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Obesity-induced metabolic cardiomyopathy (MC), characterized by lipotoxicity and excessive oxidative stress,
emerges as the leading cause of heart failure in the obese patients. Yet, its therapy remains very limited. Here, we
demonstrated that isoginkgetin (IGK), a bioactive biflavonoid isolated from medicinal herb Ginkgo Biloba, pro-
tected against obesity-induced cardiac diastolic dysfunction and adverse remodeling. Transcriptomics profiling
revealed that IGK activated Nrf2 signaling in the heart tissues of the obese mice. Consistent with this observation,
IGK treatment increased the nuclear translocation of Nrf2, which in turn trigger the activation of its downstream
target genes (e. g. HO-1 and NQO1). In addition, IGK significantly rejuvenated mitochondrial defects in obese
heart tissues as evidenced by enhancing mitochondrial respiratory capacity and resisting the collapse of mito-
chondrial potential and oxidative stress both in vitro and in vivo. Mechanistically, IGK stabilized Nrf2 protein via
inhibiting the proteasomal degradation, independent of transcription regulation. Moreover, molecular docking
and dynamics simulation assessment demonstrated a good binding mode between IGK and Nrf2/Keapl. Of note,
the protective effects conferred by IGK against obesity-induced mitochondrial defects and cardiac dysfunction
was compromised by Nrf2 gene silencing both in vitro and in vivo, consolidating a pivotal role of Nrf2 in IGK-
elicited myocardial protection against MC. Thus, the present study identifies IGK as a promising drug candi-
date to alleviate obesity-induced oxidative stress and cardiomyocyte damage through Nrf2 activation, high-
lighting the therapeutic potential of IGK in ameliorating obesity-induced cardiomyopathy.

1. Introduction disease [2-4]. Multiple obesity-related deleterious factors, including

insulin resistance, altered substrate utilization, overt oxidative stress

Obesity is still an ongoing epidemic worldwide. To date, more than
one third of US adults are obese. A cross-sectional survey of the general
US population from the National Health and Nutrition Examination
Survey demonstrated that obesity escalates among adolescents and
adults in the US from 1999 to 2018 [1]. Growing evidence has suggested
that patients of obesity are more susceptible to develop metabolic car-
diomyopathy (MC), which occurred in the absence of coronary artery
disease, valvular heart disease, hypertension, and other cardiovascular
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and mitochondrial dysfunction, are pivotal contributors to cardiac
dysfunction, and eventually heart failure (HF) [3,5]. Over half of the HF
patients are either obese or diabetic and HF is emerging as the leading
cause of mortality in these patients [6,7]. The prevalence of MC is ex-
pected to escalate in parallel with obesity; however, precise cures for
obesity MC remain elusive, and therapeutic tools are of urgent medical
need in this setting.

Despite the fact that the molecular basis of obesity-driven MC is
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poorly understood, accumulating evidence suggested the important role
of mitochondrial dysfunction in the pathogenesis of MC in both murine
models of obesity and human obese patients [4,8,9]. Mitochondrial
dysfunction, including impaired mitochondrial respiratory capacity,
disturbed ATP generation, and accumulation of mitochondrial reactive
oxygen species (mtROS), plays a rather pathogenic role in the onset of
MC in obesity [10-12]. A clinical study demonstrated that obesity
dominates mitochondrial defects in type 2 diabetes mellitus. Mito-
chondrial transmembrane potential and electron transport chain (ETC)
activity were significantly decreased in obese-nondiabetic and
obese-diabetic patients compared with those in control subjects, while
no obvious change was observed in nonobese-diabetic patients [12]. In
obesity, compromised mitochondrial respiratory capacity and increased
mtROS production have been causally linked to impaired myocardial
energetics [9,13]. In addition, mtROS elicited an increase of mito-
chondrial membrane permeability and even mitochondrial uncoupling,
which finally impeded cardiac energy metabolism and reduced cardiac
efficiency [9]. Nuclear factor erythroid 2-related factor 2 (Nrf2), a
dominant transcription factor of cell defense against oxidative and
xenobiotic stresses, regulates the downstream targets such as heme
oxygenase 1 (HO-1, also known as HMOX1), NAD(P)H dehydrogenase
quinone 1 (NQO1) and glutathione S-transferase pi 1 (GSTP1) [14-16].
It was reported that Nrf2/ARE signaling, as a crucial anti-oxidative
stress machinery, was impaired in obesity [17]. Pharmacological Nrf2
activation has demonstrated protective outcomes on metabolic health
[17,18]. However, naturally-occurring bioactive compounds which
protects against obesity-associated MC remains scarce.

Isoginkgetin (IGK), a member of the biflavonoid family, is extracted
from Ginkgo biloba and is a 3',8"-dimerization product of its equivalent
monoflavone residues, acacetin [19,20]. This 3',8"-dimerization
enhanced the antioxidant capacity of IGK compared with acacetin in
vitro [20]. In a rodent model of cerebral ischemia/reperfusion injury,
IGK treatment significantly counteracted cerebral infarction and neuron
apoptosis [21]. However, the effects and molecular mechanism of IGK in
heart disease remain elusive. In this study, we aimed to investigate the
therapeutic effects and potential molecular mechanism of IGK in the
treatment of obesity-induced MC.

