
Supplementary Materials for 
 

Discovery of zerumbone as an effective new agent for cardiac hypertrophy 
by high-throughput screening using human embryonic stem cell-derived 

cardiomyocytes 

Methods 

Flow cytometry 

To analyze the differentiation efficiency, CMs derived from MYL2Neo/WT-H7 hESCs were 

selected with G418 (100 µg/ml) for 5 days and then digested with Collagenase I and Trypsin 

as previously reported(1, 2). Briefly, dissociated CMs were fixed with 

Fixation/Permeabilization solution (BD Biosciences) at 4 °C for 30 min and then subjected to 

primary antibody incubation with anti-MYL2 (Proteintech, Cat#10906-1-AP) at 4 °C for 1h. 

CMs were incubated with PE-conjugated secondary antibody (Invitrogen) at 37 °C for 30-60 

min. A fluorescence-activated cell sorter was analyzed with a FACS Calibur flow cytometer 

(BD Biosciences) and the FlowJo software. 

Drug dosing and cell viability assay 

To assess the anti-NE effect of zerumbone on beating frequency, CMs at day 30 post 

differentiation were re-seeded into 35 mm dishes (NEST). CMs were pre-incubated with 0-150 

µM zerumbone for 3h before 20 µM NE treatment for 24h. The beating frequency was 



calculated based on the video recorded under the bright field of Leica IM50 microscope. Ten 

visual fields at each concentration were collected randomly for statistics with three independent 

experiments. 

For cell viability assay, CMs were re-seeded in 96-well plates at the density of 5000 cells 

per well. CMs were treated with 0-200 µM zerumbone for 3 days after 24h incubation. 

Subsequently, cell viability was assessed by introducing CellTiter-Glo (Promega) to wells with 

an EnSpire Multimode Plate Reader (PerkinElmer). Each concentration was performed in 

triplicates at least. Curve fitting and analysis were conducted with Prism7 (GraphPad).  

Immunofluorescence staining 

CMs grown on 15 mm coverslips were treated with drugs as indicated for 5 days and then fixed 

with 4% paraformaldehyde for 15 min. After permeabilized with 0.1% Triton X for 5 min and 

blocked with goat serum for 30 min, CMs were incubated with anti-cTnT (1:100-500, Thermo 

Fisher Scientific, Cat#MA5-12960) antibodies at 4°C overnight, followed by an 

AlexaFluor488 conjugated secondary antibody (1:300, Thermo Fisher Scientific, Cat#A-11001) 

for 1h. Cell nuclei were stained with DAPI (1:1000, Sigma, Cat#D9542) for 15 min. Images 



were obtained under a fluorescence microscope (Leica IM50) and processed with ImageJ 

software. 

Contraction force assessment 

The contractility of CMs was assessed according to a previously described protocol(2, 3). 

Briefly, single CMs were digested and cultured on glass-bottom laser confocal dishes (NEST) 

for 2-3 days. After treated with drugs for 24h, the shifting distance of beating CMs was 

recorded by a video-based motion edge-detection system (Nikon) and Video Sarcomere Length 

software (900B VSL, Aurora Scientific). The contraction kinetics were assessed with FelixGX 

software (Photon Technology International).  

Calcium transient 

CMs were digested into single cells and inoculated into glass-bottom laser confocal dishes 

(NEST) at an appropriate density day 30 post differentiation. The medium of CMs was changed 

the next day. The CMs were pretreated with zerumbone or HO-1-IN-1 before NE treatment. 

After 24h treatment, CMs were washed with Tyrode’s solution (containing 10% FBS) twice, 

and labeled by 5 µM Cal-520AM and 0.02% Pluronic F-127 (AAT Bioquest) at 37 °C for 15 



min. The calcium flux was detected under the line-scan mode (10 ms) in ZeissLSM-710 

confocal microscope and analyzed with MATLAB software (MathWorks). 

RT-PCR analysis 

Total RNA from fresh cardiomyocyte samples or mouse tissues was extracted with Trizol 

(Invitrogen). cDNA was synthesized using HiScript® II Q RT SuperMix (Vazyme). RT-PCR 

was performed on LightCycler96 instrument (Roche) using ChamQ Universal SYBR qPCR 

Master Mix (Vazyme). The 2ΔΔCt method was used to calculate the relative expression of target 

genes (β-actin served as a calibrator in cell samples, 18S for heart samples). All primer 

sequences are listed in Supplementary Tables.8-10. 

Animal treatment 

All animal studies and experimental procedures were conducted with the approval of 

Institutional Animal Care and Use of Committee of Fudan University. Spontaneously 

hypertensive rats (SHRs), and its normotensive control rats (Wistar Kyoto rats, WKYs) were 

obtained from Vital River Co., Ltd. (Beijing, China). SHRs and WKYs at 5 weeks of age (male, 

weighting 95-105 g) were randomly divided into following groups: WKY (n=15), SHR (n=12), 

Cap-high (n=8), Cap-low (n=8), Zer-high (n=10), Zer-low (n=7), Zer-high/Cap-low (n=10). In 



therapeutic treatment, aged male SHRs and WKYs (13 weeks old, weighting 265-275 g) were 

randomly divided into five groups: WKY (n=16), SHR (n=15), Cap-high (n=8), Cap-low (n=8), 

Zer-high (n=9), Zer-high/Cap-low (n=5). For female SHRs and WKYs (13 weeks old, 

weighting 160-185g) were randomly divided into following groups: WKY (n=7), SHR (n=8), 

Cap-high (n=8), Cap-low (n=7), Zer-high (n=7), Zer-high/Cap-low (n=8). Young SHRs began 

treatment at 6 weeks old, while aged SHRs began at 14 weeks old.  

The Mybpc3-G790A mutant mice were constructed by GemPharmatech Co., Ltd. 

