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The activation of LBH-CRYAB signaling promotes
cardiac protection against I/R injury by inhibiting
apoptosis and ferroptosis

Anbiao Wu,1,2,4 Chongbin Zhong,1,4 Xudong Song,1 Wen Yuan,3 Mintian Tang,3 Tao Shu,1 Houda Huang,1

Pingzhen Yang,1,* and Qicai Liu1,5,*
SUMMARY

Myocardial ischemia-reperfusion (I/R) injury stands out among cardiovascular diseases, and current treat-
ments are considered unsatisfactory. For cardiomyocytes (CMs) in ischemic tissues, the upregulation of
Limb-bud and Heart (LBH) and aB-crystallin (CRYAB) and their subsequent downregulation in the context
of cardiac fibrosis have been verified in our previous research. Here, we focused on the effects and mech-
anisms of activated LBH-CRYAB signaling on damaged CMs during I/R injury, and confirmed the occur-
rence of mitochondrial apoptosis and ferroptosis during I/R injury. The application of inhibitors, ectopic
expression vectors, and knockout mouse models uniformly verified the role of LBH in alleviating both
apoptosis and ferroptosis of CMs. p53 was identified as a mutual downstream effector for both LBH-
CRYAB-modulated apoptosis and ferroptosis inhibition. In mouse models, LBH overexpression was
confirmed to exert enhanced cardiac protection against I/R-induced apoptosis and ferroptosis, suggest-
ing that LBH could serve as a promising target for the development of I/R therapy.

INTRODUCTION

Despite various diagnostic and therapeutic improvements in recent years, cardiovascular diseases remain to be the leading cause of current

death globally, amongwhich ischemic heart disease accounts for approximately half of the dead cases.1 Specifically, ischemia is caused by the

occlusion of the coronary artery; when the occlusion is cleared and the blood supply into the ischemic myocardium is restored, additional

damage is inflicted on the ischemic myocardium by this reperfusion.2 The entire process is defined as myocardial I/R injury, which has

been characterized by numerous experimental and clinical evidences.2–4 The corresponding treatments for myocardial I/R injury, however,

have been limited and unsatisfactory due to the relatively fast disease progression and complicated pathogenic factors, including metabolic

alterations, reactive oxygen species (ROS) overproduction, inflammation, autophagy dysregulation and mitochondrial dysfunction.5,6 Be-

sides, ever since been raised,7 the timely reperfusion has been the first-line treatment for acute myocardial infarction (MI) to limit infarct

and reduce mortality.8,9 Thus, the molecular mechanisms of reperfusion injury need to be further deciphered to determine potential thera-

peutic strategies.

The Limb-bud andHeart (LBH) gene is a highly conserved transcriptional cofactor specifically expressed in the embryonic limb and heart.10

In embryonic development, aberrant LBH expression during normal cardiogenesis leads to congenital heart disease11; we first examined

expressional changes of LBH in cardiomyocytes (CMs) and cardiac fibroblasts (CFs) located in the peri-infarct areas after MI, as well as its

role in regulating the profibrotic differentiation of CFs through the p38-aB-crystallin (CRYAB) axis.12,13 During post-MI fibrosis, the initial acti-

vation of LBH-CRYAB signaling under hypoxia and the subsequent attenuation in prolonged process of collateral recruitment were observed

in CMs.13 This trend hinted the potential participation of LBH in regulating myocardial I/R injury, during which the injured CMs also experi-

enced hypoxia-reoxygenation (H/R).

Various types of CM death during myocardial I/R injuries have been extensively studied, including necroptosis, mitochondrial apoptosis,

mitochondrial necrosis, autophagy, ferroptosis, pyroptosis, parthanatos, and so forth.14 Characterized by nuclear condensation, cell

shrinkage and DNA fragmentation,15,16 mitochondrial apoptosis was the first identifiedmode of programmed CM death in the pathogenesis

of I/R injury.14 Moreover, since it was defined a decade ago,17 ferroptosis has been frequently reported to be involved in I/R injuries inmultiple

organs as a novel type of iron-dependent regulated cell death18 and has been considered a promising therapeutic target for many
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cardiovascular diseases, including myocardial I/R injury.19 The regulatory mechanisms of ferroptosis can be generally divided into three cat-

egories: the SLC7A11-GSH-GPX4 pathway, the p62-Keap1-NRF2 pathway and the regulation of iron metabolism,20 all of which result in

augmented phospholipid peroxidation and the final ferroptosis. Heat shock proteins (HSPs) have been widely reported to participate in fer-

roptosis in vivo and in vitro,21 among which CRYAB/HSP20 have been demonstrated to modulate both mitochondrial apoptosis22,23 and

ferroptosis.24,25

In our preliminary experiment with mice subjected to I/R surgery, synchronous expressional changes of LBH, phosphorylated-CYRAB, and

NRF2 were discovered, as well as gradually increasing p53 levels and apoptotic and ferroptotic indicators in injured heart tissues. Based on

these results and the reported findings described above, we aimed to explore the exact effects of LBH-CRYAB signaling on the regulation of

multiple mechanisms of CM death during myocardial I/R injury and the potential downstream effectors corresponding to these CM death

mechanisms.
RESULTS

Limb-bud and heart and p-aB-crystallin underwent synchronous upregulation and reduction during ischemia-reperfusion

injury in a mouse model

Our previous studies have revealed the initial activation and subsequent attenuation of LBH-CRYAB cascades in both CMs and CFs during

post-MI fibrosis.12,13 Here, we intended to check the dynamic expression of LBH and p-CRYAB (Ser59) during I/R-induced myocardial injury.

Based on the results, at both the mRNA and protein levels, LBH expression in mouse heart was upregulated by ischemia, peaked at the

early stage of reperfusion, and then was downregulated during prolonged reperfusion (Figures 1A–1C and S1), which was also the case of

I/R-injured rat hearts (Figure S2). The spread of TUNEL positive signals into risk areas and increased iron/MDA concentrations detected in

ischemic areas might imply the exacerbation of apoptosis and ferroptosis26,27 during prolonged reperfusion (Figures 1A and 1D). Therefore,

the expression of NRF2 and p53 was also measured; the enhanced p53 expression and declined NRF2 expression at the end of reperfusion

were consistent with these findings (Figures 1B, 1C, and S3). Noticeably, the levels of p-CRYAB andNRF2 also exhibited synchronous changes

compared to LBH expression (Figures 1A–1C and S1). All these data prompted the potential relationship between activated LBH-CRYAB

signaling and possible apoptosis and ferroptosis during I/R-induced myocardial injury.
Limb-bud and heart and p-aB-crystallin are upregulated and subsequently diminished during hypoxia-reoxygenation-

induced myocardial apoptosis

The myocardium consists of different cell types; thus, in vitro experiments were conducted on both primary CMs and CM lines to confirm

the expressional changes measured in heart tissues. At both the mRNA and protein levels, the expression of LBH and NRF2 underwent on

the initial upregulation and subsequent downregulation in primary CMs and H9c2 cells under H/R treatment (Figures 2A–2C), during which

upregulated LBH was observed to translocate into the nucleus in H9c2 cells (Figure 2D). The phosphorylation of p38 and CRYAB, together

with HIF-1a expression, manifested similar variation trends during H/R, while the protein levels of total p38 and CRYAB remained stable in

primary CMs and H9c2 cells (Figures 2B and 2C). In addition, the WB results indicated gradually ascending protein levels of cleaved Cas-

pase3 and Bax/Bcl-2 ratios in both primary CMs and H9c2 cells (Figures 2B and 2C), which indicated an increase in mitochondrial

apoptosis.15,28
Ectopic limb-bud and heart expression protects cardiomyocytes from apoptosis induced by hypoxia-reoxygenation

To further verify the role of LBH-CRYAB cascades in modulating CM apoptosis under H/R conditions, CMs with ectopic LBH expression were

applied to assays testing cellular viability and apoptosis. LBH-overexpressed H9c2 cells exhibited higher viabilities after H/R treatment, and

LBH-knockdown decreased the viabilities of both primary CMs and H9c2 cells after H/R treatment (Figures 3A, 3B, and S4). Correspondingly,

LBH overexpression causedmitigated apoptosis ratios compared to the negative control, while LBH silencing promoted apoptosis in primary

CMs, HL1 cells, and H9c2 cells during the entire H/R process, according to TUNEL staining and Annexin V/7-AAD flow cytometry (Figures 3C,

3D, and S5A–S5C). Therefore, we concluded that LBH-CRYAB signaling protects CMs from H/R-induced apoptosis.
p38-aB-crystallin signaling is activated by limb-bud and heart and participates in limb-bud and heart-induced myocardial

protection against apoptosis

We reported that LBH regulates CRYAB phosphorylation at Ser59 via modulating p38 phosphorylation in nasopharyngeal carcinoma29; the

phosphorylated p38-mediated Ser59 CRYAB phosphorylation was initially discovered in neuroscience studies.30,31 The immunoblotting

results showed the bidirectional correlation between LBH-mediated p38-CRYAB signaling and mitochondrial apoptotic biomarkers

