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ABSTRACT 31 

Hypertrophic cardiomyopathy (HCM) is the most prominent cause of sudden cardiac 32 

death in young individuals. Due to heterogeneity in the clinical manifestations, 33 

conventional HCM drugs have limitations for mitochondrial hypertrophic 34 

cardiomyopathy. Discovering more effective compounds would be of substantial 35 

benefit for further elucidating the pathogenic mechanisms of HCM and treating 36 

patients with this condition. We previously reported the MT-RNR2 variant associated 37 

with HCM that results in mitochondrial dysfunction. Here, we screened a 38 

mitochondria-associated compound library by quantifying the mitochondrial 39 

membrane potential of HCM cybrids and the survival rate of HCM induced 40 

pluripotent stem cell-derived cardiomyocytes (iPSC-CMs) in galactose media. 1-41 

Deoxynojirimycin (DNJ) was identified to rescue mitochondrial function by targeting 42 

optic atrophy protein 1 (OPA1) to promote its oligomerization, leading to 43 

reconstruction of the mitochondrial cristae. DNJ treatment further recovered the 44 

physiological properties of HCM iPSC-CMs by improving Ca2+ homeostasis and 45 

electrophysiological properties. An angiotensin II-induced cardiac hypertrophy mouse 46 

model further verified the efficacy of DNJ in promoting cardiac mitochondrial 47 

function and alleviating cardiac hypertrophy in vivo. These results demonstrated that 48 

DNJ could be a potential mitochondrial rescue agent for mitochondrial hypertrophic 49 

cardiomyopathy. Our findings will help elucidate the mechanism of HCM and provide 50 

a potential therapeutic strategy. 51 

 52 

 53 

Key words: Hypertrophic cardiomyopathy (HCM), 1-deoxynojirimycin (DNJ), optic 54 

atrophy protein 1 (OPA1), mitochondrial rescue, drug discovery 55 

56 
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INTRODUCTION 57 

Hypertrophic cardiomyopathy (HCM) is a common cause of sudden cardiac death in 58 

young people. It manifests as typical asymmetric septal hypertrophy of the left 59 

ventricle (1-3). Most HCM is inherited as an autosomal-dominant trait and is 60 

attributed to mutations in sarcomeric genes (4, 5). HCM-relevant sarcomeric gene 61 

mutations can cause disorganization of sarcomeres, further leading to decreased 62 

myofilament Ca2+ sensitivity and inefficient cellular ATP utilization. In contrast, some 63 

familial HCM is caused by mitochondrial genomic mutations, termed mitochondrial 64 

hypertrophic cardiomyopathy, which is transmitted maternally (6-8). Mitochondrial 65 

HCM exhibits common manifestations of HCM but has a distinct and complex 66 

underlying pathophysiology. Mutations in mitochondrial genes (mtDNA) contribute 67 

to mitochondrial defects, deficient ATP synthesis efficiency in particular, and 68 

unbalanced calcium homeostasis as the fundamental cause of mitochondrial HCM. 69 

Current drug therapeutics for HCM patients are focused on general symptomatic 70 

management. However, due to heterogeneity in the clinical manifestations, 71 

conventional drugs exhibit limitations when facing some types of mitochondrial HCM. 72 

Given the efficacy barrier of the current treatments, the identification of more 73 

effective therapeutics that target the underlying pathogenic mechanisms would be of 74 

clear benefit for patients with these intractable cases of HCM. 75 

Mitochondrial hypertrophic cardiomyopathy is mainly characterized by 76 

mutations in mitochondrial genes (6, 9). Since the first HCM-associated MT-TL1 77 

mutation was demonstrated in 1991, multiple HCM clinical cases have been attributed 78 

to mtDNA mutations (10). The mutation or deletion of mtDNA can induce 79 

constitutive damage to mitochondrial integrity and lead to serious mitochondrial 80 

defects and pathological phenotypes (11, 12). Mitochondrial hypertrophic 81 

cardiomyopathy has now become a recognized class of mitochondrial disease. 82 

Ongoing pharmacological interventions for HCM, such as β-blockers, diltiazem and 83 

verapamil, mainly inhibit adrenergic signaling to reduce heart rate or target L-type 84 

calcium channels, ryanodine receptors and sodium/calcium exchange pumps to 85 
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decrease the intracellular calcium caused by arrhythmogenic HCM (13, 14). These 86 

therapeutic medicines can be effective in most cases caused by sarcomere-related 87 

gene mutations (15); however, their efficacy for some mitochondrial HCM remains 88 

limited and less studied (7, 16-20). Considering that functional impairment of 89 

mitochondria plays a leading role in many of these mitochondrial diseases, restoration 90 

of mitochondrial fitness could be a potent therapeutic strategy (21-23). 91 

Given the difficulty in specifically editing the mitochondrial genome in mouse 92 

models, constructing patient-derived cell lines that carry patient-specific 93 

mitochondrial mutations is often considered as a key strategy for mitochondrial drug 94 

screening (24). These typically include the construction of patient-specific 95 

cytoplasmic hybrid cells (cybrids) and/or induced pluripotent stem cell-derived 96 

cardiomyocytes (iPSC-CMs) as the ideal approach (24-26). Compared with the parent 97 

cells, cybrids have the same nuclear genomic background but carry the donor’s 98 

specific mitochondrial genome, allowing cybrids to mimic the pathological effects of 99 

the specific mtDNA mutation. iPSCs are generated from the patient’s own somatic 100 

cells that have been genetically reprogrammed (27). These can then be differentiated 101 

into iPSC-CMs using robust protocols (28). iPSC-CMs display complex cardiac 102 

phenotypes, including electrophysiological responsiveness and calcium handling, 103 

which provides an ideal platform for preclinical testing (29-31). Cybrids provide an 104 

easy-to-culture cell model for large-scale screening, while iPSC-CMs represent a 105 

powerful tool for investigating more physiological outcomes for advanced drug 106 

evaluation. Establishing a strategy combining the benefits of cybrids and iPSC-CM 107 

methods may advance the progress of mitochondria-targeted drug discovery for 108 

mitochondrial diseases. 109 

Mitochondria play an indispensable role in cellular energy management and 110 

calcium handling. The changes in mitochondrial cristae are tightly associated with 111 

mitochondrial function (32). An optimal cristae shape is a determinant of efficient 112 

oxidative phosphorylation (OXPHOS) (33). The respiratory chain supercomplexes 113 

(RCSs) of OXPHOS are integrated into the inner mitochondrial membrane (IMM) 114 
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along the mitochondrial cristae (34). Nuclear gene-encoded dynamin-related large 115 

GTPase Optic atrophy 1 (OPA1) governs cristae biogenesis and remodeling as a 116 

master regulator of cristae shape (35). Oligomerized OPA1 safeguards the cristae 117 

junction (CJ) number and stability, thereby promoting the stability of RCSs and 118 

respiratory efficiency (32, 36, 37). Depletion of OPA1 leads to cristae disorganization 119 

and related mitochondrial dysfunction (32, 36). Conversely, the transgenic 120 

overexpression of OPA1 in mice improves mitochondrial activity (33, 38, 39). This 121 

critical physiological capability suggests the potential for OPA1 modulation in 122 

mitochondria-targeted clinical therapies. 123 

Previously, we identified the MT-RNR2 mutation as a molecular basis for HCM 124 

(40-42). Here, we established a two-step drug screening process using HCM patient-125 

specific cybrids and iPSC-CMs to identify an effective mitochondrial rescue agent, 126 

and we further explored the corresponding mechanism. Collectively, our study 127 

verifies the pathogenic mechanism of mitochondrial hypertrophic cardiomyopathy via 128 

mitochondrial rescue and provides an accessible preclinical platform for personalized 129 

drug screening. 130 

 131 

 132 

RESULTS 133 

Compound screens based on a cybrid-coupled iPSC-CM model for 134 

mitochondrial hypertrophic cardiomyopathy 135 

We previously reported a four-generation HCM family with the MT-RNR2 mutation 136 

(Supplemental Figure 1, A and B) (40). To advance a pharmacological rescue 137 

strategy for the patients from this pedigree, we decided to apply forward chemical 138 

genetic screens. We first generated suitable patient-derived cell models, including 139 

cybrids, iPSCs and iPSC-CMs carrying the same pathological mtDNA mutation 140 

(Supplemental Figure 1, C and D) (41, 42). The mitochondrial membrane potential 141 

(MMP) is a key indicator of cell status. It provides a representation of the main proton 142 

electrochemical gradient that accounts for mitochondrial respiratory energy. Here, it 143 
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was used to validate the ability of pathological mimicry in both HCM cybrids and 144 

iPSC-CMs (Supplemental Figure 1, E and F). These results verified their modeling 145 

utility, which was consistent with our previous findings (41, 42). The HCM iPSC-146 

CMs retained the integrated genomic information of the patient and could 147 

successfully recapitulate the disease phenotype in vitro. HCM cybrids specifically 148 

carried the ectopic mitochondrial genome along with a standard nuclear background. 149 