(Jiangsu, China) according to the strategy using CRISPR/Cas9(4). Male and female 

homozygote of G790AKI/KI and their wild type littermates (4-6 weeks old) were used in this 

study. Male mice were randomly divided into following groups: WT-blank (n=19), WT-zer 

(n=15), Ki/Ki-blank (n=20), Ki/Ki-zer (n=13). For female HCM mice: WT-blank (n=6), WT-

zer (n=6), Ki/Ki-blank (n=8), Ki/Ki-zer (n=6). All mice were bred on C57BL/6J background. 

The powder of zerumbone (Apex Bio, Cas:471-05-6) was mixed into rodent diet at the ratio of 

0.07% in zer-high group and 0.035% in zer-low group, while captopril (Targetmol, Cas:62571-

86-2) was at the ratio of 0.1% in cap-high group and 0.02% in cap-low group. All studies were 

performed with male rats or mice after 1-week adaptive feed. All rats and mice were kept under 



12:12h light/dark cycle with free access to rodent chow and water. In acute zerumbone 

administration experiment, male C57BL/6J mice (weighting 18-22 g) were euthanized 24h 

after given zerumbone (70 mg/kg) by intragastric administration. 

Echocardiographic procedure and blood pressure measurement 

Depilatory cream was used to trim chest hair so that the chest was completely exposed. 

Echocardiography was performed on anesthetized mouse or rats (1.5%-2% isoflurane) with a 

Vevo 3100 Imaging System (VisualSonics). Both B-mode and M-mode images were obtained 

from parasternal long axis and short axis. The M-shaped cursor were placed perpendicular to 

the interventricular septum (IVS) and the left ventricular posterior wall (LVPW) to measure 

the left ventricular diameter and the septum and septal thickness. From the data obtained in the 

parasternal axis, we determined the systolic function of the left ventricle, the quality of the left 

ventricle, and the size parameters of the left ventricle. Echocardiography assessment was 

performed by a technician who was blind to all groups. 

The blood pressure of rats was measured after 1 month of drug treatment by a non-invasive 

CODA tail-cuff system (Kent Scientific) as described previously(2). 

Histological analysis 



Heart tissues were fixed in 4% paraformaldehyde, embedded in paraffin, and finally sectioned 

into 5 µm sections. After dewaxing, the sections were subjected to Masson's trichrome staining 

according to standard procedures. The sections were performed with standard deparaffinization, 

rehydration and antigen retrieval for wheat germ agglutinin (WGA) staining (Invitrogen, 

Cat#W11261). Sections were blocked with goat serum for 30 minutes at RT and then stained 

with WGA (1xPBS 1:100 dilution) at 4 °C overnight. Each section was sealed by mounting 

medium and was finally observed and photographed under a fluorescence microscope (Leica 

IM50). 

Transcriptome analysis 

Total RNA was extracted from hESC-CMs (4 replicates per condition) or heart tissues (at least 

3 replicates per group) using Trizol Reagent (Invitrogen). After mRNA enrichment by 

Oligo(dT) and fragment, RNA was transcribed into cDNA libraries using TrueLib mRNA 

Library Prep Kit for Illumina (ExCell Bio, Cat#NGS00-2013). The quality of cDNA library 

was assessed using the Agilent 2100 Bioanalyzer (Agilent), and sequencing was performed on 

the NovaSeq 6000 Illumina. Genes showing a more than log2(1.5-fold change) in expression 

level were picked out for study. The statistical analysis was performed with DEseq2. Heat map 



were generated with an online website (https://software.broadinstitute.org/morpheus/) and 

volcano plots were generated with an online website (http://omicsbean.eicp.net:47349/). The 

RNA-seq data were deposited into GEO database (Gene Expression Omnibus) with accession 

code PRJNA742411 and PRJNA741461. 

GSEA analysis was performed with java GSEA packgage (https://www.gsea-

msigdb.org/gsea/index.jsp). The gene set ID of calcium signaling pathway is M2890 and 

M10792 for MAPK signaling pathway. The gene set of NFE2L2 pathway is shown in 

Supplementary Table 11. 

Western blot analysis 

Total protein samples were extracted from cells or heart tissues with RIPA lysis buffer 

(Beyotime, Cat#P0013C) containing protease inhibitor cocktail (Bimake, Cat#B14001), PMSF 

(Selleck, Cat#S3025), and phosphatase inhibitor (Roche, Cat#4906837001). Supernatants were 

collected after being lysed on ice for 30 min and centrifuged at 12,000 rpm for 15 minutes. In 

a parallel experiment, cytosolic and nuclear proteins were extracted with a Nuclear and 

Cytoplasmic Protein Extraction Kit (Beyotime, Cat#P0028) according to the instructions of 

manufacturer. After determination of protein concentration with a BCA Protein Assay Kit 



(TIANGEN, Cat#PA115-02), equal amounts of proteins (30-50 µg) were separated by 10-12% 

SDS-PAGE. After electrophoresis, proteins were transferred to PVDF membranes (Millipore) 

and then subjected to immunoblot analysis using primary antibodies (Supplementary Table 12) 

overnight at 4 °C after being blocked with 5% skim milk (BD Pharminigen)/TBST (0.1% 

Tween 20) for 1h. Immunoreactive bands were detected after incubated with HRP-conjugated 

secondary antibodies for 1h, and visualized using an ECL kit (Tanon, Cat#180-5001) on an 

image system (Tanon 4200). Intensity values were quantified with ImageJ software. 