(p53, cleaved caspase3 and Bax/Bcl-2 ratios) in both LBH-overexpressed and LBH-silenced CMs and HL1 cells during H/R treatment

(Figures 4A–4C, S6, and S5D). Thus, the p38 phosphorylation inhibitor ralimetinib was introduced to explore the potential relationship be-

tween LBH-activated p38 phosphorylation and CM apoptosis. From the WB results, enhanced H/R-induced cleaved Caspase3 levels and

Bax/Bcl-2 ratios in p38 phosphorylation-inhibited CMs validated our assumption (Figure 4D), indicating that LBH-mediated myocardial pro-

tection against H/R-induced apoptosis was partially implemented through p38-CRYAB signaling, which is effectuated by phosphorylation

activation.
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Figure 1. LBH and p-CRYAB underwent upregulation and subsequent attenuation during ischemia-reperfusion injury in a mouse model

(A) Cross-sections of hearts from the sham and I/R groups at the indicated time points after surgery were stained with TUNEL, anti-LBH, anti-p-p38 or anti-

p-CRYAB (infarct areas and CMs in ischemic risk areas are indicated by white arrows). The mRNA levels of LBH, p53, and NRF2 (B) and protein expression of

HIF-1a, LBH, p-CRYAB, CRYAB, p53 and NRF2 (C) in ischemic heart tissue at the indicated time points after surgery (Brown-Forsythe ANOVA test, * =

p < 0.05, ** = p < 0.01 and *** = p < 0.001 vs. Sham. Error bars are mean G SD).

(D) Relative iron andMDA concentrations measured in ischemic heart tissue at the indicated time points after surgery (Brown-Forsythe ANOVA test, * = p < 0.05,

** = p < 0.01 and *** = p < 0.001 vs. Sham. Error bars are mean G SD).
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Figure 2. LBH and p-CRYAB were upregulated and subsequently doregulated during the hypoxia-reoxygenation process in myocardial cells

ThemRNA levels of LBH andCRYAB (A) andprotein expression of HIF-1a, LBH, p-p38, p-38,p-CRYAB, CRYAB, Bax, Bcl-2 and cleaved-Caspase 3 inprimarymouse

CMs (B) and H9c2 cells (C) at different time points during H/R treatment (Brown-Forsythe ANOVA test, * = p < 0.05, ** = p < 0.01 and *** = p < 0.001 vs. 21%. Error

bars are mean G SD).

(D) Representative immunofluorescence images of H9c2 cells stained with anti-LBH at different time points during H/R treatment.
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Figure 3. LBH knockdown worsens myocardial apoptosis induced by hypoxia-reoxygenation

Cellular viabilities of lentivirus-infected primary mouse CMs (A) and H9c2 cells (B) under H/R treatment (Brown-Forsythe ANOVA test, *** = p < 0.001 vs. CM-NC-

21% or H9c2-NC-21%; && = p < 0.01 and &&& = p < 0.01 for shLBH-21% vs. shLBH-H/R or LBH-21% vs. LBH-H/R; ^^^ = p < 0.001 for Lv3-NC-H/R vs. shLBH-H/R or

Lv5-NC-H/R vs. LBH-H/R. Error bars are mean G SD).

(C) Cellular apoptosis in lentivirus-infected primary mouse CMs under H/R treatment, as indicated by TUNEL staining (Unpaired t-test with Welch’s correction,

** = p < 0.01 and *** = p < 0.001 vs. Lv3-NC. Error bars are mean G SD).

(D) Cellular apoptosis in lentivirus-infected primary H9c2 cells under H/R treatment, as indicated by Annexin V/7-AAD flow cytometry (Unpaired t-test with

Welch’s correction, ** = p < 0.01 vs. Lv3-NC or Lv5-NC. Error bars are mean G SD).
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Figure 4. p38-CRYAB signaling is involved in LBH-induced myocardial protection against apoptosis

Protein expression of LBH, p-p38, p-38, p-CRYAB, CRYAB, Bax, Bcl-2 and cleaved-Caspase 3 in primary mouse CMs (A) transiently overexpressing LBH or in

stable LBH-overexpressing (B) and LBH-silenced (C) H9c2 cells (Brown-Forsythe ANOVA test, * = p < 0.05, ** = p < 0.01 and *** = p < 0.001 vs. Lv3-NC-21% or
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Figure 4. Continued

Lv5-NC-21%; & = p< 0.05, && = p< 0.01 and &&&= p< 0.01 for Lv3-shLBH-21% vs. Lv3-shLBH-H/R or Lv5-LBH-21% vs. Lv5-LBH-H/R; ^= p< 0.05, ^^=p< 0.01 and

^^^ = p < 0.001 for Lv3-NC-H/R vs. Lv3-shLBH-H/R or Lv5-NC-H/R vs. Lv5-LBH-H/R. Error bars are mean G SD).

(D) Protein expression of NRF2, p-CRYAB, CRYAB, p-p38, p-38, Bax, Bcl-2, and cleaved-Caspase 3 in stable LBH-overexpressing H9c2 cells with or without

ralimetinib treatment (Brown-Forsythe ANOVA test, ** = p < 0.01 and *** = p < 0.001 vs. LBH-Ctrl-21%; ^ = p < 0.05 and ^^^ = p < 0.001 for LBH-Ctrl-H/R

vs. LBH-Inhibitor-H/R; & = p < 0.05 and && = p < 0.01 for LBH-Inhibitor-21% vs. LBH-Inhibitor-H/R. Error bars are mean G SD).
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Apoptosis and ferroptosis are involved in limb-bud and heart knockout-augmented myocardial injury during ischemia-

reperfusion

Because the detected LBH-mediated apoptotic effects on CMs (Figures 3A and 3C) did not account for all the cell death under H/R treatment

and ferroptosis was observed in I/Rmodels (Figure 1D), whether LBH participate inmodulating ferroptosis during the I/R process requires our

investigation. After LBHKO mice were applied to I/R surgery, LBH knockout was found to further aggravate cardiac dysfunction (indicated by

ECG) and myocardial injury (indicated by TTC staining) after I/R treatment (Figures 5A and 5B). Accordingly, increased apoptosis and ferrop-

tosis were discovered in LBHKO I/R models, as indicated by TUNEL staining and iron/MDA measurement (Figures 5C and 5D); similar results

were observed in H/R-injured H9c2 cells in response to apoptosis inhibitor or ferroptosis inhibitor treatment (Figure S7C). In addition, the

protein levels of p-p38, p-CRYAB, NRF2, and GPX4 were also diminished in the ischemic heart tissue of LBHKO mice after surgery, together

with elevated p53 expression (Figures 5E and S8), which were also consistent with the changes in protein expression in H/R-treated CMs with

ectopic LBH expression (Figures 4A–4C). Collectively, we concluded that apoptosis and ferroptosis were simultaneously involved in LBH-

mediated myocardial protection under I/R or H/R conditions.

Ectopic limb-bud and heart expression mediates ferroptosis in cardiomyocytes during hypoxia-reoxygenation treatment

Hence, the potential function of the LBH gene in mediating ferroptosis in H/R-treated CMs was also tested in vitro. Iron/MDA measurement

and FerroOrange staining uniformly demonstrated gradually increasing ferroptosis in both primary CMs and H9c2 cells during the H/R pro-

cess (Figures 6A and 6B), which is also in line with NRF2 expressional changes (Figures 2B and 2C). Furthermore, H/R-induced ferroptosis was

enhanced in LBHKO CMs compared to negative controls, while LBH-overexpressed H9c2 cells exhibited attenuated ferroptosis after H/R

treatment (Figures 6C and 6D). Considering that multiple mechanisms are involved in H/R-induced myocardial cell death,14 the ferroptosis

inducer erastin32 was introduced to specifically mimic ferroptosis during the H/R process, and similar results were obtained in both LBHKO

CMs and LBH-overexpressed H9c2 cells in iron and MDA measurements (Figure 6C). Additionally, LBH overexpression and knockdown in

HL1 cells were found not to affect the H/R-induced autophagy and necroptosis, as indicated by the immunoblotting of corresponding bio-

markers (Figure S9). These results suggested that LBH upregulation protects CMs against H/R-induced ferroptosis and erastin-induced

ferroptosis.

