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Abstract

Huntington's disease (HD) is a fatal hereditary neurodegenerative disorder, best known for its 

clinical triad of progressive motor impairment, cognitive deficits and psychiatric disturbances, is 

caused by CAG-repeat expansion in exon 1 of Huntingtin (HTT). However, in addition to the 

neurological disease, mutant HTT (mHTT), which is ubiquitously expressed in all tissues, impairs 

other organ systems. Not surprisingly, cardiovascular dysautonomia as well as the deterioration of 

circadian rhythms are among the earliest detectable pathophysiological changes in individuals with 

HD. Mitochondrial dysfunction in the brain and skeletal muscle in HD has been well documented, 

as the disease progresses. However, not much is known about mitochondrial abnormalities in the 

heart. In this study, we describe a role for Drp1/Fis1-mediated excessive mitochondrial fission and 

dysfunction, associated with lysosomal dysfunction in H9C2 expressing long polyglutamine repeat 

(Q73) and in human iPSC-derived cardiomyocytes transfected with Q77. Expression of long 

polyglutamine repeat led to reduced ATP production and mitochondrial fragmentation. We 

observed an increased accumulation of damaged mitochondria in the lysosome that was coupled 

with lysosomal dysfunction. Importantly, reducing Drp1/Fis1-mediated mitochondrial damage 

significantly improved mitochondrial function and cell survival. Finally, reducing Fis1-mediated 

Drp1 recruitment to the mitochondria, using the selective inhibitor of this interaction, P110, 

improved mitochondrial structure in the cardiac tissue of R6/2 mice. We suggest that drugs 
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focusing on the central nervous system will not address mitochondrial function across all organs, 

and therefore will not be a sufficient strategy to treat or slow down HD disease progression.
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1. Introduction

Huntington's disease (HD) is an autosomal-dominant inherited neurodegenerative disease, 

caused by an abnormal expansion of a CAG repeat located in the exon 1 of the gene 

encoding for the Huntingtin protein (HTT) and predominantly characterized by chorea, 

dyskinesia, and dystonia (1). The age of disease onset inversely correlates with CAG 

expansion length, and death occurs on average 10 to15 years after symptom onset (1, 2). 

Although there is no cure for HD, recent developments using anti-sense oligonucleotide 

(ASO) and adeno-associated virus (AAV)-mediated gene therapies to reduce HTT levels in 

the central nervous system (CNS) have demonstrated safety and efficacy in animal models 

and are progressing in clinical trials (3, 4). Since HTT expression is ubiquitous throughout 

the body, CNS-specific therapies may unmask peripheral HD-associated pathologies (5). In 

particular, skeletal muscle atrophy, cardiovascular diseases and heart failure have been 

identified as other leading causes of mortality in HD patients (6, 7).

Mitochondria are highly dynamic organelles, forming either elongated or fragmented 

structures through the processes of mitochondrial fusion and fission (8). This mitochondrial 

dynamic is essential for the maintenance of normal mitochondrial function, enabling 

mitochondrial quality control and mobility throughout the cell. Under physiological 

conditions, Drp1, a cytosolic large GTPase, is recruited to the outer mitochondrial 

membrane by mitochondrial fission factor (Mff), with yet to be fully characterized roles for 

mitochondrial dynamics proteins of 49 kDa and 51 kDa (Mid49/Mid51) (9, 10). However, 

under pathological stress, Drp1 predominantly interacts with fission 1 (Fis1), leading to 

excessive mitochondrial fragmentation, production of reactive oxygen species (ROS), and 

oxidative stress and loss of mitochondrial membrane potential (11). Under these conditions, 

selective inhibition of Drp1/Fis1 interaction, using P110, a rationally designed peptide 

inhibitor (11), provides a potential therapeutic intervention (12-14). In this study, we 

determined whether Drp1 hyperactivation through its interaction with Fis1 plays a role in the 

pathogenesis of polyglutamine induced cardiac mitochondrial dysfunction and whether 

inhibition of Drp1/Fis1-interaction can alleviate this cardiac pathology.

2. Materials and Methods

2.1 Peptides

Drp1/Fis1 interaction peptide inhibitor, P110, and control peptide (used for peptide delivery, 

TAT47-57) were synthesized by Ontores Biotechnologies (Hangzhou, China) (15). The purity 

of peptides was > 90% as measured by RP-HPLC chromatogram.
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2.2. Peptide treatment in mouse model

All the experiments were done in accordance with protocols approved by the Institutional 

Animal Care and Use Committee of Stanford University and were performed based on the 

National Institutes of Health Guide for the Care and Use of Laboratory Animals. 