Surface Plasmon Resonance (SPR) analysis 

The binding affinity of zerumbone to recombinant human KEAP1 (Signalway Antibody, 

Cat#AP77177) was detected with a Biacore 8K system (GE Healthcare). First, we exchanged 

the buffer of rhKEAP1 protein to 1x HBS-N buffer (GE Healthcare, Cat#BR-1006-70) with 

Amicon Ultra-15 10K Centrifugal Filter Devices (Millipore). rhKEAP1 protein was diluted 

with 10 mM acetate acid buffer (pH 4.5) to 77µg/ml and then immobilized on a CM7 sensor 

chip (GE Healthcare, Cat#29-1470-20) using the amine coupling kit (GE Healthcare, Cat#BR-

1000-50). Zerumbone (1.9531 to 125 µM) was diluted with running buffer (1x HBS buffer 



containing 1% DMSO). The association time or dissociation time was both 180s with a flow 

rate of 30 µl/min. The affinity fitting and kinetic data were calculated using a 1:1 binding model. 

Transfection and co-immunoprecipitation 

At 60-75% confluence, HEK293T cells in 10 cm dishes were transiently transfected with 

expression plasmids (total DNA: 10-15 µg/well) using Polyethyleneimine Linear (MW 25,000) 

(Polysciences, Cat#23966-2) at a ratio of 1:3 DNA/transfection reagent according to 

manufacturer’s protocol. After incubated for 24-40h as indicated treatment, cells were 

harvested with cell lysis buffer for Western and IP (Beyotime, Cat#P0013) containing PMSF 

and protease cocktail inhibitor. All plasmids details are shown in Supplementary Table 13. 

For pull-down assay, lysates from hESC-CMs or HEK293T (0.8-1.5 mg proteins) were 

incubated with the listed antibody (Supplementary Table 14) at 4 °C for 4h with gentle rocking 

and then mixed with Protein A/G PLUS-Agarose (Santa Cruz, sc-2003). The mixture was 

incubated overnight at 4 °C with gentle rocking. Samples were spun and washed three times 

with PBST (PBS containing 0.1% Tween 20). The eluent was boiled at 100 °C for 5-8 min 

with 2x protein loading buffer (YEASEN, Cat#20315ES05). Subsequently, the samples were 

subjected to immunoblot analysis with 10% polyacrylamide gel as described above. For the 



interaction assay in vitro, lysates were first incubated with zerumbone at 4 °C for 3h before 

antibody addition. Normal Mouse IgG (Santa Cruz, Cat#sc-2025) and Rabbit IgG (CST, 

Cat#2729) were used as negative control. 2%-8% of total lysates were used as an input control. 

Determination of NRF2 half-life and ubiquitination assay 

To assess the degradation of NRF2, CMs were pretreated with zerumbone (30 µM) for 3h, and 

then added with 20 µg/ml cycloheximide (CHX, Sigam, Cas:66-81-9) to block protein 

synthesis. Total lysates from hESC-CMs were harvested at different time points and subjected 

to immunoblots with NRF2 antibody. Intensities of immunoreactive bands were quantified 

with ImageJ software. 

For ubiquitination assay, HEK293T cells were co-transfected with expression vectors for 

MYC-tagged NRF2 and HA-tagged ubiquitin for 36h and then treated with 30 µM zerumbone 

along with 10 µM MG132 (MCE, Cas:133407-82-6) for 4h. After treatment, the cells were 

directly lysed and incubated with anti-MYC antibody (1:1000). Immunoprecipitated proteins 

were subjected to immunoblots with anti-HA antibody (1:1000). 

Transfection of siRNA  



CMs were digested and re-seeded into 12-well plates. After cultured for 3 days, CMs were 

transfected with NRF2, HSF1 and negative control siRNA by using jetPRIME (Polyplus-

transfection, Cat#101000027) according to supplier’s instructions. The transfected CMs were 

incubated for 72h, and then harvested for qPCR analysis followed by 6h zerumbone (15 µM) 

treatment and for western blot analysis followed by 12h zerumbone (15 µM) treatment. All 

siRNA sequences are shown in Supplementary Table 15. 

Measurement of GSH levels 

Glutathione, including the oxidized form (GSSG) and reduced form (GSH), was detected by 

GSSG/GSH Quantification Kit II (Dojindo, Cat#G263) according to manufacturer’s protocol. 

After treated with 15 µM zerumbone for 6h, hESC-CMs were harvested with two freeze-thaw 

cycles and dissolved with 5% sulfosalicylic acid (SSA). All samples were diluted with ddH2O 

(0.05% SSA) and subjected to OD measurement assay at 415 nm. 

 

 

 

 

 

 



Supplementary Figures  

 

Supplementary Figure 1. High purification efficiency of hESC-derived cardiomyocytes 

after G418 selection with MYL2Neo/WT-H7 cell line. A, Schematic diagram of MYL2Neo/WT-

H7 hESCs. The neomycin selection cassette sequence was inserted into the C-terminus of exon 

7 on MYL2 locus in H7 hESC line. B, Representative images of cardiomyocytes after G418 

selection for 5 days (100 µg/ml). C, Representative flowcytometry assay of MLC2v expression 

in hESC-CMs at day 30 before and after G418 selection. The percentage of MLC2v positive 

cells was increased from 78% to 98% after G418 selection. Isotype control was used as a 

negative control to set the gating parameters. D, Quantification of the ratio of MLC2v positive 

CMs detected by flowcytometry (n=3). ****P<0.0001 (two-tailed Student’s t test, mean ± 

SEM). 