Limb-bud and heart-mediated p38-aB-crystallin signaling restrains p53 expression and erastin-induced ferroptosis in

cardiomyocytes

CRYAB has been thought to participate in the ferroptosis regulation of cancer cells by bioinformatics researches.24,25 Based on the results

described above, the possible relationship between LBH-activated p38-CRYAB signaling and LBH-regulated myocardial protection against

ferroptosis was investigated. In LBHWT primary CMs, erastin treatment increased the levels of LBH, p-CRYAB and NRF2, as well as the dimin-

ished expression of Keap1 and GPX4,33 which implies ongoing LBH-mediated resistance to ferroptosis (Figure 7A). The changing trends of

p-CRYAB,NRF2, Keap1 andGPX4were significantly reversed in LBHKOCMs, indicating the exacerbation of erastin-induced ferroptosis due to

LBH knockout (Figure 7A). Then, ralimetinib was applied to CMs under erastin treatment to examine the role of phosphorylated p38. We

found that inhibiting p38 phosphorylation also significantly reversed the upregulation of LBH, p-CRYAB, NRF2, and the downregulation of

Keap1 and GPX4 under erastin treatment, together with elevated p53 expression (Figure 7B). What is more, CRYAB-overexpressed CMs

were also subjected to erastin treatment, and the results showed further promoted the upregulation of p-CRYAB, NRF2, and downregulation

of Keap1 and GPX4, together with decreased p53 expression (Figure 7C), which was consistent with attenuated erastin-induced ferroptosis in

CRYAB-overexpressed CMs (Figure 7D). In conclusion, LBH-mediated myocardial protection against ferroptosis was partially achieved by

LBH-activated p38-CRYAB signaling, which inhibited p53 expression.

Limb-bud and heart-aB-crystallin activation is associated with enhanced nuclear factor-erythroid factor 2 expression,

intranuclear translocation and ferroptosis inhibition in cardiomyocytes

In ferroptotic signal transduction, NRF2 has been reported to function by transcriptionally regulating heme oxygenase-1 (HO-1) expression20;

thus, in addition to cytoplasmic NRF2 protein levels, its intranuclear distribution was also examined. NRF2 translocation into the nucleus was

found to be augmented with erastin treatment (Figures 8A and 8B); LBH-overexpressed H9c2 presented higher intranuclear LBH and NRF2

levels than negative controls, which is in line with the amelioration of cell injury in H9c2-LBH cells induced by erastin treatment (Figures 8A and

8B). Besides, CRYAB overexpression increased p-CRYAB, GPX4 and decreased p53 levels in erastin-treated AC16 cells compared to AC16-

Scramble cells (Figure 8C). Accordingly, AC16-CRYAB cells showed alleviated erastin-induced ferroptosis compared to negative controls, as

indicated by iron/MDA measurement and FerroOrange staining conformably (Figures 8D and 8E). Altogether, p53 downregulation induced

by the LBH-CRYAB axis synchronized with enhanced NRF2 expression and nuclear translocation, and inhibited myocardial ferroptosis.
iScience 27, 109510, May 17, 2024 7



Figure 5. LBH knockout aggravates cardiac dysfunction induced by ischemia-reperfusion injury, during which both apoptosis and ferroptosis are

involved

(A) Representative echocardiograms of LBHWT-Sham, LBHKO-Sham, LBHWT-I/R, and LBHKO-I/R mice and the corresponding statistical analysis of cardiac EFs and

FSs (Brown-Forsythe ANOVA test, *** = p < 0.001 vs. LBHWT-Sham; &&& = p < 0.001 vs. LBHKO-Sham; ^^ = p < 0.01 vs. LBHWT- I/R. Error bars are mean G SD).
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Figure 5. Continued

(B) Representative TTC staining of heart cross-sections of LBHWT-Sham, LBHKO-Sham, LBHWT-I/R, and LBHKO-I/R mice and the corresponding statistical analysis

of myocardial infarct areas indicated by the staining (Brown-Forsythe ANOVA test, *** = p < 0.001 vs. LBHWT-Sham; &&& = p < 0.001 vs. LBHKO-Sham; ^^^ =

p < 0.001 vs. LBHWT- I/R. Error bars are mean G SD).

(C) Representative TUNEL staining of heart cross-sections of LBHWT-Sham, LBHKO-Sham, LBHWT-I/R, and LBHKO-I/R mice.

(D) Relative iron and MDA concentrations measured in the ischemic heart tissue of LBHWT-Sham, LBHKO-Sham, LBHWT-I/R, and LBHKO-I/R mice (Brown-Forsythe

ANOVA test, *** = p < 0.001 vs. LBHWT-Sham; &&& = p < 0.001 vs. LBHKO-Sham; ^^^=<0.001 vs. LBHWT- I/R. Error bars are mean G SD).

(E) Protein expression of LBH, p-p38, p38, p-CRYAB, CRYAB, p53, KEAP-1 and NRF2 in ischemic heart tissue of LBHWT mice/LBHKO mice after surgery (Brown-

Forsythe ANOVA test, * = p < 0.05, ** = p < 0.01 and *** = p < 0.001 vs. LBHWT-Sham; && = p < 0.01 and &&& = p < 0.001 vs. LBHKO-Sham; ^^^ = p < 0.001 vs.

LBHWT-I/R. Error bars are mean G SD).
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The limb-bud and heart-aB-crystallin axis affects p53 signaling via both protein-protein interactions with p-aB-crystallin and

p53 transcriptional regulation

p53 has been reported to participate in various mechanisms regulating cellular ferroptosis34; moreover, Deng et al.35 stated that LBH-CRYAB

signaling, after being activated through PPI, regulates the transcriptional activity of p53. Consequently, the negative correlation between

LBH-CRYAB signaling and p53 expression observed in CMs under H/R or Erastin treatment raised our interest. Phosphor-CRYAB (Ser59)

was proven to interact with the p53 protein in myogenic cells36; our results showed that p53 and phosphor-CRYAB proteins were colocalized

in the nucleuses of primary mouse CMs and AC16 cells (Figure 9A). After ZDOCK calculation revealed that human p53 and CRYAB proteins

formed a stable protein docking model (Figure S10), the phosphor-CRYAB protein in primary mouse CMs and Ac16 cells were confirmed to

interact with p53 protein, according to FRET and co-IP assays (Figures 9B, 9C, and 9D). Finally, the luciferase reporter assay presented

elevated p53 transcriptional activities in LBH knockdown or H/R-treatedAC16 cells compared to negative controls (Figure 9E), which suggests

that the LBH-CRYAB axis might affect p53 signaling via both PPIs and LBH-CRYAB-mediated transcriptional regulation.

Limb-bud and heart rescue in limb-bud and heartKO mice partially restores cardiac protection against myocardial injury

induced by ischemia-reperfusion

After detecting intensified I/R-induced myocardial injury in LBHKO mice, we decided to bidirectionally prove the role of the LBH gene by re-

expressing LBH in knockout mice before performing I/R surgery. The data demonstrated that LBH rescue partially alleviated cardiac dysfunc-

tion and myocardial injury after I/R treatment (Figures 10A and 10B). Additionally, both I/R-induced apoptosis and ferroptosis were signifi-

cantly dampened by LBH rescue (Figures 10C and 10D), which was in also accordance with the upregulation of p-CRYAB, NRF2, GPX4

and downregulation of p53 in the heart tissues of LBHKO-Rescued-I/R mice compared to those of LBHKO-NC-I/R mice (Figures 10E and

S11). LBH-mediated restoration of cardiac protection against I/R injury confirmed the role of LBH in preventing cardiac dysfunction during

I/R process by affecting both apoptosis and ferroptosis.

Limb-bud and heart overexpression in limb-bud and heart wild typeWT mice enhances cardiac protection against ischemia-

reperfusion injury

Apart from apoptosis, ferroptosis has received increasing attention for its potential as a therapeutic target, especially in cardiovascular dis-

eases.19,37 Therefore, we explored the translational potentials of LBH-associated therapy on ameliorating I/R injury by introducing exogenous

expressional vectors of LBH intowild typemice. Abnormal LBHoverexpression in LBHWTmice (Figure 11A) was discovered to diminish cardiac

dysfunction and myocardial injury compared to mice with background LBH levels (Figures 11B and 11C), including the mitigation of both

apoptosis and ferroptosis (Figures 11D and 11E). That is, presurgical LBH overexpression in LBHWTmice enhanced cardiac protection against

I/R-induced apoptosis and ferroptosis.

DISCUSSION

The rapid course and complex pathogenesis of I/R injury make proper treatment rather challenging among cardiovascular disease therapies,

during which various types of programmed cell death need to be addressed. Therefore, our exploration of the corresponding molecular

mechanisms to mitigate I/R injury might prefer the potential targets that are activated quickly and involved in different pathways. We pio-

neered the research of LBH in cardiovascular diseases by revealing its role in modulating post-MI cardiac fibrosis through activating the

p38-CRYAB axis in CFs.12 Since similar expressional changes were also observed in CMs within ischemic areas after MI,13 the relationship be-

tween LBH and CRYAB phosphorylation activated by phosphorylated p38 in damaged CMs during myocardial I/R injury required our exam-

ination. In heart tissue slices, the presence and gradual expansion of apoptosis and ferroptosis during the I/R process were affirmed; to

exclude possible interference initiated by other cell types, primary CMs and H9c2 cells were also subjected to H/R treatment to mimic the

reduced blood and oxygen supply received by the ischemic myocardium. The results at both in vivo and in vitro levels conformably exhibited

the initial elevation and subsequent decrease of LBH, p-p38, and p-CRAYB during the whole course of I/R and H/R, accompanied by the up-

regulation of biomarkers of mitochondrial apoptosis, which suggest that the activation of LBH-CRYAB signaling might contribute to CM sur-

vival, while its attenuation leads to the obliteration of this protective effect against apoptosis.