Hemizygous R6/2 HD mice and their WT littermates were purchased from The Jackson 

Laboratory and shipped to us at 5-weeks of age.

2.3 Cell lines and transient expression of mutant proteins

H9C2 cardiomyocytes were cultured in either 75 cm2 flasks, 6-well or 24-well dishes, 

containing DMEM medium supplemented with 10% FBS, 4 mM glutamine, 100 U/ml 

penicillin, 10 μg/ml streptomycin and grown in a 5% CO2 atmosphere at 37 °C. H9C2 

cardiomyocytes were seeded and allowed to attach before transfection with either green 

fluorescent protein (GFP)-Q23 (control) or Q73 (HD-like model), using the transfection 

reagent, according to the instructions provided by the manufacturer (Lipofectamine 2000 

reagent, Invitrogen) and studied 48 h after transfection.

2.4 Culture and cardiac differentiation of human iPSCs.

A human iPSC line described previously (16) was cultured on Matrigel-coated plates (ES 

qualified, BD Biosciences, San Diego), using chemically defined E8 medium and culture 

conditions, as described (17, 18). Cells were passaged using Accutase (Global Cell 

Solutions) every four days. For expression of the Q23 and Q77 repeats, respective DNA 

sequences were subcloned into a pCDH-MSCV-GFP plasmid. Stable iPSC lines expressing 

the Q23- and Q77 repeat-GFP fusion proteins were generated by lentiviral transduction. 

Following lentiviral transduction, GFP-positive human iPSCs were sorted via fluorescent 

activated cell sorting (FACS) and expanded. For cardiac differentiation, human iPSCs stably 

expressing the Q23- and Q77-GFP fusion proteins were grown to 90% confluence. A small 

molecule-based monolayer method described in Ebert et al (19), was employed subsequently 

for differentiation of iPSCs into beating cardiomyocytes. Cardiomyocytes were used 30 days 

after differentiation, and their characterization has been previously described (19).

2.5 Cell health assays

Cell viability was determined by measuring the activity of lactate dehydrogenase (LDH) 

released into the culture media using a Cytotoxicity detection kit (LDH; Roche) according to 

the manufacturer’s instructions. Briefly, at the end of the incubation, media supernatants 

were collected and centrifuged at 1000 × g to remove any residual cells and cell debris. The 

reaction mixture was added to the cell-free supernatant, and color development was 

measured spectrophotometrically at 492 nm, with a reference wavelength at 610 nm. 

Caspase-3 and −9 activities were assessed using a caspase-3 or −9 colorimetric assay kit 

(Abcam, Cambridge, MA, USA) according to the manufacturer's protocol. Briefly, the cells 

were harvested and resuspended in lysis buffer. Following incubation on ice for 30 min, cell 

lysates were centrifuged at 11,000 g for 15 min at 4°C, and the protein concentration in the 

supernatants was measured using the Bradford method. The supernatants were incubated 

with reaction buffer containing 2 mmol/L Ac-DEVD-AFC for caspase-3 and LEHD-AFC 

for caspase-9 (Abcam) in a caspase assay buffer at 37°C with 10 mmol/L DTT for 30 min. 
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Caspase activity was determined by measuring the absorbance at 405 nm. Aconitase activity 

was measured using an Aconitase Assay Kit (Sigma, MAK051). To determine the aconitase 

activity of harvested cells, the manufacturer’s protocol was followed without the addition of 

the activating solution. To determine mitochondrial ROS production, cells were treated with 

5 μM MitoSOX™ Red mitochondrial superoxide indicator (Invitrogen) for 10 min at 37°C 

according to the manufacturer’s protocol, and fluorescence was analyzed with excitation/

emission at 510/580 nm using SpectraMax M2e (Molecular devices). Cells were incubated 

with tetramethylrhodamine methyl ester (TMRM, Invitrogen) in HBSS (Hank's balanced salt 

solution) for 30 min at 37°C, as per the manufacture's protocol, and the fluorescence was 

analyzed using SpectraMax M2e (Molecular devices, using excitation at 360 nm and 

emission at 460 nm). Cyto-ID Green Detection Reagent Kit (Enzo Life Sciences) detects 

autophagosomes and autolysosomes as recommended by manufacturer. In brief, cells were 

stained with Cyto-ID Green for 30 minutes at 37°C and fluorescence levels were measured 

using SpectraMax M2e (Molecular devices, using excitation at 480 nm and emission at 530 

nm).

