia and nutrient deprivation

The AC16 myocytes were maintained in a controlled incubation environment at a temperature of 37�C with 5% CO2 and humidity. The

following steps were performed to induce hypoxia. The cells were rinsed thrice with D-Hank’s solution. Subsequently, 4 mL of D-hank solution

was added to each flask containing the cells and placed in a Tri-gas incubator that had been equilibratedwith a gasmixture of 1%O2, 5%CO2,

and 94% N2. The cells were incubated in this humidified environment at 37�C within the tri-gas incubator for a 2–6 h. This reduced oxygen

environment mimicked hypoxia, allowing the investigation of cellular responses under hypoxic conditions in AC16 myocytes.

Western blot

Samples were collected from post-MI mouse hearts and AC16 cells subjected to hypoxia and nutrient deprivation. Using a BCA assay, the

protein concentration in each sample was determined. A total of 20 mg protein from each sample was mixed with a loading buffer (Beyotime,

China) and subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) for separation. The separated proteins were

transferred onto PVDFmembranes (Millipore, Billerica, MA, USA). After blocking with skimmilk, the membranes were washed and incubated

overnight at 4�C with the following primary antibodies: rabbit anti-IFI-16 (Affinity Biosciences, 1:1000), anti-caspase-1 (Abcam, 1:1000), anti-

cleaved-caspase-1 (Affinity Biosciences, 1:1000), anti-Gasdermin D (GSDMD, Affinity Biosciences, 1:1000), anti-cleaved- GSDMD (Abcam,

1:1000), anti-a-smoothmuscle actin (a-SMA, Bioss, 1:1000), anti-GAPDH (Boster, 1:4000), mouse anti-apoptosis-associated speck-like protein

containing CARD (ASC, Santa Cruz, 1:100), anti-tumor necrosis factor-a (TNF-a, Proteintech, 1:1000), anti-Galectin3 (Proteintech, 1:1000),

Cleaved-caspase9 (CST, 1:1000) and anti-p53 (Proteintech, 1:1000). After three washes, themembranes were incubated with a secondary anti-

body (Boster, China, 1:5000) and chemiluminescence was assessed using a detection system (Millipore). The optical density of the protein

bands were measured using ImageJ 1.53 software. Relative protein expression levels were calculated by normalizing to GAPDH. Each exper-

iment was repeated thrice to ensure reproducibility.

Cellular immunofluorescence

Following hypoxia, myocytes were fixed with 4% paraformaldehyde for 20 min at room temperature. Subsequently, the cells were washed

thrice with PBS and permeabilized with 0.25% Triton X-100 for 5 min. The cells were washed again with PBS. To block nonspecific binding,

the cells were incubated with 3% FBS (BSA) at room temperature for 1 h. Following this, the cells were incubated overnight at 4�Cwith primary

antibodies. After incubation, the cells were washed thrice with PBS. Subsequently, the cells were incubated with fluorescein isothiocyanate-

tagged (FITC) secondary antibodies (Boster, China, 1:200) for 2 h at room temperature. Finally, the myocytes were visualized using a laser

scanning confocal microscope (ZEISS LSM 710). Immunofluorescence was quantified using ImageJ 1.53.

Quantification of mitochondrial DNA (mtDNA) release

To quantify the release of mtDNA, the following method was used as previously reported.20 A total of 23106 myocytes were resuspended in

170 mL of digitonin buffer, composed of 150 mM NaCl, 50 mM HEPES (pH 7.4), and 25 mg/mL digitonin (MREDA, Beijing, China). The cell

homogenates were then incubated on a rotator for 10 min at room temperature, followed by centrifugation at 16,0003g for 25 min at

4�C. The supernatant (cmtDNA) was diluted 1:20, and a 1:20 dilution of this supernatant was utilized for quantitative PCR (qPCR) analysis.

Furthermore, the pellet obtained from the centrifugation step was resuspended in 340 mL of lysis buffer containing proteinase

K (AG12306, Accurate Biology, Hunan, China). The sample was then heated at 95�C for 5 min to inactivate the proteinase K, and the resulting

sample was used for qPCR analysis with mtDNA-specific primers, detailed information is provided in Table S4.

qPCR

SYBR Green Master Mix (Rox Plus) (AG11718; Accurate Biology, Hunan, China) was used for PCR amplification. The cmtDNA present in the

supernatant was normalized to the total mtDNA obtained from the pellet for each sample. Real-time PCR results were calculated using the

2^(-DDCt) method. In this study, the primer pairs used were synthesized by Shanghai General Biotech Co., Ltd. The specific primer informa-

tion is provided in STAR Methods.

Co-immunoprecipitation

Co-IP experiments were conducted using AC16 myocytes as a cellular model. The Co-IP procedure followed the manufacturer’s guidelines

and was performed using the Pierce Immunoprecipitation Kit (26149, Thermo Fisher Scientific). Subsequently, the eluted samples were sub-

jected to SDS-PAGE and visualized using silver staining (P0017s, Beyotime, China). Following this initial analysis, protein samples that satisfied

the predefined quality standards were retained for further experimentation.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are presented as the meanG SEM (standard error of the mean). Statistical comparisons between the two groups were conducted using

the unpaired Student’s t test. Experiments with more than two groups were evaluated using a one-way analysis of variance followed by

Fisher’s LSD test. Statistical significance was set at 0.05 (p < 0.05). Statistical analyses were performed using GraphPad Prism 10.0 software

(GraphPad Software Inc.).
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