2. Materials and methods

A detailed description of materials and methods is provided in the
online Supplemental Materials and Methods. All data that support the
findings of this study are available in the article and the online sup-
plementary files.

2.1. Animal experimental design

The animal experiments were approved by the Animal Research
Committee, Guangzhou Medical University (Guangzhou, China). All the
experimental procedures were carried out according to the guidelines
for the Care and Use of Laboratory Animals published by the United
States National Institutes of Health (NIH Publication, revised 2011).
Male C57BL/6 J mice (6-8 weeks old) were purchased from the Medical
Experimental Animal Center of Guangdong Province. All the mice were
raised in humidity- and temperature-controlled environment with a 12-
h light/dark cycle, with food and water ad libitum.

Study 1: The mice were fed a high-fat diet (HFD, 60 kcal% fat,
Research Diets D12492) or a standard chow diet (ND, 10% kcal fat) for
20 weeks and then subjected to IGK (0.5 mg/kg) or the vehicle by tail
vein injection for another 4 weeks along with continuous HFD or ND
feeding. The mice that did not gain 15% of body weight after 2 months’
HFD consumption were excluded from subsequent analysis according to
published literature [22]. There were no exclusions among mice fed a
ND. A total of 48 mice were randomized into 4 groups: (i) ND + vehicle,
(ii) ND + IGK, (iii) HFD + vehicle, (iv) HFD + IGK.

Study 2: A total of 32 mice fed on HFD were administered with 1 x
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10'2 vg/mL of AAV9-cTnT-sh-Nrf2 or the scramble virus suspension
diluted in 100 pL of saline via tail vein injection on week 19. One week
later, the mice were treated with IGK (0.5 mg/kg) or the vehicle for
another 4 weeks along with HFD feeding. The mice were randomized
into 4 groups: (i) HFD + sh-NC, (ii) HFD + IGK + sh-NC, (iii) HFD + sh-
Nrf2, (iv) HFD + IGK + sh-Nrf2.

Isoginkgetin (Cayman, US) was dissolved in dimethyl sulfoxide
(DMSO) by the concentration of 50 mg/mL and stored at —80 °C. For tail
vein injection, the stock solution was diluted in Tween-80 at a final
concentration of 0.2 mg/mL.

2.2. Cell culture

Neonatal rat cardiomyocytes (NRCMs) were isolated from the
Sprague-Dawley rats at postnatal day 1-3. After decapitation, hearts
were removed and washed with pre-cooled Hank’s balanced salt solu-
tion. The ventricles were cut to small pieces and suspended with 0.05%
Trypsin solution (without EDTA) at 4 °C overnight. Ventricular tissues
were digested by gentle shaking in 0.1% Type II Collagenase solutions at
37 °C for 45 min. The tissue lysate was filtered through 75 pm cell
strainer mesh and repeated for 2 or 3 times until the tissue was digested
completely. Cells were centrifuged at 1000 rpm for 5 min and resus-
pended in plating medium (DMEM, C11995500BT), added with 15%
Fetal Bovine Serum (FBS) and plated in 100 mm dishes for 1 h to
eliminate attached fibroblasts. Cardiomyocytes were collected and
plated on 35 mm culture dishes at a density of 1 x 10 per dish. After 24
h, the cardiomyocytes were washed and plated in fresh medium for
further experiments. The H9C2 cardiomyocytes were obtained from the
American Type Culture Collection and cultured as described previously
[23]. Both NRCMs and H9C2 cardiomyocytes were cultured in DMEM
supplemented with 10% FBS and kept in the incubator with 5% CO- at
37 °C. To examine the effect of IGK on PA induced cardiomyocyte injury,
the cells were treated with BSA-conjugated palmitic acid (PA, 400 pM)
for 48 h with or without 10 pM IGK. All the experiments were repeated 3
times.

2.3. Statistical analysis

All data were analyzed with GraphPad Prism, version 8.0 (GraphPad
Software) and expressed as means + SD. Difference between two groups
were analyzed using Student’s t-test. Differences between multiple
groups were analyzed using One-way ANOVA. P < 0.05 was considered
as statistically significant.

3. Results
3.1. Isoginkgetin protects against diastolic dysfunction in the obese mice

To evaluate the effect of IGK on obesity-induced MC, a murine model
of obesity was established by feeding the mice with high-fat diet (HFD,
60 kcal%) for 5 months (Supplementary material online, Fig. S1), which
is an established model for investigating obesity-related disease
including MC, with similar characteristics of human obesity [22,24-26].
We observed that HFD feeding induced obesity, mild hyperglycemia,
and insulin resistance, all of which are characteristic of obesity. How-
ever, IGK treatment did not affect the rise of body weight and blood
glucose level (Supplementary material online, Fig. S2).