 



 
Supplementary Figure 2. Confirmation of NE working conditions on hESC-CMs to 

establish hypertrophy cell model in screening system. A, Quantification of hESC-CMs 

mean area, ratio of small and large cardiomyocytes per well after treatment of 20 µM NE for 3 

to 5 days. The wells treated with NE for 5 days showed best separation of small and large CMs 



ratio compared with those of the negative control. B, Dose dependent effect of 5-day treatment 

of NE on cell size and large or small CMs ratio. The results showed clear separation between 

the untreated group and the treated group after 20 µM NE treatment for 5 days. Small CMs 

ratio and large CMs ratio respectively represent the number of small cardiomyocytes (area 

between 1000 µm2 to 4000 µm2) and large cardiomyocytes (area between 4000 µm2 to 20000 

µm2) account for the total number of cardiomyocytes per well. Each point represented the value 

from a single well. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 (one-way ANOVA, mean 

± SEM). 

 



 
Supplementary Figure 3. The effect of positive hits on the phenotype of hESC-CMs 

treated with NE. A, Quantification of the beating frequency of hESC-CMs following 24h 

compound treatment as indicated; one-way ANOVA. B, Quantification of relative contractility 

of hESC-CMs after treatment with NE and compounds for 24h (n=50); two-tailed Student’s t 

test. NE, 20 µM; compounds, 10 µM. C, Bright field images of hESC-CMs after 24h compound 



(Hit-7) treatment. Scale bar: 200 µm. D, Bright field images of hESC-CMs after 24h compound 

(Hit-8) treatment. Scale bar: 100 µm. E, Dose-response curves of the anti-NE effect of Hit-8 

on beating frequency in hESC-CMs (n=3 biological replicates). All data represent mean ± SEM. 

*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. 

 

 

Supplementary Figure 4. Prazosin inhibits NE induced cardiac hypertrophy on hESC-

CMs. A, The chemical structure of prazosin. B-D, Reduction in mean area and large/small 

CMs ratio with prazosin (20 µM) treatment for 5 days, n=14 for CON; n=13-14 for NE; n=5 

for Pra/NE. E, qPCR analysis of TNNT2, SERCA2a and MEF2C mRNA levels in 

cardiomyocytes treated as indicated (n=10). Data are mean ± SEM. ns>0.05, not significant; 

**P<0.01, ***P<0.001, ****P<0.0001; by one-way ANOVA. 

 



 

Supplementary Figure 5. Confirmation of cardiac hypertrophy phenotype of SHR. A, 

Representative images of gross heart morphology (top), Masson trichrome staining (middle), 

and WGA staining of heart tissues of 16-weeks old rats (bottom, scale bar: 50 µm). B, Heart 

weight to body weight ratio of each group (two-tailed Student’s t test). C, Quantification of 

CMs cross-sectional area with WGA staining (n>500, measured from different visual fields of 

3 samples, two-tailed Student’s t test). D, Quantification of changes in systolic pressure and 

diastolic pressure in SHRs. E, Echocardiographic analysis of interventricular septum (IVSd), 

left ventricular posterior wall thickness at diastole (LVPWd), left ventricular mass index 

(LVMI) in SHRs. WKY: n=5; SHR: n=6. All data represent mean ± SEM; two-way ANOVA. 

*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. 



 

Supplementary Figure 6. Zerumbone prevented pressure overload-induced cardiac 

hypertrophy and remodeling in SHRs. A, Schematic diagram illustrating the preventive 

treatment strategy of zerumbone in SHRs. B, Representative images of isolated gross heart 

morphology (top), Masson trichrome staining (middle), and WGA staining of heart tissues 

(bottom, scale bar: 50 µm). C, Heart weight to body weight ratio of each group (WKY: n=10; 

SHR: n=9; Cap-high: n=6; Cap-low: n=7; Zer-high: n=6; Zer-low: n=5; Zer-high/Cap-low: 

n=7). D, Quantitative analysis of cardiomyocytes cross-sectional area with WGA staining 

(n>450, measured from different visual fields of 3 samples per group). E, Quantification of the 

ratio of cardiac fibrosis area with Masson trichrome staining (n=7-9 hearts per group). F-H, 

qPCR analysis showing mRNA levels of β-MHC, BNP, ANP, TNNT2, SERCA2a, MEF2C, 

COL1A1 and COL3A1 in rat heart tissues (normalized to 18S expression, WKY: n=15; SHR: 

n=12; Cap-high: n=8; Zer-high: n=10; Zer-high/Cap-low: n=8). I-J, Echocardiographic 

analysis of IVSd, LVPWd and LVMI after captopril or captopril and zerumbone treatment 

(SHR vs.WKY at 18W, others vs.SHR at 18W, by one-way ANOVA). More detailed cardiac 



functional data could refer to Supplementary Table 3. All data represent mean ± SEM; one-

way ANOVA. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. 

 
Supplementary Figure 7. The records of dietary intake, body weight and blood pressure 

after compounds treatment. A, Graphs showing the daily food intake records and the changes 

of body weight in rats after treatment of each compound. B, Quantification of systolic pressure 

and diastolic pressure in rats after compound treatment for 1 month (n>39 mice per group). 

The CODA rat tail-cuff system was used to non-invasively measure rat blood pressure. Data 

are mean ± SEM. ****P<0.0001 by one-way ANOVA. 



 

Supplementary Figure 8. Zerumbone attenuates cardiac hypertrophy and remodeling in 

female aged SHRs. A, Representative images of gross heart morphology (top), Masson 

trichrome staining (middle), and WGA staining of heart tissues from female aged SHRs treated 

with zerumbone (bottom, scale bar: 50 µm). B, Heart weight to body weight ratios measured 

after 3 months treatment (WKY: n=6; SHR: n=6; Cap-high: n=8; Cap-low: n=5; Zer-high: n=4; 

Zer-high/Cap-low: n=6). C, Quantitative analysis of cardiomyocytes cross-sectional area with 

WGA staining (n>450, measured from different visual fields of 3 samples per group). D, 

Quantification of the ratio of cardiac fibrosis area with Masson’s trichrome staining (n>6 hearts 

per group). E-G, qPCR analysis showing mRNA levels of β-MHC, BNP, ANP, TNNT2, 

SERCA2a, MEF2C, COL1A1 and COL3A1 in heart tissues (normalized to 18S expression, n>6 

for WKY; n>6 for SHR; n>6 for Cap-high; n>4 for Zer-high; n>5 for Zer-high/Cap-low). H-I, 

Values of IVSd, LVPWd and LVMI over time in female SHRs with therapeutic treatment of 



zerumbone (SHR vs.WKY at 26W, others vs.SHR at 26W, by one-way ANOVA). More 

detailed cardiac functional data could refer to Supplementary Table 5. All data represent mean 

± SEM; one-way ANOVA. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. 