We considered that combining HCM cybrids and iPSC-CMs could be a feasible 150 

strategy for drug screening for this specific mutation and potentially for other 151 

mitochondrial mutations (Figure 1A). We designed patient-derived cybrids for use 152 

first in primary compound screening, where the MMP index was used to identify any 153 

mitochondrial benefit from the candidates, and then second in validating the 154 

physiological efficacy of these identified candidates in HCM iPSC-CMs. 155 

The easy-to-culture patient-specific cybrids all carry the same nuclear 156 

background, making them an ideal model for primary mitochondrial drug screening 157 

(Supplemental Figure 1G). We narrowed down the original mitochondrial targeting 158 

compound library (L5300) from TargetMol to 41 chemical compounds by checking 159 

their potential for benefiting mitochondrial fitness from previous references 160 

(Supplemental Table 1). The results were displayed using a fluorescence monitor for 161 

the MMP, where eight compounds were initially found to efficiently rescue the MMP 162 

in one HCM cybrid cell clone (Figure 1B). We subsequently and separately verified 163 

the efficacy of these eight candidates in three cell clones. The results showed that only 164 

three candidates, 1-deoxynojirimycin (DNJ), astragalus polyphenols and verbenalin, 165 

could robustly increase the level of MMP compared to their basal counterparts 166 

(Figure 1C). To confirm their capacity to benefit mitochondrial health, we examined 167 

cellular ATP production and mitochondrial ATP production separately with these three 168 

chemicals (Figure 1, D and E). The results confirmed that DNJ, astragalus 169 

polyphenols and verbenalin all had the potential to rescue the mitochondrial 170 

dysfunction caused by the MT-RNR2 mutation. 171 

To further validate the efficacy of the three aforementioned candidates at the 172 
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cellular level, we applied patient-specific iPSC-derived cells in subsequent tests. 173 

HCM iPSC-CMs were considered more suitable for preclinical tests than HCM 174 

cybrids due to their ability to recapitulate more HCM phenotypes. The pathological 175 

mimicry CMs were differentiated using a monolayer differentiation protocol as 176 

described previously (28), with minor changes (Supplemental Figure 2A). The 177 

generated iPSC-CMs exhibited positive staining of the cardiac-specific markers α-178 

actinin, myosin regulatory light chain 2, ventricular/cardiac muscle isoform (MLC2v) 179 

and myosin regulatory light chain 2, atrial isoform (MLC2a) (Supplemental Figure 180 

2B), and no obvious changes in cardiac differentiation efficiency were observed. 181 

We then applied the galactose-induced cell death assay to identify changes in 182 

the mitochondrial state under different candidate treatments. Galactose-cultured iPSC-183 

CMs lost the ability to produce ATP by glycolysis and were forced to acquire the 184 

majority of the required energy for survival directly from mitochondria. We 185 

considered that any chemical drug passing this demanding test would be highly 186 

competitive as a candidate for the indicated HCM patients. Intriguingly, only DNJ 187 

exerted a sufficiently marked ability to rescue the survival rate of the HCM iPSC-188 

CMs, while the other chemical molecules did not markedly reduce cell death (Figure 189 

1F). These results suggest that DNJ could benefit mitochondrial function to augment 190 

cell survival under galactose culture condition and could be a potent therapeutic 191 

chemical for mitochondrial hypertrophic cardiomyopathy. 192 

 193 

DNJ rescues abnormal electrophysiological properties and calcium handling in 194 

HCM iPSC-CMs 195 

We then sought to further investigate the potential of the three chemicals to 196 

improve the electrophysiological properties of patient-specific iPSC-CMs. The action 197 

potentials were recorded by single-cell patch clamp from control and HCM iPSC-198 

CMs, and the key parameters of the action potentials were quantified and compared, 199 

with the key parameters including maximal diastolic potential (MDP), overshoot, 200 

action potential amplitude (APA), action potential duration at 50%, 70% and 90% 201 
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(APD50, APD70 and APD90), maximal upstroke velocity (Vmax), SD of peak-peak 202 

intervals, and beating rate (Figure 2, A-D, Supplemental Figure 2, C-H, and 203 

Supplemental Table 2). Control iPSC-CMs showed a normal action potential profile. 204 

In contrast, HCM patient-specific iPSC-CMs exhibited an arrhythmic phenotype 205 

(Figure 2, A and B). Interestingly, we found that treatment with DNJ effectively 206 

rescued the arrhythmic phenotype observed in HCM iPSC-CMs (Figure 2B). 207 

Moreover, HCM iPSC-CMs showed significantly prolonged APDs compared to 208 

controls, which was markedly normalized by DNJ treatment (Figure 2, C and D). 209 

However, treatment with astragalus polyphenols or verbenalin had minimal effects on 210 

rescuing the abnormal action potential phenotypes in HCM iPSC-CMs 211 

(Supplemental Figure 3, A-H and Supplemental Table 3). Taken together, these 212 

results suggest that DNJ can restore the abnormal electrophysiological properties of 213 

HCM iPSC-CMs by rescuing mitochondrial function. 214 

Calcium (Ca2+) directs cardiac excitation-contraction coupling together with the 215 

tightly regulated dynamics of intracellular Ca2+ and is strongly associated with the 216 

rhythmic beating of the heart (43). Elevated intracellular Ca2+ and dysfunctional Ca2+ 217 

cycling contribute to the pathogenesis of HCM (44, 45). Therefore, reestablishing 218 

Ca2+ homeostasis could in turn benefit the health of the heart (46). Detecting the 219 

alteration of Ca2+ cycling in HCM iPSC-CMs by Fura-2 imaging, we observed 220 

elevated abnormal arrhythmia-like Ca2+ transients (Figure 2, E and F). After 221 

treatment with DNJ, the abnormal Ca2+ handling events were decreased. Diastolic 222 

Ca2+ of the HCM groups was significantly higher than that of controls, while the 223 

normalized decay time of HCM iPSC-CMs was markedly prolonged compared with 224 

that of the control group (Figure 2, G and H). Again, treatment with DNJ efficiently 225 

rescued the ectopic calcium flux of the HCM iPSC-CMs and decreased the diastolic 226 

calcium and decay times. Other parameters, including time to peak, Ca2+ amplitude, 227 

maximal rising rate and maximal decay rate, were not different among the three 228 

groups (Supplemental Figure 4, A-D). All these results confirmed the potential 229 

therapeutic role of DNJ in our HCM patients (Figure 2I). 230 
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 231 

DNJ alleviates physiological defects in HCM iPSC-CMs 232 

To further evaluate the efficacy of DNJ in cardiomyocytes, we tested the other 233 

substantial physiological performances upon DNJ treatment. Consistent with the 234 

findings in the cybrids, DNJ restored the mitochondrial membrane potential of HCM 235 

iPSC-CMs (Figure 3A). DNJ had a half-maximal effective concentration of 236 

approximately 69.6 nM (Figure 3B) and showed low toxicity up to a concentration of 237 

3 mM (Figure 3C). For HCM cybrids, the half-maximal effective concentration for 238 

MMP rescue was approximately 4.5 nM and showed low toxicity, even up to 30 mM 239 

(Supplemental Figure 5, A and B). Taken together, these results suggest that DNJ 240 

can be a potential medicine for HCM treatment. 241 

Mitochondria have also been revealed to serve as active buffers during cellular 242 

calcium handling, especially in cardiomyocytes. Researchers have also claimed that 243 

mitochondrial calcium uptake depends on MMP due to the electrochemical proton 244 

gradient creating a huge driving force. Considering the benefit of MMP in response to 245 

DNJ treatment (Figure 3A), we reasoned that DNJ could improve the calcium 246 

homeostasis of HCM iPSC-CMs by enhancing the mitochondrial viability of calcium 247 

buffering. To test this notion, we therefore monitored the calcium concentration in 248 

mitochondria and observed that [Ca2+]mito in HCM iPSC-CMs was approximately 249 

67% of Con iPSC-CMs and [Ca2+]mito in the DNJ group had increased to 87% that of 250 

the control group (Figure 3D). Similar results of mitochondrial calcium were also 251 

consistently replicated in the model of HCM cybrids (Supplemental Figure 5, C and 252 

D). We found that a rise in cytosolic calcium consistently occurred in HCM iPSC-253 

CMs but was attenuated upon DNJ treatment by enhancing the mitochondrial calcium 254 

uptake ability (Supplemental Figure 5E). This further confirmed the physiological 255 

efficacy of DNJ. Combining these series of results, we show that DNJ enhances the 256 

mitochondrial capacity of calcium buffering, which helps to maintain the cellular 257 

calcium homeostasis of HCM iPSC-CMs and thereby facilitates increased potency in 258 

the performances of cardiomyocytes. 259 
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Physiologically, cardiomyocyte enlargement is a key pathological hallmark of 260 

HCM. This is regarded as a compensation effect. Our results showed that the average 261 

size of HCM iPSC-CMs was approximately 62% larger than that of controls based on 262 

α-actinin immunostaining (Figure 4, A and B). However, upon supplementation with 263 

DNJ, the cell size of HCM iPSC-CMs showed a 39% reduction. In addition to cell 264 

hypertrophy, increased nuclear translocation of NFATC4 and ectopic expression of 265 