The abnormal phosphorylation of CRYAB at Ser59 has been reported to be associated with the aging of the myocardium and the occur-

rence of cardiomyopathy.38 In this study, ectopic LBH expression was introduced into both primary CMs and H9c2 cells for the detections of
iScience 27, 109510, May 17, 2024 9
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Figure 6. Ectopic LBH expression mediates ferroptosis in cardiomyocytes during hypoxia-reoxygenation treatment

(A) Relative iron and MDA concentrations measured in mouse CMs/H9c2 cells under H/R treatment (Brown-Forsythe ANOVA test, *** = p < 0.001 vs. CM/H9c2-

21%. Error bars are mean G SD).

(B) FerroOrange staining in live mouse CMs/H9c2 cells under H/R treatment.

(C) Relative iron and MDA concentrations measured in mouse CMs/H9c2 cells with ectopic LBH expression under H/R or Erastin treatment (Brown-Forsythe

ANOVA test, *** = p < 0.001 vs. LBHWT�Ctrl/H9c2-NC-Ctrl; ^^^ = p < 0.001 vs. LBHKO�Ctrl/H9c2-LBH-Ctrl; && = p < 0.01, &&& = p < 0.001 vs. LBHWT�H/R
or H9c2-NC-H/R; ## = p < 0.01, ### = p < 0.001 vs. LBHWT�Erastin/H9c2-NC-Erastin. Error bars are mean G SD).

(D) FerroOrange staining in live mouse CMs/H9c2 cells with ectopic LBH expression under H/R treatment.
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protein expression, apoptotic assay and apoptotic biomarkers; the corresponding results uniformly confirmed that LBH enhances the phos-

phorylation of p38 and CRYAB, inhibits mitochondrial apoptosis in CMs under hypoxia-reoxygenation and vice versa. In addition, the intro-

duction of the p38 phosphorylation inhibitor abolished the increase in CRYAB phosphorylation at Ser59 induced by LBH overexpression and

caused exacerbated pro-apoptotic biomarkers in CMs under H/R conditions. These results implied that LBH-modulated cardiac protection

against H/R-induced apoptosis is effectuated by p38-CRYAB cascades, which is also in line with our previous findings about LBH-p38-CRYAB

signaling in nasopharyngeal carcinoma.39

To further explore the role of the LBH gene during the I/R process, we constructed the LBHKO mouse model. The analysis of injured size,

cardiac function, TUNEL staining, and the expression of apoptotic biomarkers congruously illustrated that conventional LBH knockout

augmented apoptosis-associated myocardial injury in mice suffering from the I/R process. Meanwhile, ferroptosis was detected in LBHWT

mice; here, LBH knockout was found to enhance I/R-induced ferroptosis, which prompted us to investigate the function of LBH in regulating

H/R-related ferroptosis in vitro. Notably, NRF2 is considered a critical factor regulating oxidative stress responses and ferroptosis18,40 while

expression correlations between CRYAB and NRF2 were discovered in cancer study.40 Generally, NRF2 was believed to be activated under

oxidative conditions,41 playing the central role in maintaining the redox balance and resisting ferroptosis through p62-keap1-NRF2

signaling42 to subsequently regulate the transcription of oxidoreductases and oxygenases such as HO-1,43 while NRF2 upregulation was

also found to affect the SLC7A11-GPX4 pathway during ferroptosis.44 For myocardial I/R injuries, NRF2 expression has been shown to

be closely related to ferroptosis progression in CMs under H/R conditions, while GPX4 serves as the terminal effector that directly regulates

lipid-ROS generation.45 In this study, bidirectional LBH ectopic expression in CMs verified the function of LBH in ameliorating both H/R-in-

duced and erastin-induced ferroptosis, as indicated by the expression of NRF2 andGPX4. Besides, chloroquine diphosphate and ferrostatin-1

were separately applied to CMs at effective concentrations; the fact that H/R injury in CMs was partially reversed by either inhibitor testified

the coexistence of H/R-induced apoptosis and ferroptosis in CMs. Specifically, for the restraint of CM ferroptosis, designated expressional

regulation of LBH, p-p38, and p-CRYAB was executed in consecutive order, and the data showed that LBH-mediated ferroptosis restriction

shared the same molecular mechanisms as apoptotic regulation, which was mediated by p38 phosphorylation and following CRYAB phos-

phorylation. In addition, NRF2 expression is regulated by LBH-CRYAB signaling and presented a similar variation trend in CMs, namely up-

regulation under hypoxia followed by downregulation during reoxygenation, which could be viewed as the activation of ferroptosis resistance

and its gradual decay. This finding is also consistent with that of Fittipaldi et al.,46 who stated that the activation of p38 phosphorylation trig-

gered by disrupted redox homeostasis promoted both the expression and phosphorylation of CRYAB, which leads to NRF2 upregulation and

apoptosis resistance; and that of Mitra et al.,47 in which the treatment of p38 inhibitor led to the decreased activation of CRYAB and NRF2,

together with increased mitochondrial apoptotic load detected in a rat MI model.

Moreover, p53 expression was observed to be negatively correlated with LBH-CRYAB signaling under I/R or H/R conditions. Previous

studies have revealed the relationship between CRYAB activation and p53 expression. In detail, CRYAB reduces the mitochondrial translo-

cation of p53 and therefore inhibits p53-mediated apoptosis through PPIs in C2C12 cells under ROS-generated oxidative stress.36 On the

other hand, p53 was also reported to transcriptionally regulate CRYAB during apoptotic progression, while CRYAB was also reported to

interact with the p53 DNA-binding domain, influence p53 transcription and inhibit p53-dependent apoptosis, according to different re-

searches.45,48–50 In our study, the luciferase reporter assay confirmed that p53 was upregulated at the mRNA level by LBH knockdown or

H/R treatment in CMs; also, PPIs between p53 and p-CRYAB were verified. That is, CRYAB could inhibit p53 signaling in CMs by both means,

leading to diminished p53-dependent mitochondrial apoptosis during hypoxia-reoxygenation,48,51 which is strictly regulated by the activa-

tion of the caspase family and the release of proapoptotic elements from damaged mitochondria, such as cytochrome c.16

Compared to that of apoptosis, the role of p53 expression in ferroptosis would be highly context dependent, since p53 was found to

participate in ferroptosis regulation via various effectors, including SLC7A11, GLS2, SAT1/ALOX15, ALOX12, PTGS2, FDXR, and so forth,52,53

which inflicted both pro-ferroptotic and anti-ferroptotic functions. Thus, the overall effect of p53 signaling on ferroptosis regulation is highly

cell/tissue-type and stress signal specific.53 The most frequently discussed ferroptotic mechanism of p53 regulation involves the SLC7A11-

GSH-GPX4 pathway, in which GPX4 serves as the terminal effector54–56; while NRF2-mediated survival response has also been reported to

be inhibited by p53 activation in the prolonged phase of oxidative stress.57 In this study, p53 upregulation observed after the deactivation

of LBH-CRYAB signaling was coherently correlated with promoted ferroptosis 24 h after reperfusion, as indicated by Fe2+/MDA measure-

ments and GPX4 expression. It is noteworthy that the upregulation of LBH, p-p38 p-CRYAB, and p53 was observed after erastin treatment

and at the early phase of reperfusion (I/R 1 + 4 h). It is our understanding that these data refer to the LBH-mediated ferroptosis resistance

after the activation of LBH-CRYAB signaling under hypoxia, while other potential factors might also participate in p53-modulated ferroptosis.

Based on the fact that LBH knockout caused p53 upregulation, GPX4 downregulation, and aggravated ferroptosis in I/R-treatedmice (I/R 1 +

24 h), LBH-overexpressing vectors were applied to constructed LBHKO mice for further investigation. The data showed that LBH rescue led to
iScience 27, 109510, May 17, 2024 11
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Figure 7. LBH-mediated p38-CRYAB signaling inhibits p53 expression and ferroptosis in cardiomyocytes

(A) Protein expression of LBH, p-CRYAB, CRYAB, KEAP-1, NRF2 andGPX4 in CMs isolated from LBHWT and LBHKOmice under erastin treatment (Brown-Forsythe

ANOVA test, * = p < 0.05, ** = p < 0.01 and *** = p < 0.001 vs. LBHWT-Ctrl; && = p < 0.01, &&& = p < 0.001 vs. LBHWT-Erastin; ^ = p < 0.05, ^^ = p < 0.01 vs. LBHKO-

Ctrl. Error bars are mean G SD).