2.6 Seahorse analysis

Oxygen consumption rate (OCR) was measured with an XFe24 Extracellular Flux Analyzer 

(Seahorse Bioscience). Cells were seeded in an XF 24-well cell culture microplate (Seahorse 

Bioscience) in 250 μl of DMEM and incubated for 24 h at 37°C under a 5% CO2 

atmosphere. The growth medium was replaced with 575 μl of pre-warmed bicarbonate-free 

DMEM, pH 7.4, and cells were incubated at 37°C for 1 h before starting the assay. After 

baseline measurements of OCR and ECAR, OCR was measured after sequentially adding to 

each well 75 μl of oligomycin, 75 μl of FCCP, 75 μl of rotenone and 75 μl of antimycin A to 

reach working concentrations of (1 μM, 2 μM and 0.5 μM respectively). OCR and ECAR 

values were normalized to protein content measured by sulforhodamine (SRB) assay as 

described before (13).

2.7 Immunofluorescence analysis

Immunocytochemistry were performed as described previously (14). Cells seeded at 12,000 , 

were cultured on 8-well chamber slides for 24 hours after 48-hour transfection, washed with 

cold PBS, fixed in 4% formaldehyde, and permeabilized with 0.1% Triton X-100. After 

incubation with 2% normal goat serum (to block nonspecific staining), fixed cells were 

incubated overnight at 4°C with anti-TOM20 primary antibody (1:500; Santa Cruz, USA). 

Cells were washed with PBS and incubated for 60 minutes with FITC-conjugated goat anti-

rabbit IgG (1:500 dilution). The cells were then washed gently with PBS and counterstained 

with Hoechst 33342 (1:10,000 dilution, Molecular Probes) to visualize nuclei. The 

coverslips were mounted with Slowfade-antifade reagent (Invitrogen). Parameters of 

mitochondrial morphology were further quantified with Fiji (ImageJ) as described before 

(20). Images were acquired using an All-in-One Fluorescence Microscope BZ-X700 

(Keyence) and analyzed using ImageJ, as described (21).
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2.8 Lysate preparation and isolation of mitochondria-enriched fraction and lysosomal 
fraction

Cells were washed with cold phosphate-buffered saline (PBS) at pH 7.4 and scraped off 

using mannitol–sucrose (MS) buffer containing 210 mM mannitol, 70 mM sucrose, 5 mM 

MOPS (3-(N-morpholino) propanesulfonic acid), 1 mM EDTA, and protease inhibitor 

cocktail, pH 7.4. The collected cells were passed through a 27-gauge ½-inch needle for lysis, 

followed by centrifugation at 800 × g to pellet nuclei. The post-nuclear and cell debris 

supernatant was further centrifuged at 10,000 × g for 20 min to collect a mitochondria-

enriched fraction, as previously described (14). Lysosomal fractions were extracted from cell 

homogenates by differential centrifugation followed by density centrifugation according to 

the manufacturer's protocol (LYSISO1; Sigma-Aldrich) and as previously described (22). 

The integrity of the lysosomal membrane was monitored by analyzing the presence of 

lysosomal enzyme, acid phosphatase, in the cytosol. Phosphatase activity was assayed with 

the help of the acid phosphatase assay kit (CS0740; Sigma), according to the manufacturer’s 

instructions. The quantification of the lysosomal pH was performed using LysoSensor™ 

Yellow/Blue DND-160 (L7545; Invitrogen) according to the manufacturer’s instructions.

2.9 RNA isolation and gene expression analysis

RNA isolation was performed using GenElute™ Mammalian Total RNA Miniprep Kit, 

according to manufacturer’s protocols. RNA concentration was measured using a Nanodrop 

(ND −1000; NanoDrop Technologies, Rockland, DE, USA). cDNA synthesis was performed 

using the High-Capacity cDNA Reverse Transcription Kit (4368814; Invitrogen) according 

to manufacturer’s instructions, with a minimal input of 200 ng total RNA. Quantitative PCR 

(qPCR) was performed using the 7300 Real Time PCR system (Applied Biosystems, Foster 

City, USA) using the equivalent cDNA amount of 1-2 ng total RNA used in cDNA synthesis. 

