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Direct cardio-protection of Dapagliflozin against obesity-
related cardiomyopathy via NHE1/MAPK signaling
Ke Lin1,2, Na Yang1,2, Wu Luo2, Jin-fu Qian1,2, Wei-wei Zhu2, Shi-ju Ye1, Chen-xin Yuan1, Di-yun Xu1, Guang Liang2, Wei-jian Huang1 and
Pei-ren Shan1

Obesity is an important independent risk factor for cardiovascular diseases, remaining an important health concern worldwide.
Evidence shows that saturated fatty acid-induced inflammation in cardiomyocytes contributes to obesity-related cardiomyopathy.
Dapagliflozin (Dapa), a selective SGLT2 inhibitor, exerts a favorable preventive activity in heart failure. In this study, we investigated
the protective effect of Dapa against cardiomyopathy caused by high fat diet-induced obesity in vitro and in vivo. Cultured rat
cardiomyocyte H9c2 cells were pretreated with Dapa (1, 2.5 μM) for 1.5 h, followed by treatment with palmitic acid (PA, 200 μM) for
24 h. We showed that Dapa pretreatment concentration-dependently attenuated PA-induced cell hypertrophy, fibrosis and
apoptosis. Transcriptome analysis revealed that inhibition of PA-activated MAPK/AP-1 pathway contributed to the protective effect
of Dapa in H9c2 cells, and this was confirmed by anti-p-cJUN fluorescence staining assay. Using surface plasmon resonance analysis
we found the direct binding of Dapa with NHE1. Gain and loss of function experiments further demonstrated the role of NHE1 in
the protection of Dapa. In vivo experiments were conducted in mice fed a high fat diet for 5 months. The mice were administered
Dapa (1 mg·kg−1·d−1, i.g.) in the last 2 months. Dapa administration significantly reduced the body weight and improved the serum
lipid profiles. Dapa administration also alleviated HFD-induced cardiac dysfunction and cardiac aberrant remodeling via inhibiting
MAPK/AP-1 pathway and ameliorating cardiac inflammation. In conclusion, Dapa exerts a direct protective effect against saturated
fatty acid-induced cardiomyocyte injury in addition to the lowering effect on serum lipids. The protective effect results from
negative regulating MAPK/AP-1 pathway in a NHE1-dependent way. The current study highlights the potential of clinical use of
Dapa in the prevention of obesity-related cardiac dysfunction.
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INTRODUCTION
Obesity, a public health problem in the general population, is an
important independent risk factor for cardiovascular diseases [1].
Obesity caused chronic structural changes in the heart including
left ventricular hypertrophy, further impairing the systolic/diastolic
function and leading to heart failure [2]. Mechanisms underlying
this progressive heart injury are complicated. Several cellular
processes have been reported to participate in the progress,
including cardiac inflammation, disorders in cardiac metabolism,
production of reactive oxygen species (ROS), autophagy and
apoptosis of cardiomyocytes [3]. Importantly, elevated free fatty
acid (FFA), especially saturated fatty acid (SFA) like palmitic acid
(PA), is considered as the origin of obesity-related cardiomyopathy
[4]. Cumulative evidence has established that SFA is responsible
for systemic and local inflammatory activation as well as immune
responses initiation in circulating immune cells as well as
cardiomyocytes [4, 5]. Besides, altered FA composition in obese
patients results in disorders of β-oxidation metabolism, damage of
mitochondria and subsequent oxidative injury in heart tissues.

Furthermore, FFA-triggered inflammatory cytokines deteriorate
cardiac injury via numerous pathways [6]. Targeting SFA-induced
inflammation might be an effective way for preventing obesity-
related cardiomyopathy.
Dapagliflozin (Dapa), known as a selective inhibitor for sodium-

glucose co-transporter subtype 2 (SGLT2), has already been used
clinically due to its external anti-hyperglycemic activity. Recent
clinical trials have revealed exciting results that Dapa significantly
reduced the risk of cardiovascular deaths and heart failure events
[7, 8]. It’s worth noting that the protective effect of SGLT2 inhibitors
on diabetic cardiomyopathy has also been extensively illustrated
[9]. Since diabetes share a range of pathological changes with
obesity, such as insulin resistance, hyperglycemia, hyperlipidemia
and low-grade systemic inflammation [10], whether obese patients
with cardiac dysfunction could also benefit from SGLT2 inhibition is
unknown. Previous publications gave us clues that SGLT2 inhibitors
might block the development of obesity systemically [11–14].
However, whether Dapa could directly benefit the heart and the
potential mechanisms in obesity remains undefined.
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Cardiomyocytes and heart tissue lack SGLT2 protein, hence an
off-target effect might occur for SGLT2 inhibitors during their
cardio-protection. Recent studies have raised that NHE1 may be
the potential target for SGLT2 inhibitors. Specifically, Dapa could
effectively reduce cytosolic [Ca2+] and [Na+] and increase
mitochondrial [Ca2+] in primary neonatal rat cardiomyocytes,
which is mediated mainly by NHE1 receptor [15]. Other studies
emphasize the vital role of NHE1 in the protection of SGLT2
inhibition against cardiovascular diseases, including diabetic
cardiomyopathy, myocardial infarction and heart failure [16–18].
However, no direct molecular evidence confirmed the interaction
between SGLT2 inhibitors and NHE1. Besides, whether NHE1 is
involved in the process of anti-SFA-induced injury in cardiomyo-
cytes by Dapa has not been explored.
In the current study, we aimed to investigate the protective role