(B) Protein expression of LBH, p-p38, p38, p-CRYAB, CRYAB, KEAP-1, NRF2 and GPX4 in primary mouse CMs under ralimetinib/erastin treatment (Brown-

Forsythe ANOVA test, * = p < 0.05, ** = p < 0.01 and *** = p < 0.001 vs. Ctrl-Ctrl; && = p < 0.01 and &&& = p < 0.001 vs. Ctrl-Erastin; ^^ = p < 0.01 and

^^^ = p < 0.001 vs. ralimetinib-Ctrl. Error bars are mean G SD).

(C) Protein expression of LBH, p-CRYAB, CRYAB, KEAP-1, NRF2 and GPX4 in CRYAB-overexpressed mouse CMs under erastin treatment (Brown-Forsythe

ANOVA test, ** = p < 0.01, *** = p < 0.001 vs. Scramble-Ctrl; & = p < 0.05, && = p < 0.01 vs. Scramble-Erastin; ^ = p < 0.05, ^^ = p < 0.01 and ^^^ =

p < 0.001 vs. CRYAB-Ctrl. Error bars are mean G SD).

(D) FerroOrange staining in live mouse CMs with ralimetinib treatment or ectopic CRYAB expression under erastin-induced ferroptosis.
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decreased p53 expression, the increased expression of NRF2 and GPX4, together with alleviated ferroptosis compared to those in LBHKO

mice administeredwith control vectors before surgery, which bidirectionally proved the protective effect of LBH-CRYAB-mediated p53 down-

regulation against ferroptosis during I/R injury. Similar to apoptosis, ferroptosis has long been viewed as a potential therapeutic target for I/R

injury in cardiovascular research.58–61 p53 activation has been attributed to exacerbating cardiac I/R injury, in which both apoptotic and fer-

roptotic mechanisms have been explored.61–63 Our data described above have confirmed the consistent role of LBH-CRYAB mitigated p53

expression in inhibiting both apoptosis and ferroptosis, which makes it more likely to reduce potential compensatory effects in the future

development of I/R injury therapies compared to other targets concerned with single mechanisms of I/R-induced programmed cell death.

Also, we explored the potentiality of introducing extraneous LBH for cardiac protection and injury therapies under I/R conditions. Due to

the fast disease progression of I/R, recombinant LBH protein would be a better option than external expression vectors.64,65 And the high

expenses of clinically available recombinant proteins urged us to evaluate whether exceeding the physiological level of LBH would bring

about therapeutic effects for I/R injury. Here, LBH-overexpressing vectors were administered to LBHWT mice before surgery; the results

showed that LBH overexpression ameliorated both I/R-induced apoptosis and ferroptosis through p53-and NRF2-related signaling. Hence,

we hypothesized that the administration of recombinant LBHprotein upondetecting ischemiamightmitigate subsequent reperfusion injuries

after percutaneous coronary intervention; further testification by developing applicable recombinant proteins could be our research orien-

tation in the future.

Conclusion

Collectively, this study elucidated the role of the activation and subsequent diminution of LBH-CRYAB signaling in protecting themyocardium

against ischemia-reperfusion injury by inhibiting apoptosis and ferroptosis. Briefly, upregulated LBH stimulated the phosphorylation of p38

and CRYAB in hypoxic CMs located in ischemic areas; p53 downregulation was modulated by phosphorylated CRYAB by PPIs and transcrip-

tional inhibition, which accounts for dampened mitochondrial apoptosis and ferroptosis of CMs; phosphorylated CRYAB also facilitated the

upregulation and intranuclear translocation of NRF2, which alleviated ferroptosis of CMs through transcriptional regulation. Since external

LBH overexpression was proven to synchronously mitigate mitochondrial apoptosis and ferroptosis of CMs, LBH could be a potential ther-

apeutic target for the future development of ischemia-reperfusion treatments such as recombinant proteins.

Limitations of the study

In addition to these results obtained on conventional LBH knockout model, the construction of a cell-specific knockout model, in which LBH

expression is conditionally knocked out in adult mouse CMs, would help to further specify the effects of LBH-CRYAB-mediated p53 down-

regulation in CMs during I/R injury. For example, using the Cre-lox system, we could construct Myh6-icre/ERT2-LBHKO mouse models,66 in

which the knockout of LBH would be effectuated only when tamoxifen was administered at the designated time point. Moreover, this con-

ditional LBH knockout in CMs could be matched with CM-specific LBH rescue, such as the construction of adeno-associated virus vector

AAV9-CTnT promoter-LBH.67 We intend to implement these methods and research models in further investigation.
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Figure 8. LBH-CRYAB signaling is associated with enhanced NRF-2 nuclear translocation and inhibited ferroptosis in cardiomyocytes

(A) Representative images of H9c2 cells for phase contrast imaging and immunostaining of NRF2 under erastin treatment.

(B) Western blotting testing the intranuclear LBH, NRF2 protein, together with p53 and GPX4 cytoplasmic levels in H9c2 cells under erastin treatment (Brown-

Forsythe ANOVA test, *** = p < 0.001 vs. Lv5-NC-Ctrl; &&& = p < 0.001 for LBH-Ctrl vs. LBH-Erastin; ^^ = p < 0.01 and ^^^= p < 0.001 for Lv5-NC-Erastin vs. LBH-

Erastin. Error bars are mean G SD).

(C) Western blotting testing the intranuclear NRF2 protein, together with cytoplasmic levels of p-CRYAB, CRYAB, p53 and GPX4 in CYRAB-overexpressed AC16

cells under erastin treatment (Brown-ForsytheANOVA test, ** = p< 0.01 and *** = p< 0.001 vs. Scramble-Ctrl; && = p< 0.01 and &&&=p< 0.001 for CRYAB-Ctrl vs.

CRYAB-Erastin; ^ = p < 0.05 and ^^ = p < 0.01 for Scramble-Erastin vs. CRYAB-Erastin. Error bars are mean G SD).

(D) Relative iron and MDA concentrations measured in CYRAB-overexpressed AC16 cells under erastin treatment (Brown-Forsythe ANOVA test, *** = p < 0.001

vs. Scramble-Ctrl; &&& = p < 0.001 for CRYAB-Ctrl vs. CRYAB-Erastin; ^^^ = p < 0.001 for Scramble-Erastin vs. CRYAB-Erastin. Error bars are mean G SD).

(E) FerroOrange staining in live CYRAB-overexpressed AC16 cells under erastin treatment.
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Figure 9. LBH expression affects the PPIs between p-CRYAB and p53 proteins and CRYAB-mediated p53 transcription

(A) Representative confocal microscopy images of p-CRYAB (red) and p53 (green) dual staining in mouse CMs and AC16 cells. The colocalizations in subcellular

regions are indicated by white arrows.

(B) Representative images of plasmid-transfected AC16 cells obtained by the FRET-SE pattern on a Leica SP8 confocal microscope and the corresponding

statistical analysis of the FRET efficiencies of co-transfected AC16 cells (Unpaired t-test with Welch’s correction, *** = p < 0.001 vs. AC16-GFP&mCherry.

Error bars are mean G SD). PPIs between p-CRYAB and p53 in primary CMs (C) and Ac16 cells (D) were examined by immunoblotting (IB) after co-IP with

anti-p53/anti-p-CRYAB antibodies.

(E) p53 transcriptional activity in established AC16 cell lines or Ac16 cells under H/R treatment as detected by luciferase reporter assays (Unpaired t-test with

Welch’s correction, *** = p < 0.001 vs. AC16-Lv3NC, AC16-Lv5NC or AC16-21%. Error bars are mean G SD).
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Figure 10. LBH rescue in LBHKOmice restores part of the cardiac protection against cellular apoptosis, ferroptosis, and cardiac dysfunction induced by

ischemia-reperfusion injury

(A) Representative echocardiograms of LBHWT-Sham, LBHKO-I/R, LBHKO-Lv5NC-I/R and LBHKO-LBH-I/Rmice and the corresponding statistical analysis of cardiac

EFs and FSs (Brown-Forsythe ANOVA test, *** = p < 0.001 vs. LBHWT-Sham; ^^^ = p < 0.001 vs. LBHKO-Lv5NC-I/R. Error bars are mean G SD).

(B) Representative TTC staining of heart cross-sections of LBHWT-Sham, LBHKO-I/R, LBHKO-Lv5NC-I/R and LBHKO-LBH-I/R mice and the corresponding statistical

analysis of myocardial infarct areas indicated by the staining (Brown-Forsythe ANOVA test, *** = p < 0.001 vs. LBHWT-Sham; ^^ = p < 0.01, ^^^ = p < 0.001 vs.