SYBR green master-mix (Applied Biosystems) and a 2 pmol/ml mix of forward and reverse 

primer sequences were used for 40 cycles of target gene amplification. The primers used in 

this study are in Supplementary Data Table 1.

2.10 Western blot

Protein concentrations were determined using Bradford assay (Thermo Fisher Scientific). 

Proteins were resuspended in Laemmli buffer containing 2-mercaptoethanol, loaded on 

SDS–PAGE, and transferred on to nitrocellulose membrane, 0.45 μm (Bio-Rad), as before 

(14). Membranes were probed with the indicated antibody and then visualized by ECL 

(0.225 mM p-coumaric acid; Sigma), 1.25 mM 3-aminophthalhydrazide (Luminol; Fluka) in 

1 M Tris pH 8.5 (GE Healthcare, NA931 (anti-mouse), NA934 (anti-rabbit)). Blots were 

quantitated using ImageJ. Quantification was performed on samples from independent 

cultures for each condition. The antibodies used in this study are in Supplementary Data 

Table 2.

2.11 Transmission electron microscopy

Hearts from wild-type mice and HD R6/2 transgenic mice were fixed (after excision) with a 

solution containing 2% (v/v) glutaraldehyde and 4% formaldehyde in 0.1 M sodium 

cacodylate, pH 7.4, for 15 min at room temperature. The fixed samples were then treated at 
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the Stanford Electron Microscopy Facility for imaging, as previously described (14). Images 

were acquired using a JEOL1400 transmission electron microscope.

2.12 Statistical analysis

No statistical methods were used to predetermine sample size. Results were expressed as 

mean ± s.d. Statistical analyses were performed using GraphPad Prism 6. All experimental 

analysis was performed by personnel blinded to the conditions and the genotypes.

3. Results

3.1. Drp1/Fis1-mediated hyperactivation causes mitochondrial fragmentation in cardiac 
cells expressing expanded polyglutamine repeats

Exon 1 of the huntingtin gene followed by long polyglutamine repeats is sufficient to form 

intracellular aggregates and cellular toxicity. Therefore, its expression in cells provides a 

model to study HD. Here, we transiently transfected H9C2 cardiomyocytes with EGFP-

tagged exon 1 of huntingtin with 23 or 73 polyglutamine repeats (Q23 or Q73) (Fig. 1A) for 

48 hours. Expression of Q73 but not Q23 led to increased mitochondrial structural defects, 

with an increased number of small, rounded mitochondria and loss of mitochondrial 

interconnected network (Fig. 1B). Using computer-assisted morphometric analyses, we 

quantified the changes in mitochondrial structure, measuring mitochondrial aspect ratio 

(AR), roundness and form factor (FF) (Fig. 1C). We then determined if these mitochondrial 

structural defects were mediated by Drp1/Fis1 interaction, using P110, a heptapeptide 

conjugated to TAT47–57 (TAT, for intracellular delivery) that selectively inhibits the 

interaction between Drp1 and Fis1, one of its adaptor proteins on mitochondria . P110 

treatment (1 μM for 24 hours) significantly improved mitochondrial structural defects as 

represented across the three measured parameters (Fig. 1C). Drp1 association with the 

mitochondria is a hallmark of activated fission machinery, and the levels of mitochondrial 

Drp1 upon Q73 expression in these cells, which increased by 2-folds, was significantly 

reduced following P110 treatment (Fig. 1D).

3.2. Mitochondrial fragmentation in Q73-expressing H9C2 cells induces defects in 
mitochondrial integrity, autophagy and apoptosis.

Q73 expression in H9C2 led to a marked increase in mitochondrial reactive oxygen species 

(mROS) as well as a significant reduction in mitochondrial membrane potential (Fig. 2A, B). 