ANP and BNP are considered molecular biomarkers of HCM (Figure 4, C-H). As 266 

expected, DNJ attenuated the expression of ANP and BNP in HCM iPSC-CMs 267 

(Figure 4, C, E and G) and suppressed the nuclear translocation of NFATC4 (Figure 268 

4, D, F and H). These findings provide insight into the potential mechanisms by 269 

which DNJ can effectively alleviate the symptoms of HCM and thereby become a 270 

potent candidate for personalized clinical application for the indicated mitochondrial 271 

(MT-RNR2 mutation) HCM patients and potentially for other related conditions. 272 

We also performed functional assays to confirm the effect of DNJ on the control 273 

groups. The results showed that DNJ did not have a significant effect on MMP 274 

(Supplemental Figure 6A) or ATP production (Supplemental Figure 6, B and C) in 275 

the control cybrid group. In addition, there were no marked changes in mitochondrial 276 

function (Supplemental Figure 6, D and E), electrophysiological properties 277 

(Supplemental Figure 7, A-H, and Supplemental Table 4) or calcium handling 278 

(Supplemental Figure 8, A-H) upon DNJ treatment in the control iPSC-CMs. These 279 

results suggest that DNJ can restore the HCM pathological phenotype by improving 280 

impaired mitochondrial function and will not over-tune healthy individuals, which 281 

further emphasizes the potential of DNJ in clinical transformation. 282 

 283 

OPA1 is identified as the molecular target of DNJ 284 

To determine the molecular mechanism of DNJ in mitochondrial modulation, we 285 

performed a DNJ-conjugated bead pulldown assay. DNJ was immobilized by being 286 

covalently conjugated to magnetic carboxyl beads and subjected to a protein pulldown 287 

assay (Figure 5A). We first validated the availability of these DNJ-conjugated beads 288 
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by immunoblotting of the ectopically expressed GAA protein, a previously reported 289 

binder of DNJ (Supplemental Figure 9A) (47). Through this approach, we incubated 290 

the DNJ-conjugated beads with the lysate of cybrids and detected the captured prey 291 

proteins using a mass spectrometry-proteomics analysis (Supplemental Figure 9B, 292 

and Supplemental Table 5). Compared with control beads, the DNJ beads were 293 

substantially enriched for a series of mitochondria-associated proteins (Supplemental 294 

Figure 9C). These candidates underwent pulldown-immunoblot verification, and 295 

OPA1 was identified as a potential target for DNJ (Supplemental Figure 9D). OPA1 296 

is a master regulator of mitochondrial cristae formation. We further confirmed the 297 

physical interaction between DNJ and OPA1 using a DNJ-bead pulldown assay with 298 

purified recombinant OPA1 (Figure 5, B and C) and cell lysates (Figure 5D). 299 

Furthermore, we examined their interaction capacities using a microscale 300 

thermophoresis (MST) measurement with consistent results (KD = 1.3 ± 0.8 μM) 301 

(Figure 5E), with EGFP as a negative control (Supplemental Figure 9E). All of 302 

these aspects suggest that DNJ could target OPA1 and potentially be involved in 303 

OPA1-related mitochondrial regulation. 304 

 305 

DNJ augments the level of OPA1 oligomers and improves their biomolecular 306 

function 307 

OPA1 can determine the mitochondrial cristae shape to regulate the assembly and 308 

stability of RCSs. Recent studies have revealed that the disassembly of OPA1 309 

oligomers is linked to cristae remodeling (33, 35). To investigate whether DNJ 310 

benefited mitochondrial viability through the targeting of OPA1, we explored the 311 

molecular and functional alteration of OPA1 under DNJ treatment. While the 312 

oligomerized mitochondrial OPA1 was consistently decreased in the HCM cybrids, 313 

we found that DNJ treatment greatly augmented the oligomers level of mitochondrial 314 

OPA1 in the HCM cybrids (Figure 5F), while the basal level of OPA1 was also 315 

mildly affected (Supplemental Figure 9F). We next tested the time-dependent 316 

sensitivity of oligomeric mitochondrial OPA1 to DNJ. We found that the oligomerized 317 
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OPA1 began to increase under the 2-hour treatment of DNJ and that the pro-enhanced 318 

oligomerization of OPA1 gradually terminated at approximately the 6-hour time point 319 

(Figure 5G). Furthermore, we confirmed the effect of DNJ on mitochondrial OPA1 in 320 

vitro. We applied DNJ to the isolated mitochondria of cybrids and observed that 321 

mitochondrial oligomeric OPA1 was upregulated as expected (Figure 5H). In 322 

addition to the homopolymer, the heteropolymer of OPA1 also contributes to the 323 

maintenance of mitochondrial cristae morphology. This is especially true of the 324 

polymer with the core mitochondrial contact site and cristae organizing system 325 

(MICOS) component IMMT and mitochondrial F1Fo-ATP synthase (37, 48). The 326 

OPA1-MICOS interaction directed the cristae junction (CJ) number and stability, and 327 

the OPA1-ATP synthase interaction could reverse respiratory chain inhibition (Figure 328 

5I). The coimmunoprecipitation of endogenous OPA1 in cybrids showed that the 329 

interaction of OPA1 with IMMT (Figure 5J) or ATP5B (Figure 5K) was partially 330 

perturbed in the HCM cybrids, while treatment with DNJ robustly restored this 331 

pathologic dysregulation. Collectively, these results demonstrate that DNJ can target 332 

mitochondrial OPA1 to augment its oligomerization and improve its biomolecular 333 

function, also suggesting the potential positive function of DNJ in cristae shaping. 334 

 335 

DNJ protects the mitochondrial cristae morphology in HCM cybrids 336 

To further examine the physiological manifestation of the molecular interaction of 337 

DNJ-OPA1, we sought to verify whether the DNJ-enhanced molecular benefits of 338 

OPA1 were linked to mitochondrial morphological and physiological improvement. 339 

Fluorescence and electron microscopy imaging of HCM cybrids showed that the 340 

mitochondria were fragmented with defects in the cristae structure (Figure 6, A-C). 341 

However, upon treatment with DNJ, the proportion of stable cristae and healthy 342 

tubular mitochondria were promoted. We further evaluated an additional three 343 

parameters: cristae number, cristae width and the ratio between CJ. Treatment with 344 

DNJ significantly increased the cristae number and CJ ratio of HCM cybrids, and the 345 

width of cristae was also markedly elongated in the DNJ-treated groups (Figure 6, D-346 
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F). These results indicate that the DNJ-enhanced OPA1 oligomers benefit 347 

mitochondrial cristae formation and shaping in HCM cybrids. 348 

Well-shaped mitochondrial cristae are indispensable for the stability and activity 349 

of RSCs (33). Considering that the patient carried a mitochondrial rRNA mutation, we 350 

mainly focused on the biological performance of the mitochondria-encoded processes 351 

of RSCs. We found that the expression levels of mtDNA-encoded ETC complex 352 

subunits were aberrantly downregulated, presenting translational imperfection and 353 

partially impeding the assembly and stability of RSCs along with cristae in HCM 354 

pathological cybrids (Figure 7A). Conversely, applying DNJ effectively restored RSC 355 

stability, suggesting that the DNJ-induced improvement in cristae formation and 356 

shaping could provide a better-organized microdomain along the cristae for RSC 357 

assembly and stability. We then tested the physiological effect of DNJ on the activity 358 

of respiration complexes. The relative reaction activity of complexes Ⅰ, Ⅲ, Ⅳ, Ⅴ in 359 

the HCM cybrids represented a considerable collapse of these values compared to 360 

those of controls (Figure 7, B-E). However, applying DNJ markly rescued the 361 

activity owing to the improved cristae and RSC stability. To further investigate the 362 

effect of DNJ on mitochondrial OXPHOS activity, the oxygen consumption rates 363 

(OCR) of cybrids were analyzed (Figure 7F). The basal OCR increased relative to 364 

that of the controls. These kinetic results showed that ATP-linked OCR and maximal 365 

OCR were increased by DNJ treatment, while spare capacity and proton leak were not 366 

altered significantly (Supplemental Figure 10B). Combining these results, we 367 

suggest that OPA1-targeting DNJ can benefit mitochondrial cristae modeling and 368 

thereby improve RSC stability and activity in a coordinated manner to compensate for 369 

mitochondrial rRNA mutation-induced mitochondrial disorders in HCM cybrids. 370 

 371 

DNJ sustains cristae structure and rescues mitochondrial dysfunction by 372 

increasing OPA1 oligomers in HCM iPSC-CMs 373 

Patient-specific HCM iPSC-CMs retain the integrated genomic and pathological 374 

information of the patient, as demonstrated above. Compared with cybrids, 375 
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cardiomyocytes have a higher demand for energy that is mainly powered by 376 

mitochondria and offer a system that is more closed to the physiological heart. Thus, 377 

we applied HCM iPSC-CMs to rigorously validate the physiological efficacy of DNJ. 378 