To delineate the efficacy of IGK on MC, we conducted sequential
transthoracic echocardiography assessments in the mice. Unexpectedly,
we observed that left ventricular ejection fraction (LVEF) and left ven-
tricular fraction shortening (LVFS) were preserved in both obese and
non-obese mice up to 5 months of HFD feeding (Supplementary material
online, Fig. S3). However, there is a significant decline of diastolic
function in obese mice, as evidenced by the decrease of E/A ratio and a
prolonged isovolumic relaxation time (IVRT) via Doppler echocardiog-
raphy (Supplementary material online, Fig. S3), indicating the diastolic
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dysfunction occurs in the mice fed on HFD for 5 months. Thereafter, 0.5
mg/kg of IGK was administered via tail vein injection for additional 4
weeks concurrent with HFD feeding (Supplementary material online,
Fig. S1). Echocardiography assessment revealed no significant differ-
ence for either systolic or diastolic parameters in the mice fed with
normal-diet (ND) treated with or without IGK (Fig. 1A-C, Supplemen-
tary material online, Table S1). As expected, the systolic parameters,
including LVEF and LVFS, remain persistently preserved in the mice
with HFD feeding. However, tissue Doppler ultrasonic measurements
demonstrated a bigger ratio between mitral E wave and E’ wave (E/E’) in
the HFD-fed mice, which is also indicative of diastolic dysfunction.
Simultaneously, LV myocardial performance index (MPI) was impaired
in the obese mice in comparation with that of control. Of note, IGK
treatment leads to ameliorated LV diastolic dysfunction, as revealed by
increased E/A ratio, shortened IVRT, declined E/E’ ratio and reduced
MPI (Fig. 1D-H).
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3.2. Isoginkgetin attenuates obesity-induced cardiac remodeling both in
vivo and in vitro

Subsequently, we performed histological assessment to further
explore the effect of IGK on cardiac remodeling in heart tissues. Cardiac
hypertrophy was observed in the obese mice fed on HFD as evidenced by
higher ratio of heart weight to tibia length (HW/TL) (Fig. 2A), increased
cross-sectional area of cardiomyocytes (Fig. 2B and C), and increased
mRNA level of established pro-hypertrophic genes, such as natriuretic
peptide type A (Nppa), natriuretic peptide B (Nppb) (Fig. 2D and E).
Notably, these changes were significantly alleviated in the obese mice
treated with IGK (Fig. 2A-E). In addition, Masson’s trichrome staining
showed that fibrosis was significantly alleviated in the IGK treated obese
mice, compared with those treated with vehicle (Fig. 2F and G).
Together, these data suggests that IGK treatment protects against
obesity-induced adverse cardiac remodeling in the HFD-fed mice.

Pathological cardiomyocyte hypertrophy is one of the hallmarks of
adverse cardiac remodeling [27]. We isolated neonatal rat car-
diomyocytes and further examined the effect of IGK on cardiac
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Fig. 1. Isoginkgetin protects against diastolic dysfunction in the obese mice. (A) Representative images of M-mode echocardiography of left ventricle. (B) Left
ventricular ejection fraction (LVEF) of different groups (n = 6, 5, 9 and 8, respectively). (C) Left ventricular fractional shortening (LVFS) of different groups (n =6, 5,
9 and 8, respectively). (D) Representative images of pulsed-wave Doppler (upper panel) and tissue Doppler (lower panel). (E) Isovolumic relaxation time (IVRT) of
different groups (n = 6, 6, 9 and 8, respectively). (F) E/A ratio (MV E/A) of different groups (n = 6, 6, 6 and 8, respectively). (G) E/E’ ratio (MV E/E’) of different
groups (n = 6, 5, 9 and 8, respectively). (H) Myocardial performance index of different groups (n = 6, 5, 9 and 8, respectively). Data were shown as mean + SD. *P <
0.05, **P < 0.01, vs. ND group; “P < 0.05, *#P < 0.01, *##P < 0.001 vs. HFD group. Statistical analysis was carried out by a one-way ANOVA test.
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cardiomyocyte damage in metabolic cardiomyopathy [28], we per-
formed Oil Red O staining and transmission electron microscopy (TEM)
assessment on the myocardial sections. We observed that there was no
obvious lipid droplets (LDs) accumulation in the mice fed on normal diet
with either IGK or vehicle treatment. However, the intramyocardial LDs
accumulation were remarkably increased in the mice fed on HFD
(Fig. 3A and B), which was attenuated by IGK treatment. Additionally,
direct measurement of cardiac lipid contents demonstrated that tri-
glycerides was decreased in the IGK-treated obese mice as compared
with that of ones treated with vehicle (Fig. 3C). Moreover, TEM
demonstrated that LDs accumulation were significantly decreased in the
obese mice with IGK treatment (Fig. 3D-F).

Together, these data demonstrated that IGK mitigated intra-
myocardial lipid accumulation and cardiac remodeling in the obese
mice.