P110 treatment (1 μM for 24 hrs) reduced mROS by 50% and improved mitochondrial 

membrane potential (Fig. 2A, B). Since mitochondrial integrity governs cell fate, we next 

measured the expression of genes associated with autophagy, mitochondrial biogenesis and 

cell death in cardiac cells (Fig. 2C). The expression of autophagy genes, LC3, Beclin and 

p62 as well as cell death genes p53 and BAD were significantly upregulated in Q73-

expressing H9C2 cells as compared to Q23-H9C2. Furthermore, Q73 expression was 

sufficient to reduce the expression of critical mitochondrial associated genes, TFAM, Nrf2, 

PGC1-α and COX1, indicating a shift towards cellular stress. P110 treatment (1 μM) 

significantly reversed the overall gene expression in H9C2 cells expressing Q73, indicating a 

link between mitochondrial structure and cellular fate. Q73-induced gene upregulation of 

apoptosis-associated genes increased the activity of caspase 3 and caspase 9, which was also 
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significantly reduced by P110 treatment (Fig. 2D, E). Finally, the expression of Q73 led to 

increased cellular toxicity (measured by increased LDH release to media), which was 

reduced upon P110 treatment (Fig. 2F).

3.3. Q73 expression in H9C2 cells leads to lysosomal dysfunction.

Previously, we demonstrated lysosomal defects in Q74-containing PC12 cells, resulting in 

accumulation of mitochondria in the lysosomal fraction. Similarly, we observed a significant 

increased accumulation of mitochondria in Q73-expressing H9C2 cells, as indicated by the 

presence of increased outer mitochondrial membrane proteins, mitofusin 2 (MFN2) and 

VDAC, in the lysosome-enriched membrane fractions (LAMP1) (Fig. 3A). Additionally, we 

also observed that the presence of expanded polyglutamine repeats in H9C2 significantly 

increased the amount of mitochondrial proteins, TOM20, and aconitase in the total lysates, 

possibly suggesting lack of mitochondrial elimination (Fig. 3B). Similar to observations in 

postmortem HD caudate samples (23), we also observed a significant decrease in aconitase 

activity (Fig. 3C). Since acidic pH is required for lysosomal activity, we used LysoSensor 

dye staining to evaluate whether Q73 expression affected lysosomal function in H9C2. 

Additionally, acid phosphatase activity assay was also performed as a secondary measure of 

lysosomal function. Q73 expression in H9C2 cells led to a marked decline in LysoSensor 

and acid phosphatase activities, indicating that Q73 expression causes lysosomal 

dysfunction, and this dysfunction was reduced with P110 treatment (Fig. 3D, E). Since 

lysosomal function and autophagic flux are intrinsically linked, the defects observed in 

lysosomal function translated into increased autophagosome accumulation indicative of a 

defect in autophagic flux (Fig. 3F). P110 treatment reduced this accumulation of 

autophagosomes, thereby improving the autophagic flux. Inhibition of autophagy and 

lysosomal machinery with 3-MA (10 mM) or chloroquine (20 μM) reduced autophagic flux 

and increased cell death in Q73 H9C2 cells, whereas rapamycin (100 nM) reduced cell death 

through an increase in autophagy (Fig 3G, H).

3.3. Mitochondrial bioenergetic failure correlates with lysosomal dysfunction in human 
iPSC-derived cardiomyocytes expressing expanded polyglutamine repeats.

To maintain their acidic internal pH, lysosomes must actively concentrate H+ (protons). This 

is accomplished by a proton pump in the lysosomal membrane, which actively transports 

protons into the lysosome from the cytosol. This pumping requires expenditure of energy in 

the form of ATP hydrolysis, since it maintains approximately hundredfold higher H+ 

concentration inside the lysosome. Since loss of ATP affects lysosomal function (24), we 

measured bioenergetics in human iPSC-derived cardiomyocytes expressing the expanded 

polyglutamine repeats (Q77), using Seahorse XF24 extracellular flux analyzer and 

performed a baseline mitochondrial stress test (Fig. 4A). As expected, a significant decrease 

was observed in basal respiration, maximal mitochondrial respiration, and spare respiratory 

capacity, as assessed by subjecting cells to FCCP (carbonyl cyanide-4-(trifluoromethoxy)-

phenylhydrazone) in Q77-expressing cells (Fig. 4A). Furthermore, baseline ATP production 

level was significantly lower in these cells. Importantly, blocking Drp1/Fis1 interaction with 

P110 (1μM, for 24 hrs) significantly improved these mitochondria dependent parameters. 

We also observed defects in lysosomal activities in Q77-expressing human iPSC-derived 

cardiomyocytes relative to Q23-expressing cells, which were remarkably recovered with 
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P110 treatment, highlighting the interdependence of mitochondrial and lysosomal 

dysfunctions (Fig. 4B, C). Finally, mitochondrial accumulation, as measured by the levels of 

TOM20 and aconitase, were significantly reduced after P110 treatment in these cells (Fig. 