LBHKO-Lv5NC-I/R. Error bars are mean G SD).

(C) Representative TUNEL staining of heart cross-sections of LBHWT-Sham, LBHKO-I/R, LBHKO-Lv5NC-I/R and LBHKO-LBH-I/R mice.

(D) Relative iron andMDA concentrations measured in the ischemic heart tissue of LBHWT-Sham, LBHKO-I/R, LBHKO-Lv5NC-I/R and LBHKO-LBH-I/R mice (Brown-

Forsythe ANOVA test, *** = p < 0.001 vs. LBHWT-Sham; ^^^ = p < 0.001 vs. LBHKO-Lv5NC-I/R. Error bars are mean G SD).

(E) Protein expression of LBH, p-P38, P38, p-CRYAB, CRYAB, p-53, NRF2 and GPX4 in the ischemic heart tissue of lentivirus-transfected LBHWT mice/LBHKO

mice (Brown-Forsythe ANOVA test, ** = p < 0.01 and *** = p < 0.001 vs. LBHWT-Sham; ^^ = p < 0.01 and ^^^ = p < 0.001 vs. LBHKO-Lv5NC-I/R. Error bars

are mean G SD).
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Figure 11. LBH overexpression in LBHWT mice before ischemia-reperfusion treatment enhances cardiac protection against the following apoptosis,

ferroptosis, and cardiac dysfunction

(A) Protein expression of LBH, p-P38, P38, p-CRYAB, CRYAB, p-53, NRF2 and GPX4 in the ischemic heart tissue of lentivirus-transfected LBHWT mice (Brown-

Forsythe ANOVA test, * = p < 0.05, ** = p < 0.01, *** = p < 0.001 vs. LBHWT-Sham; ^ = p < 0.05, ^^ = p < 0.01, ^^^ = p < 0.001 vs. LBHWT-Lv5NC-I/R. Error

bars are mean G SD).

(B) Representative echocardiograms of LBHWT-Sham, LBHWT-Lv5NC-I/R and LBHWT-LBH-I/R mice and the corresponding statistical analysis of cardiac EFs and

FSs (Brown-Forsythe ANOVA test, *** = p < 0.001 vs. LBHWT-Sham; ^^^ = p < 0.001 vs. LBHWT-Lv5NC-I/R. Error bars are mean G SD).
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Figure 11. Continued

(C) Representative TTC staining of heart cross-sections of LBHWT-Sham, LBHWT-Lv5NC-I/R and LBHWT-LBH-I/R mice and the corresponding statistical analysis of

myocardial infarct areas indicated by the staining (Brown-Forsythe ANOVA test, * = p < 0.05, ** = p < 0.01 and *** = p < 0.001 vs. LBHWT-Sham; ^^ = p < 0.01

^^^ = p < 0.001 vs. LBHWT-Lv5NC-I/R. Error bars are mean G SD).

(D) Relative iron and MDA concentrations measured in ischemic heart tissue of LBHWT-Sham, LBHWT-Lv5NC-I/R and LBHWT-LBH-I/R mice (Brown-Forsythe

ANOVA test, *** = p < 0.001 vs. LBHWT-Sham; ^^ = p < 0.01 vs. LBHWT-Lv5NC-I/R. Error bars are mean G SD).

(E) Representative TUNEL staining of heart cross-sections of LBHWT-Sham, LBHWT-Lv5NC-I/R and LBHWT-LBH-I/R mice.

(F) Schematic summary of the LBH-mediated p38-CRYAB signaling responsible for simultaneously modulating mitochondrial apoptosis and ferroptosis in

cardiomyocytes during hypoxia-reoxygenation.
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STAR+METHODS

KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-LBH Abcam Cat#: ab173737; RRID: AB_2313773

Rabbit anti-LBH Abcam Cat#: ab122223; RRID: AB_11127118

Rabbit anti-CRYAB Proteintech Cat#: 15808-1-AP; RRID: AB_2292175

Rabbit anti-CRYAB Abcam Cat#: ab76467; RRID: AB_1523120

Rabbit anti-phospho-CRYAB (Ser59) Abcam Cat#: ab5577; RRID: AB_304959

Rabbit anti-GPX4 Cell Signaling Technology Cat#: 59735; RRID: AB_2940796

Rabbit anti-NRF2 Proteintech Cat#: 16396-1-AP; RRID: AB_2782956

Rabbit anti-KEAP1 Proteintech Cat#: 10503-2-AP; RRID: AB_2132625

Rabbit anti-Lamin B1 Proteintech Cat#: 12987-1-AP; RRID: AB_2136290

Mouse anti-p53 Abcam Cat#: ab26; RRID: AB_303198

Rabbit anti-p53 Proteintech Cat#: 10442-1-AP; RRID: AB_2206609

Rabbit anti-cleaved Caspase 3 (Asp175) Cell Signaling Technology Cat#: 9661; RRID: AB_2341188

Rabbit anti-Bax Sigma-Aldrich Cat#: B3428; RRID: AB_258547

Rabbit anti-BCL2 Sigma-Aldrich Cat#: SAB4500003; RRID: AB_10743656

Rabbit anti-HIF-1a Thermo Fisher Scientific Cat#: PA1-16601; RRID: AB_2117128

Rabbit anti-p38 Cell Signaling Technology Cat#: 9212; RRID: AB_330713

Rabbit anti-phospho-p38 (Thr180/Tyr182) Cell Signaling Technology Cat#: 9211; RRID: AB_331641

Rabbit anti-GAPDH Bioworld Technology Cat#: AP0063; RRID: AB_2651132

Rabbit anti-a-Tubulin Proteintech Cat#: 66031-1-Ig, RRID: AB_11042766

Mouse anti-b-Actin Bioworld Technology Cat#: BS6007M; RRID: AB_2904238

Rabbit anti-Cardiac myosin Abcam Cat#: ab46936; RRID: AB_1523211

Rabbit anti-CTnT Abcam Cat#: EPR20266; RRID: N/A

Rabbit anti-a-Actinin Abcam Cat#: ab68194; RRID: AB_3064857

Rabbit anti-GSDMD Novus Cat#: NBP2-33422; RRID: AB_2687913

Rabbit anti-phospho-MLKL (Ser345) Novus Cat#: NBP2-66953; RRID: AB_2927747

Rabbit anti-LC3 Abcam Cat#: ab192890; RRID: AB_2827794

Goat anti-rabbit IgG-HRP Cell Signaling Technology Cat#: 7074; RRID: AB_2099233

Horse anti-mouse IgG-HRP Cell Signaling Technology Cat#: 7076; RRID: AB_330924

Goat anti-mouse-Alexa Fluor 488 Thermo Fisher Scientific Cat#: A-11001; RRID: AB_2534069

Donkey anti-rabbit-Alexa Fluor Plus 488 Thermo Fisher Scientific Cat#: A-21206; RRID: AB_2535792

Donkey anti-rabbit-Alexa Fluor Plus 555 Thermo Fisher Scientific Cat#: A-31572; RRID: AB_162543

Goat anti-mouse-Alexa Fluor 790 Thermo Fisher Scientific Cat#: A11357; RRID: AB_2534140

Goat anti-rabbit-Alexa Fluor 680 Thermo Fisher Scientific Cat#: A32734; RRID: AB_2633283

anti-mouse IgG for IP, AlpsdAbs@VHH (HRP) AlpVHHs Cat#: 001-100-005; RRID: AB_2313773

anti-rabbit IgG for IP, AlpsdAbs@VHH (HRP) AlpVHHs Cat#: 025-100-005; RRID: AB_2313773

Bacterial and virus strains

Lv3-NC-eGFP Genepharma Cat#: E23BZ; Lot#: 15-0798Z

Lv5-NC-eGFP Genepharma Cat#: E13HZ; Lot#: 22-4739Z

Lv3-shLBH-eGFP Genepharma Cat#: T2085; Lot#: 15-0797Z

Lv3-human LBH-eGFP (NM_030915.4) Genepharma Cat#: Y1658; Lot#: 16-0041Z

Lv5-rat LBH-eGFP (NM_001129880) Genepharma Cat#: Y2263; Lot#: 22-4738Z

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

PBS Gibco Cat#: 10010023

Penicillin-streptomycin Gibco Cat#: 15140122

Isoflurane RWD Cat#: R510-22

0.25% EDTA-trypsin Gibco Cat#: 27250018

collagenase II Beyotime Cat#: ST2303

DMEM Gibco Cat#: 11965092

DMEM/F12 Gibco Cat#: 11320033

glucose-free, serum-free DMEM Gibco Cat#: 11966025

FBS Gibco Cat#: 10099141

BrdU Beyotime Cat#: ST1056

TRIzol� reagent Thermo Fisher Scientific Cat#: 15596026

Ralimetinib Selleck Cat#: LY228820; CAS: 862507-23-1

Erastin MCE Cat#: HY-15763; CAS: 571203-78-6

Chloroquine diphosphate Abcam Cat#: ab142116; CAS: 50-63-5

Ferrostatin MCE Cat#: HY-100579; CAS: 347174-05-4

Tetrazolium Red (2,3,5-Triphenyltetrazolium

chloride; TTC)