3.3. Isoginkgetin activates Nrf2/ARE signaling and protects against
mitochondrial dysfunction in the obese mice

To identify the molecular mechanism whereby IGK confers anti-
hypertrophic and anti-fibrotic effects in the obese mice, RNA-
sequencing of heart samples from the obese mice treated with or
without IGK was performed. In total, 377 genes were significantly
upregulated, and 385 genes were significantly downregulated in the
heart tissues of the IGK-treated obese mice, compared with that of
vehicle-treated mice (P < 0.05) (Fig. 4A). Pathway analysis of the
differentially expressed genes indicated that Nrf2 signaling pathway was
enriched in the upregulated genes in IGK-treated heart tissues (Fig. 4B).
We then confirmed that the expression of Nrf2 and its downstream
genes, such as HO-1, NQO1 and GSTP1 were upregulated with IGK
treatment (Fig. 4C and D). Among these known Nrf2 target genes, the
expression level of HO-1 was the most significant, confirming that IGK
treatment activated Nrf2 defense in the HFD-fed mice. In addition, a
burst of ROS production in the heart was observed in HFD-fed mice,
which was significantly alleviated by IGK treatment (Fig. 4E and F).
Moreover, mice treated with IGK displayed less mtROS production
compared to the vehicle control. IGK administration did not alter mtROS
production in the mice fed on ND (Fig. 4G and H). It was reported that
Nrf2 mediated antioxidant defense via targeting on HO-1 and NQO1, or
maladaptive pathological consequence via targeting on angiotensinogen
(Agt) and Kruppel-like factor (KIf) 9 [29,30]. As shown in Supplemen-
tary Fig. S4, the mRNA level of Agt and KIf9 was increased in the heart of
HFD fed mice, however, which was not changed with IGK treatment in
the obese heart. These data indicate that IGK treatment has minimal
effect on Nrf2-operated pathological response in the heart.

It was reported that Nrf2 accelerates mitochondrial fatty acid
oxidation [31,32]. Of note, KEGG pathway analysis showed that mito-
chondrial complex assembly, mitochondrial complex III and I assembly,
oxidative phosphorylation along with Nrf2 signaling were enriched in
IGK-treated obese mice heart (Fig. 4B and Supplementary material on-
line, Table S2). Therefore, we assessed the activity of mitochondrial
respiratory electron transport chain (ETC). The protein expression of
mitochondrial ETC of CI-V subunits was decreased in the hearts of the
mice fed on HFD, whereas which were markedly upregulated in the
obese mice treated with IGK (Fig. 4I). The protection on mitochondrial
ETC capacity mediated by IGK treatment was also demonstrated by the
increase of ATP content compared with that of vehicle treated hearts
(Fig. 4J). Impaired oxidative phosphorylation is certainly associated
with decreased mitochondrial bioenergetics, which contributes to
mitochondrial abnormalities in the setting of obesity [33]. So, we
further observed mitochondrial ultrastructure using transmission elec-
tron microscopy. Numerous swollen mitochondria, reduced matrix
density and cristae disorganization were observed in the heart of obese
mice, whereas which was rejuvenated by IGK treatment (Fig. 4K and L).
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3.4. Isoginkgetin promotes Nrf2 nuclear translocation and mitigates PA-
induced mitochondrial dysfunction in cardiomyocytes

To further consolidate the effect of IGK on Nrf2 signaling, the pri-
marily isolated neonatal cardiomyocytes were treated with IGK in vitro.
IGK treatment increased the total protein level of Nrf2 and its down-
stream targets including HO-1, NQO1 and GSTP1 (Supplementary ma-
terial online, Figs. S5A and B) in the cardiomyocytes under the basal
condition. Furthermore, IGK treatment promoted Nrf2 translocation to
the nucleus with a peak level between 6 h and 12 h (Supplementary
material online, Figs. S5C and D). Moreover, the nuclear translocation of
Nrf2 was confirmed by confocal microscopic analysis (Supplementary
material online, Figs. S5E and F).

Next, we examined the unique effect of IGK on Nrf2 signaling under
the condition of PA challenge. Similarly, IGK led to an increase of total
protein level of Nrf2 and its downstream targets (Fig. 5A), and also
promoted Nrf2 nuclear translocation after PA stimulation (Fig. 5B-D).
Consistent with what we found in vivo, PA-induced mitochondrial su-
peroxide production was significantly mitigated by IGK treatment
(Fig. 5E and F). Moreover, JC-1 staining demonstrated that PA-treated
cardiomyocyte exhibited a significant decrease in the ratio of aggre-
gates/monomers fluorescence intensity, indicating the collapse of
mitochondrial potential (A¥m); however, this effect was alleviated by
IGK treatment (Fig. 5G and H). Furthermore, we used a Seahorse
extracellular flux analyzer to examine the mitochondrial respiratory
capacity in the isolated neonatal cardiomyocytes. The result demon-
strated that both the maximal and spare respiratory capacity were
decreased in the PA-challenged cardiomyocytes, whereas these defects
were partially amended by IGK treatment (Fig. 5I and J). IGK treatment
elicited not discernible change under the basal condition. These results
confirmed that IGK activated Nrf2/ARE anti-oxidative stress signaling
pathway and restored mitochondrial respiratory capacity in vitro.

3.5. Molecular docking study revealed the binding of isoginkgetin with
Nrf2

To gain further structural insight into the mechanism whereby Nrf2/
ARE signaling pathway was activated by IGK, we used Discovery Studio
3.1 software to perform a molecular docking simulation, with an aim to
predicting whether there is direct interaction between IGK and Nrf2. As
shown in Fig. 6A-C, the binging mode of IGK and crystal structure of
Keapl/Nrf2 complex (PDB: 1 x 2R) showed that IGK enters the pocket of
Keapl/Nrf2 complex by 6 hydrogen bonds, which turned out to be Arg-
415 (1.7 A), Ser-602 (2.0 A), GLN-530 (2.2 A), ARG-380 (2.4 A), SER-
508 (2.5 10\) and ASN-382 (2.5 f\). To further evaluate the structural
stability of the complex between IGK and Nrf2, the time evolution of
weighted root-mean-square deviations (RMSDs) was conducted. The
steady RMSDs of the protein backbone structures demonstrated that the
combination of IGK and Nrf2 has a good equilibrium (Fig. 6D and E).
Consistent with our docking results, these data extracted from the 100 ns
of molecular dynamics simulations, the H-bonds linked to Arg-415, Ser-
602, GLN-530, ARG-380, and SER-508 residues were preserved. Taken
together, these data indicated that IGK can potentially bind within the
Nrf2 pocket, creating a stable complex of relatively high affinity.