4D, E).

3.4. P110 treatment improves cardiac mitochondrial structure and promotes elimination 
of damaged mitochondria in hearts of R6/2 mice.

We next evaluated the mitochondrial ultrastructure in the hearts of 13-week-old R6/2 mice 

(an age correlating with severe HD symptoms; (15) (Fig. 5A). Healthy normal cardiac 

mitochondria generally present as elliptical, with uniform optical densities when observed 

under electron microscope. However, mitochondria in the hearts of R6/2 mice exhibited a 

more circular appearance, with a disruption of their uniform densities, and other 

ultrastructure differences. Using a computer-assisted analysis, we determined the 

mitochondrial aspect ratio, form factor, cross-sectional area and mitochondrial roundness in 

these images. All the measured parameters were significantly reduced in R6/2 mice as 

compared to these in hearts of WT-littermate mice indicative of damaged mitochondria (Fig. 

5A). Furthermore, mitochondria were frequently abnormally shaped with damaged or lost 

cristae and the total number of mitochondria was elevated (**p < 0.01) in the hearts of R6/2 

mice relative to those of WT littermates, suggesting defects in mitochondrial elimination. 

We previously described the beneficial effect of P110 treatment on neurodegeneration, 

behavior and life span of R6/2 mice (6). R6/2 mice treated with P110 inhibitor peptide or 

TAT (Veh; each at 3 mg/Kg/d), delivered by a subcutaneous osmotic pump for 8-weeks, as 

we described previously (20), markedly improved cardiac mitochondrial structure (Fig. 5A), 

reduced the increased mitochondrial Drp1 levels (Fig. 5B) and decreased mitochondrial 

accumulation, as evidenced by the levels of aconitase and TOM20 when comparing hearts of 

P110-treated R6/2 mice with vehicle-treated R6/2 mice (Fig. 5C).

4. Discussion

Many studies on HD and therapeutic interventions are focused solely on the brain pathology 

(25). However, it is becoming increasingly apparent that the heart is highly susceptible to the 

effects of mHTT (26-28). Like the brain, the heart is a highly metabolic organ. 

Unsurprisingly, HD patients exhibit a high rate of cardiac events, with heart failure being the 

second leading cause of death among HD patients (accounting for 20–30% of HD deaths) (6, 

29, 30). However, not much is known about the cause of the cardiac dysfunction and the 

cells involved. In this study, we demonstrated that inhibition of Drp1/Fis1-mediated 

excessive mitochondrial fission and dysfunction using P110, a selective peptide inhibitor of 

Drp1/Fis1 interaction that we developed (6), reduced pathological mitochondrial fission in 

mouse and human cell models of HD as well as in an R6/2 HD mouse model.

Mitochondrial structure and function are intimately linked . Multiple studies, including ours, 

have demonstrated that reducing mitochondrial fragmentation is sufficient to restore 

mitochondrial functions (13-15, 31). Expression of expanded polyglutamine repeats in 

H9C2 cardiomyocytes resulted in a drastic increase in fragmented mitochondria, which was 

mediated through Drp1 association with Fis1 on the outer mitochondrial membrane; 
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blocking this interaction with P110 significantly improved mitochondrial structure. 

Mitochondria are not only the main source of ATP; they also produce and are the target of 

ROS. Oxidative stress induces mitochondrial fragmentation and dysfunction (12, 32). We 

found that improvement in mitochondrial structure correlated with restoration of 

mitochondrial membrane potential, reducing mitochondrial ROS levels and increasing ATP 

production.

Alterations in mitochondrial function have been shown to impair communication between 

mitochondria and endoplasmic reticulum (ER). This crosstalk between the organelles has 

been identified as an important regulator of mitochondrial dynamics, lipid and calcium 

homeostasis, autophagy and apoptosis and disturbances in it, characterized by either an 

increase or a reduction of ER-mitochondria interactions, have been reported in several 

neurodegenerative and metabolic diseases (12, 33). Furthermore, there are many reports of 

mitochondrial mass increase under conditions of oxidative stress (34-36). These increases 

might be due to a defective autophagy and lysosomal pathways. In the present study, we 

observed an increase in mitochondrial mass in both Q73-expressing H9C2 cells as well as 