MCE Cat#: HY-D0714; CAS: 298-96-4

Lipofectamine� 3000 reagent Thermo Fisher Scientific Cat#: L3000015

RIPA lysis buffer Thermo Fisher Scientific Cat#: 89901

DAPI Thermo Fisher Scientific Cat#: D21490

Restore� Membrane stripping buffer Thermo Fisher Scientific Cat#: 21059

Critical commercial assays

TUNEL assay kit Beyotime Cat#: C1090

Annexin V/7-AAD staining kit Thermo Fisher Scientific Cat#: 88-8102-72

Total iron colorimetric assay kit Leagene Cat#: E1042

Malondialdehyde colorimetric assay kit Beyotime Cat#: S0131

FerroOrange� staining kit Dojindo Cat#: F374

PrimeScript� RT reagent kit Takara Cat#: RR037B

SYBR� Premix Ex Taq TM kit Takara Cat#: RR003A

NE-PER� kit Thermo Fisher Scientific Cat#: 78833

Protein A/G magnetic beads Bimake Cat#: B23202

ProLong� mounting medium Thermo Fisher Scientific Cat#: P36930

Dual-luciferase reporter assay kit Yeason Cat#: 11402ES60

real-time cell analyzer system ACEA Biosciences Cat#: RTCA-DP

CCK-8 assay kit Dojindo Cat#: CK04

Experimental models: Cell lines

Rat:H9C2 ATCC Cat#: CRL-1446

Human:AC16 ATCC Cat#: CRL-3568

Mouse: HL1 Sigma-Aldrich Cat#: SCC065

Experimental models: Organisms/strains

Mouse: C57BL/6 mice Experimental Animal Center

of Southern Medical University

N/A

Mouse: conventional LBHKO C57BL/6 mice Cyagen contract ID: KOAI200813MG1

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Oligonucleotides

Primers for rat LBH, see Table S1 This paper N/A

Primers for rat NRF2, see Table S1 This paper N/A

Primers for rat b-Actin, see Table S1 This paper N/A

Primers for mouse LBH, see Table S1 This paper N/A

Primers for mouse p53, see Table S1 This paper N/A

Primers for mouse NRF2, see Table S1 This paper N/A

Primers for mouse b-Actin, see Table S1 This paper N/A

rowheadRecombinant DNA

Plasmid: pCDH-CMV-gfp-eGFP-EF1-Puro Kidan Bio Lot#: JD-M190521089-1

Plasmid: pLV-CMV-mCherry-6His-IRES-Bla Kidan Bio Lot#: JD-M190521089-2

Plasmid: pCDH-CMV-TP53-gfp-

eGFP-EF1-Puro (NM_00546)

Kidan Bio Lot#: JD-M06082089-1

Plasmid: pLV-CMV-CRYAB-

mCherry-6His-IRES-Bla (NM_001885)

Kidan Bio Lot#: JD-0155516-1

Plasmid: pRL-TK Kidan Bio Lot#: JD-M141021088-1

Plasmid: PGL3-Basic-human p53 Promoter Kidan Bio Lot#: JD-SG22440-1

Software and algorithms

Graphpad Prism 8.0 Graphpad https://www.graphpad.com/

ImageJ Schneider et al. add1 https://imagej.nih.gov/ij/

FlowJo BD LifeSciences V7.6

Dockeasy platform HOME for Researchers https://www.dockeasy.cn/

DockProtein/

Adobe Photoshop Adobe V2020
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RESOURCE AVAILABILITY

Lead contact

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

(liuqicai968@smu.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

� All data reported in this paper will be shared by the lead contact upon request.

� This paper does not report original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animal

All animal procedures were designed and performed according to the regulations of the Institutional Animal Care and Use Ethics Committee

of Zhujiang Hospital. The establishment of LBH conventional knockout (KO) C57BL/6 mice was implemented by Cyagen Inc. via the CRISPR/

Cas9 technique (contract ID: KOAI200813MG1) which generated F0 founder animals; then, the wildtype/knockout offspring were bred, iden-

tified andmaintained at the Animal Experiment Center of Zhujiang Hospital (Figure S12). Construction of the ischemia-reperfusion (I/R) injury

model was performed according to a previously described method.68 In brief, 6-week-old C57BL/6 male mice were anesthetized, intubated

and ventilated. After thoracotomy, the left anterior descending coronary artery (LAD) was occluded with a 6-0 silk to achieve ischemia. After

occlusion for 30 min, reperfusion was initiated by releasing the ligation. Sham-surgery mice were treated similarly except for LAD ligation and

release. For LBH rescue in the hearts of LBHKOmice, a total of 53 107 Lv5-NC or Lv5-LBH lentivirus particles injected at 4 different points near
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the ligation site for eachmouse 7 days prior to the I/R surgery were verified to be sufficient to induce LBHoverexpression (Figure S13). All mice

were sacrificed to obtain the hearts at 0, 4 or 24 h after initiating reperfusion. Each experimental group at every single time point had at least

four survivingmice for sampling. Tissue sections of the left ventricles were used for western blotting, 2,3,5-triphenyltetrazolium chloride (TTC)

staining or immunofluorescence staining.

METHOD DETAILS

Echocardiography (ECG)

At 24 h after reperfusion, the echocardiographic parameters of the I/R-treated mice and negative controls were measured and analyzed by a

Vevo 2100 ultrasound imaging system (Visual Sonics). Specifically, the mice were anesthetized by 2% isoflurane, shaved off the chest hair and

repositioned on the platform; then, assessments were performed after the mice were disconnected with the anesthesia gas machine in order

to measure their ECGs under the conscious state. Under the parasternal long axis (PLAX) view in M-mode, ejection fraction (EF) and fractional

shortening (FS) were measured/calculated to evaluate the left ventricular (LV) systolic function of the I/R-treated mice. For all the ECG mea-

surements illustrated, each experimental group had at least four survivingmice for sampling. The heart rates of all measuredmice in this study

showed no statistical significance between any two experimental groups (Figure S14).

Isolation and culture of primary CMs

Isolation of primary CMs from neonatal LBHWT or LBHKOC57BL/6micewas performed according to a previously described protocol.69 Briefly,

the left ventricles of neonatal mice were rinsed in 0.25% EDTA-trypsin at 4�C for 12 h. After inactivation of trypsinization, the tissues were di-

gested by 0.08% collagenase II at 37�C under magnetic stirring; then, the cell suspension was placed into Petri dishes. After 2 h of incubation,

the medium containing unattached cells was centrifuged, and the pellets were resuspended and cultured in complete DMEM (10% FBS, 1%

penicillin-streptomycin) containing 1mM 5-bromo-20-deoxyuridine (BrdU) for 2 days until the attached CMs pulsatile and were considered

ready for the following treatment. Immunofluorescence detection of myocardium markers, including cardiac myosin, cardiac troponin

T (CTnT) and a-actinin-1 (ACTN1) was performed for each batch to identify the purities of isolated CMs (Figure S15).

Lentivirus infection and cell line culture

Stable cell lines that ectopically express the LBH gene, and their corresponding negative controls were established through lentiviral

infection. The myocardial cell lines H9c2 (purchased from ATCC) and AC1670 were individually infected with Lv3-NC, Lv5-NC, Lv3-shLBH

or Lv5-LBH lentivirus (all vectors integrated with eGFP reporter, Genepharma Inc.) in the presence of 0.1% v/v polybrene. After 72 h, a

2-week puromycin (2 mg/mL) screen was applied to obtain stable cell lines. AC16 cells were also used in the luciferase reporter assay and

fluorescence resonance energy transfer assay during this study, which had been authenticated by short tandem repeat (STR) analysis. These

H9c2 and AC16 cell lines were maintained in complete DMEM/F-12 and incubated in standard conditions (37�C and 5% CO2). Besides, pri-

mary CMs were transiently infected with Lv3-NC, Lv5-NC, Lv3-shLBH or Lv5-LBH lentivirus (Genepharma Inc.) at the optimized multiplicity of

infection (MOI), following the same procedure as the infection of H9c2 cells (Figure S16).