3.6. Isoginkgetin activates Nrf2 signaling via inhibiting ubiquitin
dependent proteasomal degradation

To dissect the direct molecular mechanism whereby IGK regulates
Nrf2, the cardiomyocytes were exposed to IGK with or without PA
stimulation. As described above, IGK treatment promoted the protein
expression level of Nrf2 and downstream AREs-containing proteins (HO-
1, NQO1 and GSTP1) (Supplementary material online, Figure S5 A-B).
Unexpectedly, mRNA level of Nrf2 (Fig. 7A) did not differ between the
treatment of IGK and that of vehicle either in the absence or presence of
PA challenge, suggesting that IGK regulates Nrf2 at the post-
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Fig. 4. Isoginkgetin activates Nrf2/ARE signaling and protects against mitochondrial abnormalities in the obese mice. (A) Volcano plot shows the differentially
expressed genes in the obese heart with IGK treatment compared with that of vehicle treatment. (B) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
analysis of the differentially upregulated genes in IGK-treated obese mice. (C-D) Myocardial protein Nrf2, HO-1, NQO1 and GSTP1 were determined by Western blot
analysis and quantified below (n = 6 per group). (E-F) Representative images and analysis of dihydroethidium (DHE) staining of cardiac section in mice. Scale bars:
100 pm, n = 6 per group. (G-H) Representative images and analysis of MitoSox staining of cardiac section in mice. Scale bars: 100 pm, n = 6 per group. (I)
Representative immunoblotting images of ETC complex subunits from indicated groups. (J) ATP content in the heart tissues from indicated groups. (n = 3 for each
group). (K) Representative transmission electron microscopy images of heart tissue from indicated groups. Scale bars: 2 pm (upper) or 500 nm (lower). (L)
Quantification of mitochondria-related parameters. % Mitochondria area refers to the ratio of mitochondrial area to image area; mitochondrial/um? refers to
mitochondrial density; % abnormal mitochondria refers to the ratio of abnormal mitochondria in hearts. (n = 3 for each group). Data were shown as mean =+ SD, *P
< 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 vs. ND group; #P < 0.05, *#P < 0.01, *##P < 0.001, *###P < 0.0001 vs. HFD group. Data were analyzed by one-
way ANOVA.
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Fig. 5. Isoginkgetin promotes Nrf2 nuclear trans-
location and mitigated PA-induced oxidative stress in
cardiomyocytes. (A) Effect of IGK treatment on Nrf2
protein level in palmitic acid-treated cardiomyocytes
were detected by immunoblotting. (B) After the
NRCMs were treated with vehicle or IGK in the
presence or absence of palmitic acid as above, Nrf2
translocation was detected by immunoblotting by
analyzing the level of Nrf2 in the nuclear and cyto-
solic fraction. (C) Representative immunofluorescent
images of Nrf2 immunofluorescence in the NRCMs
treated with or without IGK in the presence or
absence of PA. Scale bars: 50 pm. (D) Quantification
of colocalization of Nrf2 and nuclei. n = 3 indepen-
dent experiments. (E and F) Representative images
and analysis of MitoSox in the neonatal car-
diomyocytes. Scale bars: 50 pm, n = 3 independent
experiments. (G and H) Representative images and
quantified analysis of JC-1 staining in NRCMs. Scale
bars: 50 pm, n = 3 independent experiments. (I and J)
Mitochondrial oxidative respiration of the neonatal
cardiomyocytes with IGK or vehicle in the presence or
absence of PA as assessed by measurement of cellular
oxygen consumption rate (OCR). Data were presented
as mean + SD. n = 3 independent experiments. *P <
0.05, **P < 0.01 vs. CTL group; P < 0.05, *#P < 0.01
vs. PA group. Data were analyzed by one-way
ANOVA.