 

Supplementary Figure 9. RNAseq analysis of heart tissues from SHRs after zerumbone 

treatment for 3 months. A, Volcano plot showing the significantly upregulated (red) and 

downregulated (blue) genes based on whole transcriptomic RNAseq profiles. B, Principal 

component analysis (PCA) showing a significant separation between WKYs, SHRs, and 

Zerumbone treated group with projection onto PC1 and PC2. C, Gene set enrichment analysis 



(GSEA) showing the gene sets of calcium signaling and MAPK signaling pathway affected by 

zerumbone treatment in SHRs. WKY: n=4; SHR: n=5; Zer: n=3. 

 

 

Supplementary Figure 10. Confirmation of the cardiac hypertrophy phenotype of the 

Mybpc3 G790A HCM mice.  A, Representative images of echocardiograms from Mybpc3 

G790A HCM mice at 5 weeks of age. B, Echocardiographic analysis of IVSd, LVPWd, LVMI, 

EF, FS, Dd and Ds in G790A mice. All data represent mean ± SEM; by one-way ANOVA. 

WT: n=3; KI/WT: n=4; KI/KI: n=4. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001(KI/KI 

vs. WT at 5W; KI/KI vs. WT at 7W). 

 



 
Supplementary Figure 11. qPCR analysis of cardiac hypertrophic related genes and 

echocardiographic analysis of zerumbone treatment in male HCM mice. A, qPCR analysis 

showing mRNA expression of TNNT2, SERCA2a and MEF2C in the heart (normalized to 18S 

expression, n>8 for WT-Blank; n>8 for WT-Zer; n>6 for KI/KI-Blank; n>6 for KI/KI-Zer), by 

one-way ANOVA. B-D, Echocardiographic analysis showing the changes in LVMI, EF, FS, 

Dd and Ds in male G790A mice treated with zerumbone. More detailed cardiac functional data 

could refer to Supplementary Table 6. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 

(KI/KI-Blank vs. WT-Blank at 32W, KI/KI-Zer vs. KI/KI-Blank at 32W, by one-way ANOVA, 

mean ± SEM). 

 



 
Supplementary Figure 12. Zerumbone repressed cardiac hypertrophy in female HCM 

mice. A, Representative images of isolated gross heart morphology (top), Masson trichrome 

staining (middle), and WGA staining of hearts from female mice treated with zerumbone 

(bottom, scale bar: 50 µm). B, Heart weight to body weight ratio of each group (n=6 for WT-



Blank; n=5 for WT-Zer; n=5 for KI/KI-Blank; n=5 for KI/KI-Zer). C, Quantification of the 

ratio of cardiac fibrosis area with Masson’s trichrome staining (n=5 for WT-Blank; n=4 for 

WT-Zer; n=3 for KI/KI-Blank; n=5 for KI/KI-Zer). D, Quantification of CMs cross-sectional 

area with WGA staining (n>500, measured from different visual fields of 3 samples per group). 

E-G, qPCR analysis of mRNA levels of hypertrophic related genes in female mice heart tissues 

(β-MHC, BNP, ANP, TNNT2, SERCA2a, MEF2C, COL1A1 and COL3A1, normalized to 18S 

expression, n=6 for WT-Blank; n=5 for WT-Zer; n=5 for KI/KI-Blank; n=6 for KI/KI-Zer). H-

K, Echocardiographic analysis of IVSd, LVPWd, LVMI, EF, FS, Dd and Ds in female G790A 

mice treated with zerumbone (KI/KI-Blank vs. WT-Blank at 32W, KI/KI-Zer vs. KI/KI-Blank 

at 32W, by one-way ANOVA). More detailed cardiac functional data could refer to 

Supplementary Table 7. All data represent mean ± SEM; one-way ANOVA. *P<0.05, 

**P<0.01, ***P<0.001, ****P<0.0001. 

 

 



Supplementary Figure 13. Zerumbone activates NRF2/HO-1 signaling in AC16 cells. A, 

Relative NRF2 target genes (MAFG, HSPA1A, DNAJB1, NFE2L2, TXNRD1, SRXN1, and 

KEAP1) mRNA levels in hESC-CMs treated with 15 µM zerumbone for indicated time periods, 

n=3-4 replicates. B, Quantification of FPKM based on RNAseq data from heart tissues from 

SHRs (n=4-5 per group). C, Immunoblotting of KEAP1, NRF,2 and NQO1 in total lysates 

from AC16 cells treated with zerumbone (15 µM) only or zerumbone (15 µM)/NE (20 µM) 

for indicated time point. D, The protein expression of NRF2 in cytoplasm and nuclei, as well 

as KEAP1 in cytoplasm from AC16 cells. E-F, HMOX1 protein expression in AC16 cells 

treated with indicated concentrations of zerumbone for 12h or 15 µM zerumbone for the 

indicated time periods. Data represent mean ± SEM of 4 duplicates; two-way ANOVA. 

*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. 