Mechanistically, we found that the decreased oligomeric OPA1 of HCM iPSC-CMs 379 

was greatly reversed by DNJ treatment (Figure 8A), which was consistent with the 380 

observation in cybrids (Figure 5F). In addition, mitochondrial cristae destruction was 381 

also observed in HCM iPSC-CMs by transmission electron microscopy imaging and 382 

morphometric analysis (Figure 8, B-F). HCM iPSC-CMs displayed more aberrant 383 

and empty mitochondria in comparison with control iPSC-CMs, and DNJ supplied 384 

remarkable rescue (Figure 8, B and C). The disruption of mitochondrial structure in 385 

indexes of cristae number, cristae width and the ratio between CJ showed an obvious 386 

amelioration in the DNJ-treated HCM iPSC-CMs, whereas no obvious morphological 387 

differences were noted by immunofluorescence (Figure 8, D-F, and Supplemental 388 

Figure 10A). The aberrant increase in mtDNA copy number in HCM iPSC-CMs was 389 

also alleviated by DNJ treatment (Figure 9A). Correspondingly, the mitochondrial 390 

RSC stability and kinetic activity of HCM iPSC-CMs were rescued upon DNJ 391 

treatment (Figure 9, B-G). DNJ reversed the collapse of ATP production in HCM 392 

iPSC-CMs (Figure 9C). This was also consistent with the findings in cybrids (Figure 393 

1, D and E). The integral mitochondrial activity of HCM iPSC-CMs was robustly 394 

improved by DNJ, as evaluated by the metabolic analysis of OCR (Figure 9D and 395 

Supplemental Figure 10C). Consistently, we found that DNJ treatment significantly 396 

augmented the MMP (Figure 9E), ATP production (Figure 9F) and mitochondrial 397 

OXPHOS (Figure 9G and Supplemental Figure 10D) activity in HCM iPSC-CMs 398 

in galactose media, with mitochondria being the major source of cellular ATP. 399 

Collectively, these series of results strongly suggest that DNJ is effective in increasing 400 

OPA1 oligomer levels and rescuing mitochondrial function in HCM iPSC-CMs and 401 

presents the potential for extended and broader clinical use of DNJ in other 402 

mitochondrial disease models. 403 

 404 
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DNJ benefits mitochondrial function through OPA1 405 

To clarify whether the mitochondrial protective effect of DNJ relies on targeting 406 

OPA1, we tested physiological parameters upon DNJ treatment in OPA1-silenced 407 

cybrids and iPSC-CMs. We constructed OPA1-knockdown HCM cybrids 408 

(Supplemental Figure 11A) and iPSC-CMs (Supplemental Figure 12A) by specific 409 

small interfering RNA targeting OPA1 (siOPA1), and the knockdown efficiency was 410 

validated. Electron microscopy imaging and mitochondrial function assays showed 411 

that DNJ rescued the morphology and function of mitochondria in cybrids 412 

(Supplemental Figure 11, B-F) and HCM iPSC-CMs (Figure 10, A-E) but not in 413 

OPA1-interfered ones. Moreover, we found that the benefits of DNJ in mitochondrial 414 

calcium buffering (Figure 10F) and cell calcium homeostasis (Supplemental Figure 415 

13, A-G) were also impeded by loss of OPA1 in HCM iPSC-CMs.  416 

GAA is the other binder of DNJ, as previously reported, and is involved in 417 

Pompe disease treatment (47). Therefore, we tested whether GAA dedicated to the 418 

potency of DNJ in mitochondrial HCM. We found that loss of GAA in cybrids 419 

(Supplemental Figure 11, A-C and G-I) and HCM iPSC-CMs (Supplemental 420 

Figure 12, B-G) did not have a marked impact on DNJ in rescuing mitochondrial 421 

morphology, membrane potential and ATP production. Furthermore, we constructed 422 

HCM iPSC-CMs and cybrids with gradient levels of GAA to test the effect of DNJ. 423 

The results further confirmed that GAA had a mild effect on DNJ in improving 424 

mitochondrial viability (Supplemental Figure 11, J-L). Consistently, decreased GAA 425 

did not reverse the capability of DNJ in calcium regulation (Supplemental Figure 426 

12H, and Supplemental Figure 13, A-G). Collectively, these results suggest that 427 

DNJ protects mitochondrial HCM by targeting OPA1. 428 

 429 

DNJ improves mitochondrial bioenergetics in cardiac tissue and attenuates 430 

AngII-induced cardiac hypertrophy in mice 431 

We then wanted to further validate the efficacy of DNJ against pathological 432 

myocardial hypertrophy in vivo. Given that each mammalian cell contains hundreds or 433 
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even thousands of mitochondria and mitochondrial genome copies, there is still a 434 

technical limitation to edit the mitochondrial genes homogenetically at a single 435 

nucleotide pair level in mice. In this case, an angiotensin II (AngII)-induced cardiac 436 

hypertrophic mouse model can be used to clarify cardiovascular disease pathogenesis 437 

and evaluate relevant therapeutic strategies (49-51). Recent studies have indicated that 438 

AngII-mediated cardiac hypertrophy is closely correlated with mitochondrial 439 

dysfunction and that mitochondrial protection can attenuate AngII-induced heart 440 

failure (52-54). Therefore, we applied AngII-induced cardiac hypertrophic mouse 441 

model to mimic cardiac mitochondrial dysfunction and cardiac hypertrophy (Figure 442 

11A). After four weeks of treatment, the heart weight and heart weight/body weight 443 

ratio of the AngII group were substantially higher than those of the control group, 444 

showing the effectiveness of this mouse model (Figure 11, B and C). In the 445 

cardiomyopathy mice treated with DNJ (9 mg/kg), the indexes of heart weight and 446 

heart weight/body weight were effectively rescued and decreased. We further 447 

performed echocardiographic assessments of left ventricular function and architecture, 448 

including left ventricular ejection fraction (LVEF), fraction shortening (LVFS), left 449 

ventricular end-diastolic diameter (LVPW; d) and left ventricular end-systolic 450 

diameter (LVPW; s). All the mice showed normal cardiac function at baseline 451 

(Supplemental Table 6). After injecting AngII, mice exhibited reduced myocardial 452 

function, which was markedly improved by DNJ treatment (Figure 11, D-H, and 453 

Supplemental Table 7). Furthermore, morphological analysis revealed that AngII 454 

markedly increased heart size, while DNJ treatment rescued it (Figure 12A). At the 455 

histological level, we observed enlarged cardiomyocyte cross and increased collagen-456 

positive area in the AngII group, while DNJ treatment protected the mice from AngII-457 

induced cardiac hypertrophy and fibrosis (Figure 12, A-C). Consistent with the 458 

cardiac dysfunction in the AngII group, the expression of ANP and BNP, markers of 459 

hypertrophic cardiomyopathy, was upregulated, which was also alleviated by DNJ 460 

treatment (Figure 12D, and Supplemental Figure 14, A and B). These results 461 

demonstrate the efficacy of DNJ in alleviating the manifestations of AngII-induced 462 
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cardiac hypertrophy in mice without major side effects. 463 

To investigate whether DNJ improved cardiac dysfunction by rescuing 464 

mitochondrial function, we examined the mitochondrial ultrastructure and 465 

bioenergetics of cardiac tissues in these three groups. We found that AngII-treated 466 

mice presented mitochondrial dysfunction and abnormal mitochondrial morphology 467 

compared with control mice, while DNJ treatment markedly decreased AngII-induced 468 

cristae disorganization (Figure 12F) and restored RSC stability (Figure 12G), MMP 469 

levels (Figure 12H) and ATP production (Figure 12I) with augmented OPA1 470 

oligomer levels (Figure 12E). In contrast, the Sham+DNJ mice group exhibited few 471 

changes (Supplemental Figure 15, A-N, and Supplemental Table 8-9). Furthermore, 472 

abnormalities in the other organs (liver, stomach, colon, kidney, spleen) were not 473 

observed in the DNJ-treated groups (Supplemental Figure 16). Taken together, these 474 

results further suggest that DNJ can attenuate AngII-induced cardiac hypertrophy by 475 

improving mitochondrial function in mice, highlighting the therapeutic potential of 476 

DNJ for our HCM patients and possibly other types of hypertrophic cardiomyopathy. 477 

 478 

DISCUSSION 479 

In this study, we developed a two-step drug screening platform by utilizing two cell 480 

models, HCM cybrids and HCM iPSC-CMs. Our study identified DNJ from the 481 

library of mitochondria-associated compounds and found that it could be a potent 482 

agent by rescuing mitochondrial function in our mitochondrial HCM. The angiotensin 483 

II-induced cardiac hypertrophy mouse model further verified the efficacy of DNJ in 484 

promoting cardiac mitochondrial function and alleviating cardiac hypertrophy in vivo. 485 

These findings highlight the potential role of mitochondrial drug candidates in the 486 

medicinal properties of mitochondrial diseases (Figure 13). 487 

Given that each mammalian cell contains hundreds or even thousands of 488 

mitochondria, manipulating the mitochondrial genes at a single nucleotide pair level 489 

in mouse or cell models is a technique still facing considerable challenges. The efforts 490 

of pathological and pharmacological mimicry of mitochondrial diseases such as HCM 491 
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in mice have encountered hurdles. In this case, the easy-to-culture patient-specific 492 

cybrids provide a convenient approach for primary drug screening, and the patient-493 

specific iPSC-CMs provide advanced accurate mimicry of the patient’s pathology for 494 

further drug validation. Ongoing cardiotoxicity assessments using iPSC-CMs have 495 

already become an essential process of the Comprehensive In vitro Proarrhythmia 496 