Q77-expressing human iPSC-derived cardiomyocytes. Furthermore, in contrast to the 

increase in mitochondrial mass, TFAM, Nrf2 and PGC-1α expression decreased, suggesting 

that enhanced mitochondrial biogenesis maybe not the primary cause of the mitochondrial 

accumulation. Since autophagy and lysosomal clearance requires ATP, this mitochondrial 

clearance impairment might be explained by the bioenergetic defects observed in these 

mouse and human cell models of HD. Importantly, by improving mitochondrial health 

through blocking excessive/pathological mitochondrial fragmentation with P110 treatment, 

we noted an improvement in lysosomal activities and thereby better clearance of 

mitochondria. Furthermore, we have previously demonstrated that blocking Drp1/Fis1-

mediated mitochondrial fission reduces ER stress response (14). This, in turn, may reduce 

cellular stress, thus improving cell survival.

For effective mitochondrial clearance, mitochondrial fission is necessary. P110 inhibitory 

peptide is composed of a 7-amino acid peptide, representing a homology sequence between 

Drp1 and Fis1 (11). Importantly, P110 does not affect Drp1 interaction with any other 

mitochondrial adaptors of Drp1 nor with the mitochondrial fusion proteins, Mfn1 or Mfn2 

(11, 14). P110 selectively inhibits excessive, but not basal, mitochondrial fission, thereby 

allowing normal mitophagy to occur (12-15) and a 5-month treatment of WT mice with 

P110 is safe and has no effect on mitochondrial structure or functions (24). Most 

importantly, in the R6/2 mouse model of HD, the mitochondrial structure in the heart was 

severely damaged and was associated with accumulation of damaged mitochondria as well 

as Drp1 hyperactivation. These detrimental modes of damage were corrected with sustained 

P110 treatment. Echocardiogram and other functional parameters to assess the benefit of 

P110 treatment in HD mice on myocardial functions have not yet been evaluated. Taken 

together, our study shows that expanded polyglutamine repeats cause mitochondrial and 

lysosomal dysfunctions in cultured mouse cardiac cell line and in human iPSc-derived 

cardiomyocytes as well as in an in vivo model of HD, which are greatly reduced by selective 

inhibition of mitochondrial fragmentation. Our study also indicates the need for therapeutic 

modality for HD that, in addition to targeting the CNS, will address the pathology in other 

organs, especially the heart.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Q73 expression in H9C2 cells induces mitochondrial damage mediated through Drp1 
hyperactivation.
A. Expression of polyglutamine repeats (Q23 or Q73) in H9C2 cardiomyocytes. B. H9C2 

cardiomyocytes were transfected with either Q23 or Q73 repeats and after 48 hours were 

treated with P110 (1μM once) or Veh, for an additional 24 h in serum free- galactose 

medium and stained with anti-TOM20 (a marker of mitochondria, 1:500 dilution). Scale bar: 

20 μm. 5 independent experiments. C. Mitochondrial aspect, roundness and form factor were 

determined. D. Levels of mitochondrial Drp1 were determined by immunoblotting, 

quantified and presented as ratio vs VDAC, loading control, treated as in (B). (n=6/group). 

Data were evaluated by one-way ANOVA and Holm-Sidak's multiple comparisons test for 

multiple testing between each treatment group. **** p-value <0.0001; *** p-value <0.001; 

** p-value <0.01. All graphs represent mean ± s.d.
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Figure 2. Q73 expression in H9C2 cells induces defects in mitochondrial health, autophagy and 
apoptosis.
Mitochondrial health was evaluated using A. MitoSOX for mitochondrial ROS measurement 

and B. TMRM as a surrogate for mitochondrial membrane potential in H9C2 

cardiomyocytes transfected with either Q23 or Q73 repeats for 48 hours and then treated 

with P110 (1μM once) or Veh, for an additional 24 h in serum free- galactose medium C. 
Heat map of RNA transcripts in these H9C2 cardiomyocytes, treated as in (A). D. Caspase 3 

and E. Caspase 9 activities were measured using kits, in cells treated as in (A). LDH release 

as a surrogate for cell death in H9C2 cardiomyocytes transfected with either Q23 or Q73 

repeats for 48 hours and then treated with P110 (1μM once) or Veh, for an additional 48 h in 

serum free- galactose medium. Data were evaluated by one-way ANOVA and Holm-Sidak's 

multiple comparisons test for multiple testing between each treatment group. **** p-value 

<0.0001; *** p-value <0.001; ** p-value <0.01; * p-value <0.05. All graphs represent mean 