of Dapa against high fat diet-induced obesity and cardiomyo-
pathy. We also explored the underlying mechanism through
which Dapa exerted its function in protecting cardiomyocyte.
Furthermore, whether the role of NHE1 is involved in this process
was also determined.

MATERIALS AND METHODS
Regents
PA (#408-35-5) was obtained from Sigma-Aldrich (St Louis, MO, USA).
Dapa (#S1548) was obtained from Selleck (TX, USA). TUNEL apoptosis
assay (#C1086) and Annexin V-FITC apoptosis detection kits (#C1062S)
were obtained from Beyotime Biotech (Beijing, China). Rhodamine-
phalloidin staining kit (#CA1610) was obtained from SolarBio (Beijing,
China). Antibodies against p-ERK (#4370), ERK (#4695), p-JNK (#9255),
JNK (#9252), p-p38 (#4511), p38 (#8690), Bcl-2 (#3498), Bax (#2772),
Cleaved-Caspase3 (#9664) and GADPH (#5174) were purchased from
Cell Signaling Technology (Boston, USA). Antibodies against β-MyHc
(#ab50967), Col1a1 (#ab34710), TGF-β (#ab92486), TLR4 (#ab22048),
MyD88 (#ab2068), MD2 (#ab24182) and p-cJUN (#ab32385) were
obtained from Abcam (Cambridge, UK). Antibodies against SGLT2
(#ER64951) were obtained from HuaBio (Hangzhou, China). Anti-
bodies against HA (#51064-2-AP) and NHE1 (#67363-1-lg) were
obtained from Proteintech (Wuhan, China). Secondary antibodies
were obtained from Yeasen Biotech (Shanghai, China). NHE1-fusion
protein (Ag14329) was obtained from Proteintech (Wuhan, China).

Cell culture and transfection
The rat cardiomyocyte cell line H9c2 was purchased from
Shanghai Institute of Biochemistry and Cell Biology (Shanghai,
China), and cells were cultured in DMEM supplemented with 10%
FBS and 100 U/mL penicillin and 100 mg/mL streptomycin. HA-
tagged NHE1 plasmid was purchased from SinoBiological (Beijing,
China) and NHE1 siRNA was purchased from Gene Pharma
(Shanghai, China). PEI or Lipofectamine 3000 (Thermo, MA, USA)
was used for cell transfection. Plasmids were mixed with PEI in a
ratio of 1:3 and NHE1 siRNA was mixed with Lipofectamin 3000 in
a ratio of 1:1 for 20 min, and the mixtures were added in H9c2
cells. After 8 h transfection, the medium was replaced and cells
were cultured for another 24 h before other treatments.

Rhodamine-phalloidin staining
Rhodamine-phalloidin staining was used to assess cellular
hypertrophy. Briefly, H9c2 cells were fixed with 4% paraformalde-
hyde, permeabilized with 0.1% Triton, and stained with
rhodamine-phalloidin (1:200). DAPI (Beyotime, Shanghai, China)
was then counterstained, cells were viewed and captured using
Nikon 80i fluorescence microscope (Nikon, Tokyo, Japan).

Transcriptome sequencing
H9c2 cells were pretreated with Dapa for 1.5 h, and were then
treated with PA for 24 h. Total mRNA was isolated using TRIzol
(Takara, Kyoto, Japan), and transcriptome sequencing was

conducted (LC-Biotechnology, Hangzhou, China). The differentially
expressed genes (DEGs) were defined by fold change > 1.5 or <
0.67, and P < 0.05. Further analysis, including PCA analysis,
drawing of Volcano plot and Venn diagram were conducted in
OmicStudio (LC-Biotechnology, Hangzhou, China). Enrichment of
intersecting genes was then conducted in the database of Enrichr
(https://maayanlab.cloud/Enrichr/) [19]. Raw data of transcriptome
sequencing were deposited in the Sequence Read Archive (SRA) in
BioProject ID PRJNA784032 (https://www.ncbi.nlm.nih.gov/
bioproject/PRJNA784032).