Assay (CiPA) (55). The current chemical screens for mitochondrial diseases always 497 

use one model and show low efficiency and/or high cost. Combining patient-specific-498 

cybrids and iPSC-CMs models could be a potent drug-screening strategy for 499 

mitochondrial diseases. Our identification of DNJ via the two-step drug screening 500 

process detailed here could provide a paradigm for personalized drug discovery in 501 

other mitochondrial diseases. 502 

Angiotensin II is a key member of the renin-angiotensin system and plays a vital 503 

role in hypertension and left ventricular hypertrophy. Applying angiotensin II-induced 504 

pathological cardiac hypertrophic mouse model is a common strategy for exploring 505 

HCM pathogenesis (49-51). Previous studies reported that the AngII-mediated cardiac 506 

hypertrophic model was accompanied by mtDNA deletions, impaired mitochondrial 507 

ultrastructure and defective mitochondrial biogenesis (52-54). Here, we observed 508 

abnormal mitochondrial energy metabolism in AngII-treated mice as mentioned. 509 

Treatment with DNJ, a mitochondrial rescue agent, obviously improved mitochondrial 510 

function and further alleviated the manifestations of AngII-induced cardiac 511 

hypertrophy in mice. Combining with these results, we verified the efficacy of DNJ in 512 

mitochondrial protection. In addition, DNJ prevented AngII damage in heart failure, 513 

providing a potential therapeutic strategy for cardiac hypertrophy. 514 

DNJ is a kind of polyhydroxy alkaloid and is one of the major active 515 

components of mulberry leaves. DNJ has been previously reported as an α-516 

glucosidase inhibitor (56), and some  of its derivatives have also been found to 517 

alleviate heart failure in other indirect ways (57-59). Although this GAA-associated 518 

by-effect of DNJ is for the most part excluded from this study, considering the 519 

complicated regulatory network of energy metabolism in vivo, these reports suggest 520 
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that DNJ may counteract HCM through other indirect pathways in addition to its main 521 

effect of targeting mitochondria. DNJ has also been reported to have some effects on 522 

obesity-induced lipid abnormalities and mitochondrial dysfunction (60). These results 523 

may suggest the potential application of DNJ in mitochondria-associated diseases. 524 

Interestingly, DNJ has accidently been found to exhibit cardioprotective properties in 525 

patients, although thorough experimental evidence was undefined in this study (61). 526 

Here, we identified the role of DNJ in mitochondrial hypertrophic cardiomyopathy 527 

and provided insight into DNJ-rescued cardiomyopathy. Notably, a phase 3 clinical 528 

trial of DNJ for Pompe disease has been conducted (NCT03729362). DNJ showed 529 

clinical safety, and this could be a valuable reference for drug use in possible clinical 530 

trials in the future. In addition, DNJ can become a lead molecule, and the 531 

development of more effective derivatives is reliable and promising. 532 

OPA1 is a master regulator of mitochondrial cristae. It is active in facilitating 533 

the assembly of respiratory chain proteins and in their maintenance. Oligomerized 534 

OPA1 governs cristae morphology and is independent of OPA1’s role in 535 

mitochondrial fusion (32, 36, 37). The balance between OPA1 monomers and 536 

oligomers is crucial for cristae remodeling and influences disease progression (35, 62). 537 

OPA1 has been considered a promising target for the treatment of mitochondrial 538 

diseases (63). However, the process of discovering chemical activators for OPA1 has 539 

been patchy. Interestingly, our investigation reveals that DNJ physically interacts with 540 

OPA1 and physiologically reverses the mitochondrial dysfunction caused by MT-541 

RNR2 mutation. This mutation impairs translation capacity and thereby decreases 542 

respiratory chain proteins, leading to downregulated MMP and ATP production (40-543 

42). The DNJ-increased OPA1 oligomer sustains the cristae shape and promotes both 544 

RCS assembly and respiratory capacity in HCM cell lines. Therefore, regulating 545 

OPA1-mastered cristae remodeling provides insight into counteracting mitochondrial 546 

dysfunction. 547 

Although mitochondria have their own genome, the vast majority of 548 

mitochondrial-related proteins are nuclear encoded. As nuclear-modifier genes could 549 
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functionally influence the clinical manifestation caused by mtDNA mutations, the 550 

search for small molecules to target such nuclear-encoded proteins is an essential 551 

component in mitochondrial disease treatment (7, 64-66). Consequently, bezafibrate, 552 

an agonist of peroxisome proliferator-activated receptor, was found to remarkably 553 

delay mtDNA deletion accumulation in a mouse model with a mtDNA helicase 554 

mutation (67). In addition, high-throughput chemical and CRISPR screens have been 555 

used to identify I-BET525762A, an inhibitor of bromodomain-containing protein 4, in 556 

resolving complex I defect (mt.3796A>G) cybrids with Leigh’s syndrome (68). Our 557 

findings presented insight into medicine discovery for mitochondrial disease. We 558 

found DNJ targeted nuclear-encoded OPA1 to function as a mitochondrial rescue 559 

agent, showing the therapeutic potential of our mitochondrial hypertrophic 560 

cardiomyopathy and even other mitochondrial diseases, such as hearing loss, 561 

mitochondrial myopathy or Leigh syndrome. 562 

The limitation of this study should also be mentioned. Although iPSC-CMs can 563 

substantially phenocopy somatic CMs and was regarded as a potent cell model for 564 

mechanism study and drug discovery, they are not as mature as human adult 565 

cardiomyocytes. Developing models like organoids, 3D-engineered tissues and 566 

mitochondrial gene-edited mouse models may take this advantage in the future study 567 

(69, 70). 568 

In summary, we identified DNJ for its potential to promote the mitochondrial 569 

health and reverses the pathological phenotype of mitochondrial hypertrophic 570 

cardiomyopathy via a two-step drug screening, which presents a convenient 571 

preclinical platform for personalized treatment in mitochondrial diseases. 572 

 573 

 574 

Methods: 575 

Cell culture and treatment of cybrids and iPSCs 576 

Cybrids were grown in high-glucose DMEM (GIBCO) supplemented with 10% fetal 577 

bovine serum (FBS), 1% penicillin-streptomycin (100 U/mL) at 37 ℃ and 5% CO2 578 
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(v/v). iPSCs were cultured in mTESR1 (STEMCELL Technologies) media on 579 

Matrigel-coated plates. For compound treatment, cybrids were allowed to adhere for 580 

16 hrs before treatment with 30 μM DNJ for 24 hrs.   581 

 582 

Differentiation of iPSCs into cardiomyocytes 583 

Cardiomyocyte differentiation was induced using monolayer myocardial 584 

differentiation protocols as previously described (28), with minor modifications. 12 585 

μM CHIR99021 (SELLECK) was treated for 1 day in RPMI (GIBCO) and B27 586 

supplement minus insulin (GIBCO) (RPMI + B27-Insulin) until cells were expanded 587 

to 90% cell confluence and then replaced by RPMI+B27-Insulin. After two days, cells 588 

were treated with 5 μM IWP2 (TOCRIS). IWP2 was removed on day 6. From day 8, 589 

cells were cultured by RPMI + B27. Spontaneously contracting pieces could be 590 

observed from day 10 to 14. Cells were replated for purification on day 15.  591 

 592 

Antibodies 593 

Specific antibodies were purchased from the following commercial sources for the 594 

indicated experiments: anti-CS (ab129095, 1:2000 for IB), anti-IMMT (ab137057, 595 

1:1000 or IB), anti-ANP (ab191398, 1:1000 for IB, 1:50 for IF), anti-BNP (ab92500, 596 

1:1000 for IB), anti-NFATC4 (ab62613, 1:1000 for IB, 1:50 for IF), anti-MLC2v 597 

(ab92721, 1;50 for IF), Goat anti-Rabbit IgG H&L (Alexa Fluor® 594) (150080, 598 

1:250 for IF), Goat anti-Mouse IgG H&L (Alexa Fluor® 488) (150113, 1:250 for IF) 599 

from Abcam;anti-Tom20 (42406, 1:2000 for IB, 1:50 for IF), anti-Vinculin (13901, 600 

1:2000 for IB), anti-OPA1 (67589S, 1:1000 for IB, 1:50 for IP) from Cell Signaling 601 

Technology; anti-α-actinin (A7811, 1:200 for IF) from Sigma. anti-ATP5B (A5769, 602 

1:1000 for IB) from Abclonal. anti-MLC2а (17283-1-AP, 1:50 for IF) from 603 

Proteintech. anti-DYKDDDDK-tag (M20008, 1:10000 for IB), anti-GAPDH 604 

(M20050, 1:5000 for IB) from Abmart. HRP Goat anti-Mouse IgG (H+L) (BK-R050, 605 

1:5000 for IB), HRP Goat anti-Rabbit IgG (H+L) (BK-M050, 1:5000 for IB) from 606 

Bioker. 607 
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 608 

Immunofluorescence 609 

Cells were seeded in glass slide for cybrids and iPSC-CMs. The slides were fixed by 610 