 

 

Supplementary Figure 14. Immunoblotting analyses of HSF1/p-HSF1 expression with 

zerumbone treatment in hESC-CMs and AC16 cells. A, Immunoblotting of HSF1 and p-

HSF1 in total lysates, cytoplasm and nuclei from hESC-CMs treated with zerumbone (15 µM) 

only or zerumbone (15 µM)/NE (20 µM) for indicated time point. B-C, HSF1 and p-HSF1 

expression in total lysates, cytoplasm and nuclei from hESC-CMs treated with indicated 



concentrations of zerumbone for 6h. D-E, Immunoblotting of HSF1 and p-HSF1 in total lysates, 

cytoplasm and nuclei from AC16 cells treated with zerumbone (15 µM) only or zerumbone (15 

µM)/NE (20 µM) for indicated time point. F, Western blot analysis of HSF1 and p-HSF1 

protein levels in AC16 cells after treated with indicated concentrations of zerumbone for 6h. 

G, Quantification of relative levels of GSH, GSSG and GSH/GSSG in hESC-CMs treated with 

15 µM zerumbone for 6h (n=12). 

 

Supplementary Figure 15. Immunoblotting and immunoprecipitation analysis of 

NRF2/HO-1 signaling related proteins with zerumbone treatment. A, Immunoblots of 

HMOX1 and NRF2 in total cell lysates from HEK293T expressing WT-FLAG-KEAP1 or 



cysteine-mutant FLAG-KEAP1 treated with DMSO or 15µM zerumbone for 12h. B-C, 

Immunoblots of HMOX1 and NRF2 in total cell lysates from hESC-CMs pretreated with 1 

mM DTT/GSH followed by a 12h treatment of zerumbone (15 µM), or NRF2 in nuclei from 

hESC-CMs with a 6h treatment. D, NRF2 protein levels from hESC-CMs in nuclei and 

cytoplasm treated with different combination of zerumbone (15 µM), CHX (20 µg/ml), and 

MG132 (10 µM) for 3h or 6h. E, Anti-Flag western blot of cell lysates from HEK293T 

expressing WT-FLAG-KEAP1 pretreated 1h with DTT or GSH (500 µM) followed by a 5h 

co-treatment of zerumbone (15µM). HEK293T cells were transfected with WT-FLAG-KEAP1 

plasmids for 24h and then treated with indicated reagent. F-G, Immunoprecipitation analysis 

of the effect of zerumbone on the interaction in vitro between CUL3 and KEAP1. Cell lysates 

from HEK293T cells transfected with FLAG-KEAP1 and MYC-CUL3 plasmids for 36h were 

incubated with zerumbone (100 µM) for 3h at 4°C. H, Immunoprecipitation analysis of 

interaction between endogenous NRF2 and KEAP1 protein in hESC-CMs treated with 

zerumbone (30 µM) for 4h. I, Immunoprecipitation analysis of interaction between exogenous 

overexpressed NRF2 and KEAP1 protein in HEK293T treated with 30 µM zerumbone for 4h. 

J, Immunoprecipitation analysis of the effect of zerumbone on the interaction in vitro between 

NRF2 and KEAP1. Cell lysates from HEK293T cells transfected with FLAG-KEAP1 and 

MYC-NRF2 plasmids for 36h were incubated with zerumbone (100 µM) for 3h at 4°C before 

antibody (anti-MYC) addition. 

 

 

 

 

 

 

 

 

 

 



Supplementary Tables  

Area Con NE-7 µM NE-10 µM NE-20 µM 

Average 2851.098174 3037.072619 3347.673602 3725.350754 

SD 100.6631016 143.3274487 149.610599 330.7990993 

CV 3.530678198 4.71926314 4.469091579 8.879676605 

 

Small CMs Ratio Con NE-7 µM NE-10 µM NE-20 µM 

Average 84.77795744 81.60649706 74.78415367 67.82107349 

SD 2.003546555 3.130445031 3.006665442 7.058731411 

CV 2.363287127 3.836024268 4.020457938 10.40787332 

 

Large CMs Ratio Con NE-7 µM NE-10 µM NE-20 µM 

Average 14.66421856 17.70024214 23.9686554 30.29685828 

SD 2.085440286 3.108546426 2.84223171 6.676028184 

CV 14.22128481 17.56216894 11.85811913 22.0353811 

Supplementary Table 1. Screening indexes of cardiomyocytes after NE treatment for 5 

days. SD, standard deviation; CV, coefficient of variation. Yellow shading indicates the index 

of screening (n>30 wells). 

 

Hit Name CAS 

1 (+)-Cinchonine 118-10-5 

2 (-)-Cinchonidine 485-71-2 

3 Zerumbone 471-05-6 

4 Corydaline 518-69-4 

5 Harmine 442-51-3 

6 Rauwolscine 6211-32-1 

7 Emodin 518-82-1 

8 Cepharanthine 481-49-2 

9 Geranylgeranoic acid 83807-40-3 

10 9-cis-Retinoic acid 5300-03-8 

11 13-cis-Retinoic acid 4759-48-2 



  

\yn12 
7-Hydroxyflavone 6665-86-7 

13 Forskolin 66575-29-9 

14 Ursolic acid 77-52-1 

15 Ingenol 3,20-dibenzoate 59086-90-7 

16 13-O-Acetylphorbol 60857-08-1 

17 Phorbol 12,13-dibutyrate 37558-16-0 

18 Phorbol 12-myristate 13-acetate 16561-29-8 

19 
12-Deoxyphorbol 13-

phenylacetate 20-acetate 
54662-30-5 

Supplementary Table 2. Detailed information of the 19 positive hits after secondary 

screening. 