Hypoxia-reoxygenation treatment

Primary mouse CMs and H9c2 cell lines received hypoxia-reoxygenation (H/R) treatment to mimic the ischemia-reperfusion injury for in vitro

detections. For hypoxic conditions, cells were cultured in glucose-free, serum-free DMEM under 1% O2 (Forma Series 2 Incubator, Thermo

Scientific) for 3 h; then, the cells were cultured in complete DMEM/F-12 under 21% O2. Cells were sampled for following experiments at 0 h,

H/R 3 + 0 h, 3 + 4 h, and 3 + 8 h respectively. The H/R time length was sufficient to induce cellular injury for both primary mouse CMs and H9c2

cells (Figure S17, Videos S1 and S2).

Reagents and compounds

The inhibitor ralimetinib was used to inhibit the phosphorylation of p38 in H9c2-LBH cells. H9c2 cells were treated with complete DMEM/F-12

containing 1 mM ralimetinib O/N before H/R treatment, which had been identified as a sufficient amount (Figure S18); 1 mM ralimetinib was

also added to both glucose-free DMEMunder hypoxia and complete DMEM/F-12 under reoxygenation, in order to sustain its inhibitory func-

tion. Erastin was used to mimic the ferroptosis17 induced by H/R treatment, and DMEM/F-12 containing 10 mM erastin was identified as a

sufficient amount for both primary CMs and H9c2 cells (Figure S19). Besides, the apoptosis inhibitor chloroquine diphosphate71 and ferrop-

tosis inhibitor ferrostatin-172 were introduced during the H/R process of H9c2 cells at corresponding optimized concentrations (Figures S7A

and S7B), respectively.

Cellular viability assays

The cellular viabilities of lentivirus-infected H9c2 cells and primary CMs under hypoxia were assessed by using both a CCK-8 assay kit and a

real-time cell analyzer (RTCA-DP) system (ACEA Biosciences, Inc.). The CCK-8 assay was performed according to the instructions from the

producer, and the absorbances at 450 nm were read by a Varioskan LUX plate reader (Thermo Scientific) at designated time points. Detec-

tions using the RTCA system were modified from our published researches.12 Briefly, after adding 50 mL of culture medium into each well on

the E�16 plates, background calibrations were performed, and the operational procedures were suspended. Then, after the cells were
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seeded, attached and incubated in the cradle of RTCA, the RTCA device received normoxia or H/R treatment, at which point the operational

procedures were restarted. The impedance signals were recorded every 15 min until the end of the experiment. Cell index values (CIs, calcu-

lated from impedances) were applied as indicators of cellular viabilities and used for statistics.

Apoptosis detection

Because primary CMs were difficult to be properly detached for flow cytometry, TdT-mediated dUTP nick-end labeling (TUNEL) staining and

Annexin V-PE/7- aminoactinomycin D (7-AAD) dual staining were applied to apoptosis detection for primary CMs and H9c2 cell lines respec-

tively, all according to the instructions of the manufacturers. For the TUNEL assay, the samples were then stained with DAPI and imaged by a

Leica DMi8 fluorescencemicroscope. For each group, the TUNEL positive rates of 6 different fields were measured for statistical analysis. For

Annexin V/7-AAD dual staining, all stained samples were detected by a FACS Calibur flow cytometer (BD Biosciences) within 2 h. The data

were analyzed by FlowJo 7.6 software, and the sums of Annexin+/7-AAD- and Annexin+/7-AAD+ cells were applied to calculate the apoptosis

ratios.

Ferroptosis detection

Multiple assays were applied to evaluate ferroptosis in different aspects: the total iron wasmeasured by an iron colorimetric assay kit, and the

malondialdehyde (MDA) was quantified by anMDA colorimetric assay kit for both heart tissue and cellular samples, which were detected by a

Varioskan LUX plate reader; the ferrous ions (Fe2+) in live cells were stained by a FerroOrange assay kit and imaged by a Leica SP8 confocal

microscope.

Quantitative real-time PCR

Cells under H/R treatment or heart tissues of mice after I/R surgery were sampled with TRIzol reagent. Reverse transcription was performed

with a PrimeScript RT reagent kit, and the qPCR procedure was performed with a SYBR Premix Ex Taq kit, all according to the instructions of

the manufacturers. The primer sequences (synthesized by Accurate Bio Inc., China) are shown in Table S1 qPCR assays were conducted on an

Applied Biosystem7500 Fast instrument. ThemRNA transcription levels of target geneswere quantified by 2�DDCt method, with b-Actin as the

house-keeping gene for normalization.

Western blotting

Western blotting assays were performed as previously described.73 The antibodies used are listed in key resources table. Nuclear protein

samples were separated from whole cell lysates using the NE-PER kit (Figure S20). a-Tubulin and Lamin B1 were selected asWB loading con-

trols for cell lysates and nuclear extracts by screening to ensure that their expression was not affected by H/R treatment (Figure S21). Stripping

buffer was used to retrieve the membranes between individual primary antibody incubations; membrane exposure was performed by a GE

ImageQuant LAS 500 exposure instrument, while the quantifications were performed by ImageJ software.74

Protein-protein interaction (PPI)

Protein-protein interaction (PPI) betweenp53 and phospho-CRYABprotein in cardiomyocytes was evaluated by the combination ofmolecular

docking, co-immunoprecipitation (co-IP) and fluorescence resonance energy transfer (FRET). Rigid protein-protein docking (ZDOCK) be-

tween CRYAB and p53 proteins was performed on the Dockeasy platform (https://www.dockeasy.cn/DockProtein). The PDB format of the

protein structural domain was downloaded from the Protein DataBank PDB database (http://www.rcsb.org/). The ZDOCK module was run

to identify the docking sites and calculate the ZDOCK scores. The co-IP assay was performed by protein A/G magnetic beads (Bimake,

B23202), all according to the instructions of the manufacturers, during which both mouse-anti-p53 and rabbit-anti-phospho-CRYAB were

bound tomagnetic beads to detect the PPI between p53 and phospho-CRYAB. For the FRET assay, the following plasmids were constructed:

pCDH-CMV-TP53-gfp-EGFP-EF1-Puro for expressing p53-eGFP, and pLV-CMV-CRYAB-mCherry-6His-IRES-Bla for expressing CRYAB-

mCherry. Correspondingly, the pCDH-CMV-gfp-EGFP-EF1-Puro and pLV-CMV-mCherry-6His-IRES-Bla plasmids were used as negative con-

trols. According to the requirements for the sensitized emission (SE) method, 4 groups were established for plasmid transfection with Lipo-

fectamine 3000 reagent: negative control, donor (p53-eGFP) only, acceptor (CRYAB-mCherry) only, which were designed for calibrations, and

the dual-transfected group for the FRET assay. The calculations of FRET efficiencies were performed by the FRET-SEmodule of the Leica SP8

microscope based on an established formula75:

EAðiÞ = ½B � A � b � C � ðg � a � bÞ� = ½C � ð1 � b � dÞ�
A = Donor channel, B=FRET channel, C=Acceptor channel; a = A/C, b = B/A, g = B/C,d = A/B.

Immunofluorescence staining

Cell samples seeded on round coverslips (Electron Microscope Sciences, 12 mm) were then fixed with 4% PFA for 10 min. Tissue sections

received deparaffinization (Histoclear, National Diagnostics), rehydration and sodium citrate antigen retrieval. All samples were blocked

with goat serum for 30 min, incubated with primary antibodies O/N at 4�C and then incubated with fluorescence-conjugated secondary an-

tibodies at room temperature for 2 h. Then, DAPI was applied to stain the nuclei and the samples weremounted onto glass slides and imaged
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by a Leica DMi8 fluorescence microscope or a Leica SP8 confocal microscope. The antibodies used are listed in key resources table. The

whole-slide images of mounted tissue sections were photographed by a GE Amersham Typhoon imager, all according to our previous

protocol.13
Dual-luciferase reporter assay

Before the experiment, the sequence of previously reported human p53 gene promoter76 was inserted into the pGL3-Basic vector. Then,

AC16 cells, AC16-Lv3NC, AC16-Lv5NC, AC16-LBH or AC16-shLBH cell lines were co-transfected with this constructed vector and the pRL-TK

vector by Lipofectamine 3000 reagent. 36 h later, transfectedAC16 primary cells receivedH/R treatments. TheH/R treatedAC16 primary cells,

together with constructed AC16 cell lines were sampled and applied to a dual-luciferase reporter assay kit, all according to the instructions of

themanufacturers. Finally, the samples reactedwith Firely/Renilla luciferase were placed into 96-well white plates (Corning #3912) and read by

the chemiluminescence module of a Varioskan LUX plate reader (Thermo Scientific). The transcriptional activity of the p53 gene in treated

AC16 cells was indicated by the relative Firely luciferase activity calibrated by Renilla luciferase activity and the blank control.
QUANTIFICATION AND STATISTICAL ANALYSIS

The data presented were collected from three independent, parallel experiments and are presented as the mean G SD. Statistical analysis

was conducted using unpaired Student’s t-tests and one-way ANOVA (Brown-Forsythe test), with GraphPad Prism software V8.0. p values

<0.05 were considered statistically significant.
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