4% formaldehyde for 15 mins, and then permeabilization were conducted with 0.2% 611 

Triton X-100 for 15 mins and blocked by 3% BSA for 1 hr at RT. Then the cells were 612 

incubated with primary antibody overnight at 4℃. Secondary antibody was incubated 613 

for 1 hr and then DAPI were incubated for 10 mins at RT. 614 

 615 

Cloning procedures and cell transfection 616 

The full-length OPA1 were cloned from HEK293T cDNA by PCR. A GAA full-length 617 

template was gifted from Jia-huai Han lab. The above genes were cloned into 618 

pcDNA3.1-Flag/His empty vectors.  619 

Plasmids were transfected by Lipofectamine® 3000 (Life Technologies) in 620 

HEK293T or cybrids. The culture was changed to DMEM and 10% FBS after 8 hrs. 621 

And the cells were harvested after 36 hrs. 622 

 623 

Protein recombination and purification 624 

Recombinant proteins Flag/His-OPA1 were purified from overexpression vectors 625 

transduced HEK293T cells. FLAG (M2) magnetic beads (Sigma) were used to enrich 626 

proteins and 3×FLAG peptide (Sigma) was applied to elute. The purity of 627 

recombinant protein was measured with the standard BSA control by SDS-PAGE and 628 

Coomassie staining. 629 

 630 

Mitochondrial purification 631 

Cells (at least three 10cm2 dishes) was suspended by KPBS (136 mM KCl, 10 mM 632 

KH2PO4, pH 7.25) containing protease inhibitor (Roche) and then transferred to 633 

Dounce homogenization. (71). After 50 strokes, the cell extraction was centrifuged at 634 

4 ℃ at 1000 g for 10 mins. The supernatant was further centrifuged at 13500 g for 5 635 

mins. After washed for 3 times, the resulting pellet (mitochondria) was collected by 636 
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centrifugation at 4 ℃ at 13500 g for 5 mins. 637 

The mitochondria of heart tissues were extracted following manufacturers’ 638 

instruction by Tissue Mitochondria Isolation Kit (Beyotime). 639 

 640 

Protein crosslinking 641 

For protein crosslinking, mitochondria were treated with 10 mM EDC (Sangon 642 

Biotech) for 30 mins at 37 ºC. 15 mM DTT (Sangon Biotech) was added to the 643 

sample buffer for quenching the crosslinking reaction. The mitochondrial pellets were 644 

harvested by centrifugation for 5 mins at 12000 g at 4 ºC.  645 

 646 

Cell Lysis, immunoprecipitation and immunoblotting 647 

Cells were resuspended in lysis buffer (Fude Biological Technology) with a complete 648 

protease inhibitor cocktail. Supernatants were obtained by centrifugation at 13,000 g 649 

for 15 mins at 4 °C and further applied for immunoblotting (IB) or 650 

immunoprecipitation (IP) with the indicated antibodies. For IP, control IgGs and the 651 

corresponding primary antibodies were added to the prepared lysates for 2 hrs at 4 °C, 652 

and then protein A/G agarose beads (Santa Cruz) were added to the lysates. After 2 653 

hrs, beads were washed with NETN buffer (25 mM Tis-HCl pH 8.0, 100 mM NaCl, 1 654 

mM EDTA, 0.5 mM DTT) 3 times for 3 mins at 4 °C. Then the protein eluted from 655 

beads with 50 μL 2×SDS loading buffer could be detected by IB.  656 

 657 

Pull down and mass spectrometry analysis 658 

Whole cell lysates were prepared by lysis buffer. DNJ-conjugated carboxyl beads 659 

were prepared according to manufacturer’s instructions (PuriMag Biotech). Cell 660 

lysates were then incubated with beads at 4 ℃ for 4 hrs. After washing for 3 times 661 

each for 3 mins with lysis buffer, the beads were boiled in 50 μL 2 × SDS loading 662 

buffer for 10 mins. The supernatant was analyzed with SDS-PAGE or LC/MS.  663 

 664 

Galactose induced cell death assay 665 
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For the galactose assay, iPSC-CMs were seeded in 12-well plates grown in high-666 

glucose RPMI + B27. After 16 hrs, cells were washed twice and media were changed 667 

into RPIM without glucose, but supplemented with 10 mM galactose, 4 mM 668 

glutamine and B27. Cells were incubated in galactose media with DMSO or DNJ and 669 

then trypsinized and quantified each day. 670 

 671 

Measurement of cellular respiration 672 

Oxygen consumption of mitochondria was assessed using a Seahorse XFe96 Analyzer. 673 

After adhering for 16 hrs, cells were incubated in the media with DMSO or DNJ for 674 

another 24 hrs. After baseline records, cells were then injected with 1 μM oligomycin, 675 

1 μM FCCP, and 0.5 μM of rotenone with 0.5 μM of antimycin A, in that order.  676 

 677 

MMP and ATP measurement  678 

The mitochondrial membrane potential was measured by fluorescence detection (JC-679 

10 Assay Kit, Abcam) following manufacturer’s instruction. The ATP production 680 

ability and the results of the ADP/ATP Ratio was measured using an ATP Assay Kit 681 

(Beyotime) and ADP/ATP Ratio Assay Kit (Sigma) separately, following 682 

manufacturers’ instruction. 683 

 684 

Measurement of activities of respiratory complexes 685 

The enzymatic activities of complexes I, III, IV and V were assayed by changed 686 

absorbance (72). The activities of complexes were measured using the following 687 

parameters: complex I through the oxidation of NADH; complex III through the 688 

reduction of cytochrome c; complex IV through the oxidation of cytochrome c; and 689 

complex V through NADH oxidation. 690 

 691 

Transmission electron microscopy 692 

Mitochondria were fixed for 4ºC using 2.5% glutaraldehyde overnight. Thin sections 693 

were imaged on Tecnai G2 Spirit 120kV in the Center of Cryo-Electron Microscopy 694 



 

25 

 

(CCEM), Zhejiang University. 695 

 696 

Patch clamping 697 

iPSC-CMs were enzymatically dissociated into single cells and seeded to matrigel-698 

coated glass coverslips. Spontaneous cells were selected for further recording using an 699 

EPC-10 patch clamp amplifier (HEKA) (73). The PatchMaster software (HEKA) was 700 

used for data acquasition. The IgorPro (Wavemetrics) and Prism (Graphpad) were 701 

applied for data analysis. 702 

 703 

Detection of calcium signals 704 

For cytosolic calcium detection, cells were collected and stained with Frua-2 AM (5 705 

μM; Invitrogen). And cytosolic calcium signals were detected using Ultra High Speed 706 

Wavelength Switcher ((Lambda DG-4, Sutter instruments, Novato, CA) with a CCD 707 

camera (Zyla, Andor) mounted on an inverted microscope (Eclipse Ti, Nikon 708 

Instruments Inc). Data was acquired using NIS-Elements software (Nikon Instruments 709 

Inc). 710 

For mitochondrial calcium detection, mito-GECO1 were transfected to cells or 711 

RHOD-2 (2.5 μM in Hank's balanced salt solution (HBSS; Gibco) were stained for 712 

cells and the data acquired by Microplate reader or Fluorescence microscope. 713 

 714 

Quantitative real-time PCR (qPCR) 715 

For the qPCR assay, total mRNA was extracted from mice heart tissue using M5 716 

Universal RNA Mini Kit (Mei5bio). RNA was reverse-transcribed into cDNA using 717 

PrimeScriptTMRT reagent Kit with gDNA Eraser (Takara). Bestar® SybrGreen qPCR 718 

Mastermix (DBI) was used to quantify the expression of BNP and ANP. Primers for 719 

qPCR:  720 

Bnp (F: GTGACGTTGACATCCGTAAAGA; R: GCCGGACTCATCGTACTCC)； 721 

Anp (F: TACCCGCCATCCATGATCG; R: AGGCAGTCCACTTCAGTGC)； 722 

Gapdh (F: ATGTGTCCGTCGTGGATCTG; R: AGTTGGGATAGGGCCTCTCTT) 723 
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 724 

OPA1 and GAA silencing 725 

Cells were transfected by LipofectamineTM RNAiMAX regent (Thermo Fisher 726 

Scientific) following the manufacturer’s instructions. All siRNA sequences were 727 

designed according to the siRNA Selection Program 728 

(http://sirna.wi.mit.edu/home.php/) (74)  and commercially produced (GenePharma). 729 

The sequence (5’-3’) of siRNA against OPA1 (si#1: CCAUGUGGCCCUAUUUAAA; 730 

si#2: CCAAGUGACUACAAGAAAU). 731 

The sequence (5’-3’) of siRNA against GAA (si#1: GGACUUGGGAGAUUCUAAA; 732 

si#2: CAGAAAUCCUGCAGUUUAA). 733 

 734 

Animals and treatment 735 

The subjects of this research were 8-week-old male mice on a C57BL/6J background. 736 

All animal experiments were performed according to the protocol followed by the 737 

Institutional Animal Care. The experimental groups (n = 7 per group) contained (a) 738 