± s.d. (n= 5 or 6, as indicated in each panel).
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Figure 3. Q73 expression in H9C2 cells leads to lysosomal dysfunction.
A. Levels of Mfn2, VDAC and LAMP1 were determined by immunoblotting of lysosomal 

fraction from H9C2 cardiomyocytes transfected with either Q23 or Q73 repeats for 48 hours 

and then treated with P110 (1μM once) or Veh, for an additional 24 h in serum free- 

galactose medium. LAMP-1 was used as lysosomal marker, quantified and presented as ratio 

vs β-actin B. Levels of aconitase and TOM20 were determined by immunoblotting of total 

lysates, levels were quantified and presented as ratio vs actin (loading control), from cells 

treated as in A. C. Aconitase activity in H9C2 cardiomyocytes, treated as in A. D. 
Lysosomal function was measured using LysoSensor™ yellow/blue DND-160 in H9C2 

cardiomyocytes, treated as in A. E. Acid phosphatase activity as a secondary readout for 

lysosomal function was measured in H9C2 cardiomyocytes, treated as in A. F. Autophagic 

flux was measured using Cyto-ID™ in H9C2 cardiomyocytes, treated as in A. G. 
Autophagic flux was measured using Cyto-ID™ in H9C2 cardiomyocytes transfected with 

either Q23 or Q73 repeats for 48 hours and then treated with 3-MA, chloroquine, rapamycin 

or Veh, for additional 24 h in serum free/galactose medium. H. LDH release was measured 

as a marker of cell death in H9C2 cardiomyocytes, treated as in G. Data were evaluated by 

one-way ANOVA and Holm-Sidak's multiple comparisons test for multiple testing between 

each treatment group. **** p-value <0.0001; *** p-value <0.001; ** p-value <0.01; * p-

value <0.05. All graphs represent mean ± s.d. (n=4/5, as indicated in each panel.)
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Figure 4. Expanded poly-Q (Q77) expression in human iPSC-derived cardiomyocytes leads to 
bioenergetic failure and lysosomal dysfunction.
A. Metabolic health in human iPSC-derived cardiomyocytes stably expressing Q23 (control) 

or Q77 (as a HD model) 48 hours treated with P110 (1μM once24 h) or Veh, in serum free- 

galactose medium was measured with Seahorse extracellular flux analyzer. B. Lysosomal 

function was measured using LysoSensor™ Yellow/Blue DND-160 in iPSC-derived 

cardiomyocytes, treated as in A. C. Acid phosphatase activity as a secondary readout for 

lysosomal function was measured in iPSC-derived cardiomyocytes, treated as in A.D. Levels 

of aconitase (E) and TOM20 (F) were determined by immunoblotting in total lysates, 

quantified and presented as ratio vs actin, loading control, from cells treated as in A. Data 

were evaluated by one-way ANOVA and Holm-Sidak's multiple comparisons test for 

multiple testing between each treatment group. **** p-value <0.0001; *** p-value <0.001; 

** p-value <0.01; * p-value <0.05. All graphs represent mean ± s.d. n=3-5, as indicated in 

each panel.
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Figure 5. Mitochondrial defects in hearts of R6/2 mice.
A. Electron microscopy analysis of mitochondria in heart from WT mice, R6/2 mice, and 

R6/2 mice treated with P110 for 8 weeks (3mg/Kg/day) as a continuous subcutaneous 

infusion). Normal mitochondria structure was dramatically reduced and mitochondria with 

damaged structure was higher in R6/2 mice, relative to hearts of littermate WT mice. 

Mitochondrial aspect ratio, form factor, cross sectional area, cristae damage, total number of 

damaged mitochondria and mitochondrial number were analyzed in each group by an 

observer blinded to the experimental conditions. B. Levels of mitochondrial Drp1 were 

determined by immunoblotting, quantified and presented as ratio vs VDAC, loading control 

in mitochondria enriched fractions from the heart. C. Levels of Aconitase and TOM20 were 

determined by immunoblotting in total heart lysates, quantified and presented as ratio vs 

actin, loading control. Data were evaluated by one-way ANOVA and Holm-Sidak's multiple 

comparisons test for multiple testing between each treatment group. **** p-value <0.0001; 

*** p-value <0.001; ** p-value <0.01; * p-value <0.05. All graphs represent mean ± s.d. 

(n=6/group).
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