 

 

Supplementary Table 3. Biometric and echocardiographic measurements in male young 

SHRs (zerumbone treatment starting at 6W). Interventricular septum (IVSd), left 

ventricular posterior wall thickness at diastole (LVPWd), left ventricular mass index (LVMI), 

ejection fraction (EF), fractional shortening (FS), left ventricular diastolic and systolic inner 

diameter (Dd and Ds). All data represent mean ± SEM. *P<0.05, **P<0.01, ***P<0.001, 

****P<0.0001 (6W vs. 18W within each group, two-tailed Student’s t test); #P<0.05, ##P<0.01, 
###P<0.001, ####P<0.0001 (SHR vs. WKY in the same time point, one-way ANOVA); +P<0.05, 
++P<0.01, ++++P<0.0001 (other treated groups vs. SHR in the same time point, one-way 

ANOVA). 



 
Supplementary Table 4. Biometric and echocardiographic measurements in male aged 

SHRs (zerumbone treatment starting at 14W). All data represent mean ± SEM. *P<0.05, 

**P<0.01, ***P<0.001, ****P<0.0001 (14W vs. 26W within each group, two-tailed Student’s 

t test); #P<0.05, ##P<0.01, ####P<0.0001 (SHR vs. WKY in the same time point, one-way 

ANOVA); +P<0.05, ++P<0.01, ++++P<0.0001 (other treated groups vs. SHR in the same time 

point, one-way ANOVA). 

 

 

 
Supplementary Table 5. Biometric and echocardiographic measurements in female aged 

SHRs (zerumbone treatment starting at 14W). All data represent mean ± SEM. *P<0.05, 

**P<0.01, ****P<0.0001 (14W vs. 26W within each group, two-tailed Student’s t test); 
#P<0.05, ##P<0.01, ####P<0.0001 (SHR vs. WKY in the same time point, one-way ANOVA); 
+P<0.05, ++P<0.01, +++P<0.001, ++++P<0.0001 (other treated groups vs. SHR in the same time 

point, one-way ANOVA). 

 



 

Supplementary Table 6. Biometric and echocardiographic measurements in male HCM 

mice. All data represent mean ± SEM. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 (0W 

vs. 32W within each group, two-tailed Student’s t test); ####P<0.0001 (KI/KI-Blank vs. WT-

Blank in the same time point, one-way ANOVA); ++++P<0.0001 (KI/KI-Zer vs. KI/KI-Blank 

in the same time point, one-way ANOVA). 

 

 



Supplementary Table 7. Biometric and echocardiographic measurements in female HCM 

mice. All data represent mean ± SEM. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 (0W 

vs. 32W within each group, two-tailed Student’s t test); ##P<0.01, ###P<0.001, ####P<0.0001 

(KI/KI-Blank vs. WT-Blank in the same time point, one-way ANOVA); +P<0.05, ++P<0.01, 
++++P<0.0001 (KI/KI-Zer vs. KI/KI-Blank in the same time point, one-way ANOVA). 

 

Primer Forward Reverse 

β-actin GGACCTGACTGACTACCTCAT CGTAGCACAGCTTCTCCTTAAT 

BNP TTCCTGGGAGGTCGTTCCCAC CATCTTCCTCCCAAAGCAGCC 

ANF CATCTTCCTCCCAAAGCAGCC CCCTCAGCTTGCTTTTTAGGAG 

TNNT2 AAGAAGAAGATTCTGGCTGAGAG ACTTTCTGGTTATCGTTGATCCT 

SERCA2a CGAACCCTTGCCACTCATCT CCAGTATTGCAGGTTCCAGGT 

MEF2c CCCTCAGCTTGCTTTTTAGGAG GTTGAAATGGCTGATGGATATCC 

HMOX1 AAGACTGCGTTCCTGCTCAAC AAAGCCCTACAGCAACTGTCG 

NQO1 GAAGAGCACTGATCGTACTGGC GGATACTGAAAGTTCGCAGGG 

MAFG CTTGAAGGTGAAGCGGGAG GTTCTCTGAGGCCAGCTTCT 

HSPA1A GCCGAGAAGGACGAGTTTGA ACAGCAATCTTGGAAAGGCCC 

DNAJB1 CTCTGGACGGCAGGACGATA TCTTGATGTCTGGGGAATCCTT 

NFE2L2 TCAGCGACGGAAAGAGTATGA CCACTGGTTTCTGACTGGATGT 

TXNRD1 ATATGGCAAGAAGGTGATGGTCC GGGCTTGTCCTAACAAAGCTG 

SRXN1 CAGGGAGGTGACTACTTCTACTC CAGGTACACCCTTAGGTCTGA 

KEAP1 AGCGACGGTTCTACGTCCA GCGACTGTCGGAAGTAGCC 

HSF1 GCACATTCCATGCCCAAGTAT GGCCTCTCGTCTATGCTCC 

Supplementary Table 8. qPCR Primers for human. 

 

Primer Forward Reverse 

18S ACCGCAGCTAGGAATAATGGA GCCTCAGTTCCGAAAACCA 

BNP TGGGCAGAAGATAGACCGGA ACAACCTCAGCCCGTCACAG 

ANF CTCCGATAGATCTGCCCTCTTGAA GGTACCGGAAGCTGTTGCAGCCTA 
β-MHC CCTCGCAATATCAAGGGAAA TACAGGTGCATCAGCTCCAG 

Col1a1 CCAATGGTGCTCCTGGTATT GTTCACCACTGTTGCCTTTG 

Col3a1 AATGGCTCTCCAGGACAAAG CCACCAGGACTGCCATTATT 

TNNT2 ATCCACAACCTAGAGGCCGA CCCACGAGTTTTGGAGACTT 



SERCA2a CGTGGAACCTTTGCCACTCA GCACCCGAACACCCTTACAT 

MEF2c CCGATGCAGACGATTCAGTAG GTGTCACACCAGGAGACATAC 

Supplementary Table 9. qPCR Primers for rats. 