Fig. 6. Molecular modeling and docking analysis
reveal the binding of IGK with Nrf2. (A) The chemical
structure of IGK. (B) Surface representation of the
crystal structure of Keapl (PDB ID: 1X2R) in complex
with IGK (green). (C) Front view of docking mode of
IGK in the binding pocket of 1X2R. H-bond (yellow):
Arg-415 (1.7 A), Ser- 602 (2.0 A), GLN-530 (2.2 A),
ARG-380 (2.4 A), SER-508 (2.5 A) and ASN-382 (2.5
A). (D) RMSDs values investigation through MD
simulations. (E) The last frame was extracted as a
representative. (For interpretation of the references to
colour in this figure legend, the reader is referred to
the Web version of this article.)
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translational level. To explore whether accumulation of Nrf2 protein
was attributable to an increase of its stability, the half-life of Nrf2 in
cardiomyocytes was measured. By performing cycloheximide (CHX)
chasing experiments, the cardiomyocytes co-treated with IGK and CHX
exhibited a delayed Nrf2 degradation curve as compared with those
treated with CHX alone, indicating that the half-life of Nrf2 was
extended in the presence of IGK (Fig. 7B and C). Of note, Gene Ontology
enrichment analysis demonstrated that ubiquitin ligase inhibitor activ-
ity is among the top enriched pathways in the heart of IGK treated mice
(Fig. 7D and Supplementary material online, Table S3). Nrf2 degrada-
tion is predominantly mediated by protein polyubiquitylation, which
targets it for proteasomal degradation in a Keapl-dependent or inde-
pendent manner [34,35]. Unexpectedly, IGK did not alter the protein
expression of Keapl (Supplementary material online, Fig. S6). We
further examine whether IGK affects the degradation of Nrf2 by the
ubiquitin-proteasome system. The cardiomyocytes were treated with
IGK or the vehicle in the presence or absence of MG132. Intriguingly,
IGK treatment results in an accumulation of both total ubiquitinated
proteins and K48-linked ubiquitinated proteins, similar to MG132, a
well-established proteasome inhibitor (Fig. 7E, Supplementary material
online, Fig. S7), indicating that IGK increases the protein level of Nrf2
mainly via inhibiting its proteasomal degradation.

To further confirm that IGK treatment regulates endogenous
ubiquitin-proteasome mediated Nrf2 degradation, the whole-cell lysates
were immunoprecipitated with anti-K48-ubiquitin. The precipitates
analysis demonstrated that increased Nrf2 was conjugated to K48-
ubiquitin to form polyubiquitinated species in response to IGK treat-
ment, and this response was similar with MG132 cotreatment (Fig. 7F).
Overall, these data suggest that IGK increases protein level of Nrf2 by
inhibiting its proteasomal degradation.

3.7. Genetic silencing of Nrf2 blunts the myocardial protective effect of
isoginkgetin against PA challenge

Considering that IGK treatment activated Nrf2/ARE signaling
pathway, we reasoned whether the cardioprotective effects afforded by
IGK against myocardial dysfunction was attributed to Nrf2 upregulation.
To test this hypothesis, Nrf2 was silenced by siRNA in the car-
diomyocytes. The knockdown efficiency of siNrf2 was confirmed by
immunoblotting assays (Fig. 8A, Supplementary material online,
Fig. S8). Rhodamine staining and mRNA level of pro-hypertrophic genes
Nppa and Nppb showed that protective effects of IGK treatment against
cardiomyocyte hypertrophy were blunted by siNrf2 treatment
(Fig. 8B-E). Furthermore, IGK-mediated suppressive effects on mtROS
production were also ablated by siNrf2 treatment (Fig. 8F and G). In
addition, siNrf2 also abrogated IGK-mediated mitochondrial membrane
potential polarization (Fig. 8H and I). Collectively, these data illustrated
that IGK protected against cardiomyocyte damage and mitochondrial
dysfunction at least partially via Nrf2/ARE signaling pathway.

3.8. Nrf2 knockdown dampens the protective effect of isoginkgetin in
obesity-induced cardiac dysfunction and mitochondrial defects

In order to demonstrate whether the cardioprotective effects of IGK
depend on Nrf2/ARE signaling activation in vivo, we generated a
cardiac-specific Nrf2-knockdown mice by tail vein injection of AAV9-
c¢TnT-sh-Nrf2. The experimental design was shown in Supplementary
material online, Fig. S9. Inmunoblotting assay confirmed that Nrf2 and
its downstream proteins (HO-1 and GSTP1) were downregulated effi-
ciently in the heart tissues of the mice injected with AAV9-cTnT-sh-Nrf2
(Fig. 9A and B). Notably, the specificity of Nrf2 knockdown in car-
diomyocytes from AAV9-cTnT-sh-Nrf2 treated mice was confirmed by
confocal microscopy (Supplementary material online, Fig. S10). Also,
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echocardiographic assessment demonstrated that the protective effect of
IGK against obesity-induced diastolic dysfunction was mitigated by Nrf2
knockdown (Fig. 9C-F). Moreover, Nrf2 knockdown also abrogated the
beneficial effect of IGK on cardiac remodeling, as revealed by increased
ratio of HW/TL, cross-sectional area of cardiomyocytes and fibrosis area
(Fig. 9G-K). Furthermore, the enhancement of mitochondrial ETC by
IGK treatment in the obese heart was compromised with Nrf2 knock-
down (Figure 9L). Consistently, Nrf2 knockdown blunted the protective
effect of IGK as evidence by the accumulation of ROS (Figure 9M).

Taken together, these data confirmed that IGK treatment contributes
towards protection against obesity-associated MC through Nrf2/ARE
signaling pathway.