PBS; (b) PBS + DNJ (9 mg·kg-1·day-1); (c) AngII (4.5 mg·kg-1·day-1); (d) AngII + 739 

DNJ (54). Above regent were given by intraperitoneal injection twice a day for 28 740 

days. Then the mice were killed (using CO2), hearts and other organs were 741 

immediately removed. 742 

 743 

Echocardiography measurements 744 

Mice were anaesthetized, and two-dimensional (2D) parasternal short axis M-mode 745 

echocardiogram was performed using the vinno 6LAB. M-mode tracings at mid-746 

papillary muscle level were recorded to assess left ventricular function. 747 

 748 

Histological analysis 749 

For histological assay, mice hearts were collected and fixed by 4 % paraformaldehyde. 750 

The images were obtained from sections stained with hematoxylin-eosin (HE) 751 

staining, wheat germ agglutinin (WGA) staining (cardiac hypertrophy) and Picrosirius 752 
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red staining (fibrosis), and the cross-sectional areas and fibrotic areas of 753 

cardiomyocytes were evaluated.  754 

 755 

Statistics 756 

Statistical analysis is displayed using Student’s unpaired, two-tailed t test in Prism 757 

(Graphpad) to compare two groups. One-way ANOVA or Two-way ANOVA to 758 

compare more than 2 groups. All data represent three mutant (two patients) and three 759 

control (two control individuals) in cybrid cell lines. In iPSCs, two mutant clones are 760 

derived from the same patient; two control clones are from the proband’s son and a 761 

genetically unrelated individual in the same region, separately. n is the total replicates 762 

for each group. Values represent the mean ± SEM of at least 3 independent 763 

experiments. *P < 0.05, **P < 0.01, ***P < 0.001. 764 
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FIGURES 998 

 999 
Figure 1. Compound screening method in HCM cybrids and HCM iPSC-CMs 1000 

with mutant mtDNA. (A) Graphical abstract of the two-step drug screening in HCM 1001 

cybrids and HCM iPSC-CMs with mutant mtDNA. (B) Screening of 41 chemical 1002 

compounds from the mitochondrial drug bank (all 30 μM in 0.1% DMSO) for MMP 1003 

analysis in one HCM cybrids cell clone with the MT-RNR2 mutation. HCM cybrids 1004 

treated with 0.1% DMSO (orange) were used as baseline. Values represent the mean ± 1005 

SEM. n = 3 biological replicates. two-tailed t test. Top candidates (*P < 0.05) were 1006 

highlighted in green. (C) Analysis of MMP (dark blue) from selected compounds. The 1007 

MMP of 143B is shown in grey. (D) Examination of total ATP production in response 1008 

to DNJ, astragalus polyphenols or verbenalin administration. Values represent the 1009 

mean ± SEM. n = 3 biologically independent experiments in three lines. One-way 1010 

ANOVA followed by Tukey’s test. ***P < 0.001. (E) Relative mitochondrial ATP 1011 

production was measured using recording buffer (containing 5 mM 2-DG and 5mM 1012 

pyruvate). Values represent the mean ± SEM. n = 3 biologically independent 1013 
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experiments in three lines. One-way ANOVA followed by Tukey’s test. ***P < 0.001. 1014 

(F) Galactose-induced cell death assay in HCM iPSC-CMs. Time course (left) and 1015 

survival rate quantification (right) are shown as the mean ± SEM, n = 3 biologically 1016 

independent experiments. Two-way ANOVA analysis. ***P < 0.001. Data are 1017 

representative of 3 independent experiments. 1018 

1019 
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 1020 

Figure 2. DNJ mitigates abnormal electrophysiological properties and calcium 1021 

handling properties in HCM iPSC-CMs. (A) Representative action potential 1022 

tracings of ventricular-like myocytes derived from Con iPSC-CMs, HCM iPSC-CMs 1023 

and HCM iPSC-CMs + DNJ, respectively. Red arrow indicates irregular rhythm. (B) 1024 

Quantification of cells with arrhythmias (Con: n = 23 in 2 lines; HCM: n = 28 in 2 1025 

lines; HCM+DNJ: n = 28 in 2 lines). (C) Representative action potential tracings from 1026 

Con iPSC-CMs, HCM iPSC-CMs and HCM iPSC-CMs + DNJ. (D) Scatter dot plot to 1027 

compare APD50, APD70 and APD90 (Con: n = 23 in 2 lines; HCM: n = 28 in 2 lines; 1028 

HCM+DNJ: n = 28 in 2 lines). Values represent the mean ± SEM. Two-way ANOVA 1029 

analysis. **P < 0.01, ***P < 0.001. (E) Representative raw traces of Fura-2 ratio-1030 
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metric calcium signaling. Red arrow indicates abnormal Ca2+ handling events. (F) 1031 

Quantification of cells with arrhythmias (Con: n = 25 in 2 lines; HCM: n = 28 in 2 1032 

lines; HCM+DNJ: n = 28 in 2 lines). (G and H) Scatter dot plot to compare diastolic 1033 

Ca2+ (G) and decay times (H) (Con: n = 25 in 2 lines; HCM: n = 28 in 2 lines; 1034 

HCM+DNJ: n = 28 in 2 lines), respectively. Values represent the mean ± SEM. One-1035 

way ANOVA followed by Tukey’s test. ***P < 0.001. (I) Chemical structure of DNJ. 1036 

For each group, data were collected from two different iPSC lines and at least three 1037 

batches of differentiation. 1038 

1039 
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 1040 

Figure 3. DNJ acts as a potential agent for HCM treatment. (A) Measurement of 1041 

mitochondrial membrane potential analysis. n = 3 biologically independent 1042 

experiments in two lines. Values represent the mean ± SEM, One-way ANOVA 1043 

followed by Tukey’s test. ***P < 0.001. (B) Representative concentration-response 1044 

curves are shown with MMP as an indicator. n = 3 biologically independent 1045 

experiments. Values represent the mean ± SEM. Data are representative of 3 1046 

independent experiments. (C) Cardiomyocytes were incubated with indicated 1047 

concentrations of DNJ for the indicated time periods. Cell growth was determined 1048 

using a CCK8 assay. n = 3 biologically independent experiments. Values represent the 1049 

mean ± SEM. One-way ANOVA followed by Tukey’s test. *P < 0.05. (D) Analysis of 1050 

mitochondrial calcium by RHOD-2 indicators in iPSC-CMs. n = 3 biologically 1051 

independent experiments in two lines. Values represent the mean ± SEM. One-way 1052 

ANOVA followed by Tukey’s test. **P < 0.01, ***P < 0.001.  1053 

1054 
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 1055 

Figure 4. DNJ reverses HCM phenotype. (A-B) Representative images of iPSC-1056 

CMs stained for α-actinin immunofluorescence and quantification of cell size. Con: n 1057 

= 64, HCM: n = 45, HCM + DNJ: n = 60 in two lines. Values represent the mean ± 1058 

SEM.  One-way ANOVA followed by Tukey’s test. **P < 0.01, ***P < 0.001. Scale 1059 

bar, 40 µm. (C-F) Representative immunofluorescence staining revealed changed 1060 

ANP expression (C) and NFATC4 location (D) in the α-actinin-positive iPSC-CMs. 1061 

Quantification of ANP expression (n = 10 in two lines) (E) and analyzation of the 1062 

colocation between DAPI and NFATC4 (n = 17 in two lines) (F). Values represent the 1063 

mean ± SEM. One-way ANOVA followed by Tukey’s test. ***P < 0.001. Scale bar, 1064 

40 µm. (G) Western blotting of ANP and BNP. Vinculin is shown as a loading control. 1065 

(H) Western blot detection of NFATC4 in the purified nucleus with the indicated 1066 

protein markers (laminB for nucleus).  1067 

1068 
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 1069 

Figure 5. DNJ augments the level of OPA1 oligomers and improves its 1070 

biomolecular function. (A) Schematic identifying the molecular target of DNJ 1071 

combining pulldown and mass spectrum-proteomics analysis. (B) The Coomassie 1072 

staining gel of eukaryotic purified Flag-His-OPA1 is shown. (C) Immunoblot 1073 

confirmation of the DNJ-binding protein with purified Flag-His-OPA1. (D) 1074 

Immunoblot confirmation of the endogenous DNJ-binding protein in cell lysis using 1075 

OPA1 antibody. (E) MST assay for the affinity between DNJ and purified EGFP-1076 

OPA1 protein. (F) HCM cybrids were treated with DNJ for 8 hours and collected to 1077 

purify the mitochondria. Mitochondria were incubated with 10mM EDC for 30min. 1078 

Proteins were separated by SDS-PAGE and immunoblotted using anti-OPA1 1079 

antibodies. (G) HCM cybrids treated with DNJ for different time periods (1, 2, 4, 6, 8 1080 

h). The above mitochondria were then treated as in (F). Proteins were separated by 1081 