 

Primer Forward Reverse 

18S GAGAAACGGCTACCACATCC CACCAGACTTGCCCTCCA 

BNP GAGGTCACTCCTATCCTCTGG GCCATTTCCTCCGACTTTTCTC 

ANF TCCTGTGTACAGTGCGGTGTCC CGTCTCTCAGAGGTGGGTTGAC 
β-MHC CAAAGGCAAGGCAAAGAAAG TCACCCCTGGAGACTTTGTC 

Col1a1 CTGGCGGTTCAGGTCCAAT TTCCAGGCAATCCACGAGC 

Col3a1 TGAATGGTGGTTTTCAGTTCAG GATCCCATCAGCTTCAGAGACT 

TNNT2 CCTGATGAAGAAGCCAAAGATGCTG GTGAGCCTCGATCAGAGTCTGTAG 

SERCA2a GAGAACGCTCACACAAAGACC CAATTCGTTGGAGCCCCAT 

MEF2c ATGCCATCAGTGAATCAAAGGAT GTGGTACGGTCTCCCAACT 

Supplementary Table 10. qPCR Primers for mice. 

 

Genes 

HMOX1 GSR PTGR1 GSTM2 

GCLM SLC7A11 ME1 GPX3 

PGD FTL MAPK14 FGF13 

SQSTM1 MAFG SOD3 NRG1 

HSPA1A HSP90AA1 YES1 MAFF 

TXNRD1 MAPK1 EGR1 GSTP1 

KEAP1 POR NQO1 TGFBR2 

GCLC HSP90AB1 TXN CES3 

SRXN1 CEBPB CES2 CES4A 

FTH1 CUL3 INSR AGER 

DNAJB1 GSTM4 GSTT2 NFE2L2 

PPARD PRDX1 TGFA PDGFB 
Supplementary Table 11. The gene set of NFE2L2 pathway. 

 
Antibodies Souce Identifier Dilution 

NRF2 Proteintech Cat#16396-1-AP 1:1000 



KEAP1 Proteintech Cat#10503-2-AP 1:2000 

HO-1 Proteintech Cat#10701-1-AP 1:1000 

NQO1 Proteintech Cat#67240-1-Ig 1:5000 

HSF1 Cell Signaling Technology Cat#4356 1:1000 

p-HSF1 Abcam Cat#ab76076 1:5000 

TBP Cell Signaling Technology Cat#8515 1:1000 

Lamin B Proteintech Cat#12987-1-AP 1:1000 

GAPDH Proteintech Cat#60004-1-Ig 1:20000 

β-Actin Proteintech Cat#66009-1-Ig 1:5000 

β-Tubulin Affinity Biosciences at#T0023 1:10000 

HSP90 StressMarq Bioscience Inc. Cat#SMC-107 1:2500 

Anti-Rabbit IgG, 

HRP-linked Antibody 
Cell Signaling Technology Cat#7074 1:1000 

Anti-Mouse IgG, 

HRP-linked Antibody 
Cell Signaling Technology Cat#7076 1:1000 

Supplementary Table 12. Antibodies used for immunoblot analysis. 

 
Plasmids Vector Source 

KEAP1-3xFlag-C pcDNA3.1 Youbio Biological Technology Co., Ltd. 

CUL3-Myc-C pcDNA3.1 Youbio Biological Technology Co., Ltd. 

NFE2L2-Myc-C pcDNA3.1 Youbio Biological Technology Co., Ltd. 

HA-UB pcDNA3.1 Youbio Biological Technology Co., Ltd. 

KEAP1 C77A-3xFlag-C pcDNA3.1 Youbio Biological Technology Co., Ltd. 

KEAP1 C151A-3xFlag-C pcDNA3.1 Youbio Biological Technology Co., Ltd. 

KEAP1 C151S-3xFlag-C pcDNA3.1 Youbio Biological Technology Co., Ltd. 

KEAP1 C171A-3xFlag-C pcDNA3.1 Youbio Biological Technology Co., Ltd. 

Supplementary Table 13. Plasmids information. 

 
Antibodies Souce Identifier 

FLAG-Tag Cell Signaling Technology Cat#8146 

MYC-Tag Cell Signaling Technology Cat#2276 

HA-Tag Cell Signaling Technology Cat#3724 



NRF2 Proteintech Cat#16396-1-AP 

KEAP1 Proteintech Cat#10503-2-AP 

CUL3 Cell Signaling Technology Cat#10450 

Normal Rabbit IgG Cell Signaling Technology Cat#2729 

Normal Mouse IgG Santa Cruz Cat#sc-2025 

Peroxidase AffiniPure Goat Anti-

Mouse IgG, light chain specific 
Jackson ImmnoResearch Cat#115-035-174 

Peroxidase IgG Fraction Monoclonal 

Mouse Anti-Rabbit IgG, light chain 

specific 

Jackson ImmnoResearch Cat#211-032-171 

Supplementary Table 14. Antibodies used for immunoprecipitation analysis. 

 

Sequence Sense (5’-3’) Antisense (5’-3’) 

NC UUCUCCGAACGUGUCACGUTT ACGUGACACGUUCGGAGAATT 

HSF1-1 (human) GGUUGUUCAUAGUCAGAAUTT AUUCUGACUAUGAACAACCUG 

HSF1-2 (human) CGGAUUCAGGGAAGCAGCUG CAGCUGCUUCCCUGAAUCCG 
NRF2-1 (human) CGCUCAGUUACAACUAGAUTT AUCUAGUUGUAACUGAGCGTT 

NRF2-2 (human) CCAGUUGACAGUGAACUCATT UGAGUUCACUGUCAACUGGTT 

NRF2-3 (human) GAGACUACCAUGGUUCCAATT UUGGAACCAUGGUAGUCUCTT 

Supplementary Table 15 siRNA sequences used for RNA interference. 
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