3.9. Safety profile of isoginkgetin in mice

To further evaluate the safety profile of IGK, we performed blood
biochemical analysis and histological assessment of major organs/tis-
sues. We first evaluate the possibility whether IGK treatment had
toxicity on the liver, the major metabolic organ in humans. Plasma levels
of alanine aminotransferase (ALT) and aspartate aminotransferase
(AST), two well-established markers of hepatic injury, were not altered
by IGK treatment (Supplementary material online, Figs. SI1A and B).
Consistently, hepatic histology (H&E staining) analysis, did not display
any signs of hepatocyte injury or necrosis of hepatic cord (Supplemen-
tary material online, Fig. S10C). In addition, no toxicity was observed in
the kidney and spleen by H&E staining (Supplementary material online,
Fig. S10C). Furthermore, lipid and blood glucose levels showed no sig-
nificant difference in the mice treated with or without IGK (Supple-
mentary material online, Figs. S11D and E, Fig. S2B).
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Fig. 8. Genetic knockdown of Nrf2 blunts the pro-
tective effect of IGK on cardiomyocyte hypertrophy,
ROS production and mitochondrial injury. (A)
Representative images of Nrf2 protein expression of
indicated groups. (B) Representative images of
neonatal cardiomyocytes pretreated with siNrf2 or si-
NC for 48 h following PA stimulation with or without
0 IGK treatment. Rhodamine phalloidin staining was
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4. Discussion

With the dramatic rise of obesity worldwide, both the morbidity and
mortality of MC are increasing, with no effective therapies being avail-
able [2,36]. In the present study, we demonstrated that IGK treatment
protects against obesity-induced cardiomyopathy both in vivo and in
vitro. The salient findings of the present study are: (i) IGK protected
against obesity-induced cardiomyopathy, including improved diastolic
function and attenuated adverse cardiac remodeling. (ii) IGK activated
Nrf2/ARE signaling and improved mitochondrial respiratory ETC ca-
pacity as evidenced by transcriptomic profiling and biological valida-
tion. (iii) Structurally, IGK entered the pocket of Keapl/Nrf2 complex
with 6 H-bond bindings and promoted its nuclear translocation, which
triggers the expression of Nrf2 downstream genes activation. (iv) The
cardioprotective effects of IGK treatment were attributable, at least
partially, to Nrf2/ARE signaling activation, which alleviates oxidative
stress and mitochondrial defects. (v) Mechanistically, IGK promotes
Nrf2 stability via inhibiting the proteasome-dependent degradation of
Nrf2. Collectively, our data identify and validate IGK as a novel bioac-
tive constituent from Ginkgo Biloba, to alleviate the excess ROS pro-
duction and potentially protect against obesity-induced
cardiomyopathy.

Prevalence of obesity is currently escalating worldwide, and it is
closely associated with MC [37]. Of note, no effective therapy is avail-
able to treat obesity-associated MC and its complications. Isoginkgetin, a
biflavone from Ginkgo Biloba, was identified as an inhibitor of RNA
splicing [38] and was reported to possess multiple protective effects
including anti-inflammation [21,39,40], anti-oxidative stress [20] and
anti-tumorigenic activities [41,42]. Our data demonstrated for the first
time that IGK ameliorated diastolic dysfunction, cardiac hypertrophy
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Fig. 9. Genetic knockdown of Nrf2
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and cardiac fibrosis in diet-induced obese mice. A recent study has
demonstrated that IGK protected against brain ischemia-reperfusion
injury via inhibiting autophagy induced by ER stress [21]. These find-
ings suggested that IGK process versatile health-promoting benefits. As
such, our data delivered the first direct evidence of a myocardial
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protective effects of IGK in obesity-induced metabolic cardiomyopathy.
Furthermore, our result revealed that IGK treatment did not elicit
obvious signs of toxicity in the liver, kidney or spleen, all of which
showed no tissue damage or disturbances on histological analyses. The
safety of higher dose of IGK in mice was not addressed in the current
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study. Further clinical investigation of the therapeutical potential of IGK
in obesity-induced cardiomyopathy are warranted.

Our data verify the hypothesis that the protective effects of IGK are
attributable to alleviation of oxidative stress and mitochondrial
dysfunction both in vivo and in vitro. Additionally, IGK treatment
significantly decreased LD accumulation and promoted mitochondrial
health as revealed by enhanced mitochondrial respiratory capacity and
resisting the collapse of mitochondrial membrane potential and oxida-
tive stress. Of note, RNA-sequencing profiling demonstrated that the
Nrf2/ARE signaling and mitochondrial respiratory ETC capacity are
enriched in the IGK-treated mice. A couple of studies have shown that
Nrf2 accelerates mitochondrial fatty acid oxidation and promote mito-
chondrial health [31,32,43]. In our study, we found that IGK stimulated
Nrf2 signaling pathway and resisted mitochondrial dysfunction. Of note,
Nrf2 silencing blunted the protection of IGK on cardiac performance and
mitochondrial dysfunction both in vivo and in vitro, indicating that Nrf2
plays a unique role in the IGK mediated protection against obesity MC.
Moreover, the findings that IGK did not affect either the random or
fasting blood glucose suggested that IGK supplementation attenuated
obesity-induced cardiomyopathy independent of regulatory effects on
blood glucose.