SDS-PAGE and immunoblotted using anti-OPA1 antibodies. (H) Mitochondria were 1082 
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isolated from cybrids and treated with DNJ or DMSO for 30min. The above 1083 

mitochondria were then treated as in (F). (I) Graphical illustration of OPA1 function 1084 

in mitochondrial cristae remodeling. (J and K) Endogenous co-IP assay using IgG 1085 

and OPA1 antibodies was performed to detect OPA1-IMMT (J) and OPA1-ATP5B (K) 1086 

interactions. 1087 

1088 
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 1089 
Figure 6. DNJ protects mitochondrial cristae morphology in HCM cybrids. (A) 1090 

Mitochondrial networks of Con cybrids, HCM cybrids and HCM cybrids with DNJ. 1091 

Cybrids were immunolabeled for the mitochondrial marker TOM20. Scale bar, 20 μm. 1092 

(B) Representative TEM recordings of cybrids. Scale bar for left images, 2 μm. Scale 1093 

bar for enlarged images, 200 nm. (C) Quantification of the overall cristae morphology 1094 

on TEM recordings. (D) Quantification of mitochondrial cristae number on TEM 1095 

recordings. Con: n = 47, HCM: n = 61, HCM + DNJ: n = 45 biologically independent 1096 

mitochondrion. Values represent the mean ± SED. One-way ANOVA followed by 1097 

Tukey’s test. **P < 0.01, ***P < 0.001. (E) Diameter of cristae. Con: n = 241, HCM: 1098 

n = 160, HCM + DNJ: n = 195 biologically independent mitochondrion. Values 1099 

represent the mean ± SEM. One-way ANOVA followed by Tukey’s test. ***P < 0.001. 1100 

(F) CJ frequency on TEM recordings. The number of CJs was manually determined 1101 

and normalized to the cristae number. Con: n = 47, HCM: n = 61, HCM + DNJ: n = 1102 

45 biologically independent mitochondrion. Values represent the mean ± SEM. One-1103 

way ANOVA followed by Tukey’s test. **P < 0.01, ***P < 0.001.  1104 

1105 
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 1106 

Figure 7. DNJ benefits mitochondrial function in HCM cybrids. (A) Western 1107 

blotting and quantification analysis of respiratory electron transport chain complex 1108 

subunits (MT-ND5, MT-COX2, MT-ATP8, MT-CYB). TOM20 is shown as a loading 1109 

control. (B-E) The activities of OXPHOS complexes were investigated using 1110 

enzymatic assays on complex Ⅰ, Ⅲ, Ⅳ and Ⅴ. n = 5 biologically independent 1111 

experiments. Values represent the mean ± SEM. One-way ANOVA followed by 1112 

Tukey’s test. *P < 0.05, **P < 0.01, ***P < 0.001. (F) Oxygen consumption rate 1113 

(OCR) was measured using a Seahorse Analyzer. n = 3 biologically independent 1114 

experiments. Data are representative of 3 independent experiments. Values represent 1115 

the mean ± SEM.  1116 

1117 
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 1118 

Figure 8. DNJ sustains cristae structure by increasing the OPA1 oligomers in 1119 

HCM iPSC-CMs. (A) The mitochondria isolated from cardiomyocytes were 1120 

incubated with crosslinker EDC as above. (B) Representative TEM recordings. Scale 1121 

bar, 200 nm. (C) Quantification of the overall cristae morphology. (D-F) 1122 

Quantification of mitochondrial cristae number (D), Diameter of cristae (E) and CJ 1123 

frequency (F). Con: n = 101, HCM: n = 85, HCM + DNJ: n = 92 biologically 1124 

independent mitochondrion for cristae number and CJ frequency. Con: n = 620, HCM: 1125 

n = 332, HCM + DNJ: n = 467 biologically independent mitochondrial cristae for 1126 

cristae diameter. Values represent the mean ± SEM. One-way ANOVA followed by 1127 

Tukey’s test.  *P < 0.05, **P < 0.01, ***P < 0.001.  1128 

1129 
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 1130 

Figure 9. DNJ rescues the mitochondrial dysfunction in HCM iPSC-CMs. (A) 1131 

Measurement of mtDNA copy number. n = 3 biologically independent experiments in 1132 

two lines. Values represent the mean ± SEM. One-way ANOVA followed by Tukey’s 1133 

test.  *P < 0.05, ***P < 0.001. (B) Western blotting of respiratory electron transport 1134 

chain complex subunits. TOM20 is shown as a loading control. (C) Measurement of 1135 

ADP/ATP. n = 3 biologically independent experiments in two lines. Values represent 1136 

the mean ± SEM. One-way ANOVA followed by Tukey’s test.  ***P < 0.001. (D) 1137 

Measurement of OCR. n = 3 biologically independent experiments. Data are 1138 

representative of 3 independent experiments. Values represent the mean ± SEM. (E 1139 

and F) MMP (E) and ADP/ATP (F) were measured in galactose medium. n = 3 1140 

biologically independent experiments in two lines. Values represent the mean ± SEM. 1141 

One-way ANOVA followed by Tukey’s test.  ***P < 0.001. (G) OCR were measured 1142 

in galactose media. n = 3 biologically independent experiments. Data are 1143 

representative of 3 independent experiments. Values represent the mean ± SEM. 1144 

1145 
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 1146 

Figure 10. DNJ benefits mitochondrial function relying on OPA1 in HCM iPSC-1147 

CMs. (A) Representative TEM recordings of Con-CMs, HCM-CMs scramble, HCM-1148 

CMs scramble + DNJ, siOPA1 and siOPA1 + DNJ. Scale bar, 200 nm. (B) 1149 

Quantification of the overall cristae morphology on TEM recordings. (C) 1150 

Quantification of mitochondrial cristae number. Con: n = 50, HCM scramble: n = 76, 1151 

HCM scramble + DNJ: n = 69, HCM siOPA1: n = 70, HCM siOPA1 + DNJ: n = 85 1152 

biologically independent mitochondrion. Values represent the mean ± SEM. One-way 1153 

ANOVA followed by Tukey’s test.  *P < 0.05, ***P < 0.001. (D) Mitochondrial 1154 

membrane potential was measured. n = 3 biologically independent experiments in two 1155 

lines. Values represent the mean ± SEM. One-way ANOVA followed by Tukey’s test.  1156 

***P < 0.001. (E) ADP/ATP ratio was measured using a bioluminescent assay system. 1157 
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n = 3 biologically independent experiments in two lines. Values represent the mean ± 1158 

SEM. One-way ANOVA followed by Tukey’s test.  ***P < 0.001. (F) Analysis of 1159 

mitochondrial calcium by RHOD-2 indicators in seven groups. n = 3 biologically 1160 

independent experiments in two lines. Values represent the mean ± SEM. One-way 1161 

ANOVA followed by Tukey’s test. ***P < 0.001. 1162 

1163 
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 1164 
Figure 11. DNJ alleviates AngII-induced myocardial dyfunction. (A) Schematic 1165 

diagram depicting the experimental strategy for DNJ treatment. Echo: 1166 

echocardiographic assessments, HE: hematoxylin-eosin staining. (B-C) Heart weight 1167 

(HW) and heart weight normalized to body weight (BW). n = 7 mice. Values represent 1168 

the mean ± SEM. One-way ANOVA followed by Tukey’s test. **P < 0.01, ***P < 1169 

0.001. (D) Echocardiograms of sham, AngII and DNJ group. (E-H) Echocardiography 1170 

parameters (EF, FS and LVPW). n = 7 mice. Values represent the mean ± SEM. One-1171 

way ANOVA followed by Tukey’s test. **P < 0.01, ***P < 0.001. 1172 

1173 
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 1174 

Figure 12. DNJ reverses AngII-induced mitochondrial dysfunction and cardiac 1175 

hypertrophy. (A) Representative images of hematoxylin-eosin (HE) staining, wheat 1176 

germ agglutinin (WGA) staining (cardiac hypertrophy) and Picrosirius red staining 1177 

(fibrosis). Scale bar, 1000 μm (HE); 30 μm (WGA); 20 μm (Sirus Red). (B) LV 1178 

collagen volume was assessed and quantified. n = 7 biologically independent samples 1179 

of cardiac mice tissues. Values represent the mean ± SEM. One-way ANOVA 1180 

followed by Tukey’s test. ***P < 0.001. (C) Quantitative results of average cross-1181 

sectional areas. n = 7 biologically independent samples of cardiac mice tissues. Values 1182 

represent the mean ± SEM. One-way ANOVA followed by Tukey’s test. ***P < 0.001. 1183 
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(D) Immunoblotting ANP protein levels in cardiac tissues. (E) Western blotting of 1184 

mitochondrial OPA1 with EDC treatment in cardiac tissues of Sham, AngII and AngII 1185 

+ DNJ groups. (F) Representative TEM recordings. Scale bar, 500 μm. (G) 1186 

Immunoblotting mitochondrial electron transport chain complex subunits expression. 1187 

(H and I) Cardiac cells were isolated from the cardiac tissues of each mouse, 1188 

separately. Relative MMP and ATP levels were then measured. n = 5 biologically 1189 

independent samples of cardiac mice tissues. One-way ANOVA followed by Tukey’s 1190 

test. **P < 0.01, ***P < 0.001. 1191 

  1192 

1193 
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 1194 

Figure 13. Graphical abstract of the mechanism underlying mitochondria-1195 

targeted DNJ rescuing HCM. 1196 

 1197 
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