Nrf2 is a critical regulator of cellular anti-oxidant and anti-
inflammatory response, with accumulating evidence describing its role
and potential to treat cardiac diseases [44,45]. We add to this argument
by showing that IGK as a novel activator of Nrf2/ARE signaling
pathway, which significantly attenuated cardiac dysfunction and
adverse remodeling in the obese mice. Consistent with our study,
pharmacological Nrf2 activation by sulforaphane (SFN) prevented dia-
betes mellitus-induced cardiac dysfunction [46]. Also, it was reported
that empagliflozin ameliorates obesity-related cardiac dysfunction via
maintaining redox homeostasis by enhancing Nrf2/HO-1 [47], sup-
ported the notion that regulation of Nrf2-mediated genes is influential
for the protection against obesity-induced cardiomyopathy.

Nrf2 is considered as an essential antioxidant defense regulator
against diverse pathological injuries in the heart; however, there are also
evidence showing a detrimental role of Nrf2 in cardiac disease. For
example, pressure overload-induced cardiac dysfunction is accelerated
in Nrf2-KO mice within first 2 weeks, when myocardial autophagy is
intact. However, Nrf2 deficiency ameliorates cardiac hypertrophy and
dysfunction throughout the late phase of pressure overload, when the
myocardial autophagy is impaired [29]. This finding provides compel-
ling evidence supporting that autophagy impairment turn on
Nrf2-driven angiotensinogen (Agt) expression and cardiac maladaptive
pathophysiological consequence, which is further supported by a sub-
sequential study using cardiac specific Atg5 and Nrf2 knockout
approach [48]. Another recent study from the same group demonstrated
a similar phenomenon in type 1 diabetes by showing that autophagy
impairment turns off Nrf2-mediated defense while switch on an
Nrf2-driven pathological program including Agt activation [30]. In
agreement with both studies, an independent group showed that
Nrf2-KO mice are characterized by cardiac hypertrophy and diastolic
dysfunction but their vascular function is fully protected due to
compensatory eNOS elevation [49]. Another study showed that despite
of the reduced antioxidant capacity due to Nrf2 deletion, the Nrf2-KO
mice were more resistant to myocardial ischemia-reperfusion injury
[50]. The author speculated that this was related to the compensatory
elevation of eNOS in Nrf2-KO mice, and the protective effect mediated
by eNOS was only shown after the Nrf2 signal was blocked [50].
Nrf2-mediated dichotomy in the heart may be attributable to its acti-
vation of defense or pathological downstream signaling, or other
compensatory mechanism. We found that Agt and KIf9 was increased in
the heart of HFD fed mice, however, IGK treatment has minimal effect on
Nrf2-operated pathological response in the obese heart (Supplementary
material online, Fig. S4). The mechanisms whereby IGK activates
Nrf2-mediated antioxidant defense without turning off Nrf2-operated
pathological program in the heart warrants further study. Hence,
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future studies are warranted to interpret the spatiotemporal role of Nrf2
as well as its target molecular mechanisms in maintaining cardiac ho-
meostasis, which will provide new mechanistic insights into the role of
Nrf2 in MC and enlighten the identification of novel therapeutic ap-
proaches targeting Nrf2.

Our data revealed that IGK treatment did not alter Nrf2 mRNA level,
however it increased Nrf2 protein level and its protein stability. Nrf2
degradation is mainly dependent on the ubiquitin-proteasome system
[35]. In support of this notion, we found that IGK promotes the Nrf2
stabilization probably via inhibiting proteasome dependent degradation
in light of the recent demonstration of IGK as a general inhibitor of
various types of proteasome activity [51]. Keapl, as a physiological
inhibitor of Nrf2, is well believed as a negative regulator of Nrf2 protein
stability via the cullin3 ubiquitination pathway [52]. However, we did
not detect a decrease of Keapl after IGK treatment. A couple of
Keapl-independent Nrf2 degradation mechanisms have been described
[53-55]. In support of this, molecular docking analysis showed that IGK
entered the pocket of Keapl/Nrf2 complex by 6 H-bond bindings, of
which ARG-415 (1.7 A) shows the higher hydrogen bond binding than
the others, implicating that IGK was capable of forming stable confor-
mation with Nrf2. Consistent with our finding, a recent study reported
that natural flavonoid quercetin binds to Nrf2 with H-bond of amino
acid residues Arg-415, increased the expression of Nrf2 [56]. In addi-
tion, a recent study based on molecular docking analysis has revealed a
H-bond binding between IGK and HO-1, which is the downstream target
of Nrf2 [57], also supporting the antioxidant capacity of IGK.

A few limitations should be considered when interpreting the data
reported herein. First, although we demonstrated that IGK treatment
conferred protection against obesity-induced MC via Nrf2/ARE antiox-
idant machinery without affecting blood glucose; however, we cannot
totally exclude other possible mechanisms that could contribute to its
protection. Second, we revealed the protection of IGK against obesity-
induced cardiomyopathy triggered by HFD feeding. However, the ben-
efits of IGK treatment on other types of diabetic cardiomyopathy remain
to be elucidated. Last but not least, further studies are warranted to
extrapolate our preclinical findings to obese patients with cardiac
dysfunction by addressing the therapeutic potential of IGK and IGK-
containing herbal preparations.

In conclusion, the present study identifies IGK as a novel naturally-
occurring Nrf2 activator from eminent medicinal herb Ginkgo Biloba,
and demonstrates its safety and efficacy to ameliorate obesity-induced
cardiomyopathy.
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