High fat diet-induced model of obesity-related cardiac dysfunction
All animal study protocols were approved by Wenzhou Medical
University Animal Policy and Welfare Committee (Ethics approved
number: wydw2020-0464) and adhered to the NIH guidelines
(Guide for the care and use of laboratory animals). Male C57BL/6
mice with the weight of 18-22 g were obtained from Wenzhou
Medical University Animal Center. Mice were acclimatized to the
laboratory for at least 1 week before initiating the studies. Mice
were then randomly divided into 3 groups: (1) mice fed with low
fat diet (LFD, n= 8), (2) mice fed with high fat diet (HFD, n= 8), (3)
mice fed with high fat diet and treated with 1 mg·kg−1·d−1 Dapa
(HFD+ Dapa, n= 8). High fat diet was purchased from Research-
Diets (New Jersey, USA). The model of obesity-related cardiac
dysfunction was established by feeding mice with high fat diet for
5 months. Dapa was dissolved in 1% CMC-Na solution, and
administered by intragastric injection for the latter 2 months.
Measurements of body weight were recorded weekly. After
5 months, cardiac function of mice was examined (as described
below). And then mice were sacrificed, serum samples and heart
tissues were collected for further analysis. Serum lipid profiles
(total cholesterol, triglyceride, low-density lipoprotein and high-
density lipoprotein) and serum markers for cardiac injury (creatine
kinase-MB and B-natriuretic peptide) were detected using
commercial kits (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China), according to the manufacturer’s instructions.

Cardiac function tests
Systolic and diastolic cardiac function was assessed by non-
invasive transthoracic echocardiography using a Vevo-1100 high-
resolution imaging system (Fujifilm Visual Sonics, Japan), with
22–55 hMHz transducer at a frame rate of 233 Hz. Mice were
anesthetized using isoflurane. Representative echocardiograph
was recorded, and analysis of cardiac function, including
parameters of ejection fraction (EF), fraction shortening (FS),
posterior wall depth (PWTd), left ventricular diastolic dimension
(LVIDd), et al. was conducted according to the echocardiograph.

Histology analysis and tissue staining
Histology analysis includes hematoxylin and eosin (H&E) staining,
Masson’s staining, Sirius Red staining and immuno-staining of
heart tissues. Briefly, paraffin sections of heart tissues were firstly
deparaffinized, rehydrated, and then stained using H&E kit
(#G1120; Solarbio, Beijing, China), Masson’s kit (#G1340; Solarbio)
and Sirius red kit (#S8060; Solarbio), respectively. Sections were
then sealed and viewed using Nikon microscope DM-2500 (Nikon,
Tokyo, Japan). For immunochemistry staining, 5 μm heart sections
were firstly deparaffinized, rehydrated and then blocked with 5%
BSA. Tissue sections were then incubated with primary antibodies
of anti-TNF-α (1:500) or anti-CD68 (1:500) at 4 °C overnight. After
incubating with HRP-labeled secondary antibodies, chromogenic
reaction was then conducted by DAB detection. For immuno-
fluorescence staining, heart sections or cells were fixed, and then
permeabilized with 0.1% Triton X-100, followed by blockage with
5% BSA. Heart sections or cells were then incubated with anti-p-
cJUN antibodies (1:200) at 4 °C, overnight. After washing with PBS,
sections or cells were incubated with Alexa Fluor-488 (1:500)
secondary antibodies, and counterstained with DAPI. Images were
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acquired using Leica TCS SP8 confocal laser scanning microscope
(Leica, Solms, Germany).

Apoptosis assay
Cardiomyocyte apoptosis was determined using one-step TUNEL
apoptosis assay kit (#C1086, Beyotime, Shanghai, China) and
Annexin V-FITC apoptosis detection kit (#C1062S, Beyotime). For
TUNEL assay, cells or tissue sections were fixed, washed with PBS,
and then stained using TUNEL kit. After counterstaining with DAPI,
cells or slides were viewed and captured using Nikon 80i
fluorescence microscope (Nikon, Tokyo, Japan). For Annexin
V-FITC apoptosis detection, cells were digested and washed. Cells
were then stained using Annexin V-FITC detection kit, followed by
analysis using flow cytometry (FACS Calibur, BD, New Jersey, USA).

Detection of cytokines by ELISA assay
Inflammatory cytokines including IL-6 and TNF-α in the heart
tissues were detected using ELISA kits (eBioscience, San Diego, CA,
USA). Total amount of cytokines was calculated using the standard
curve method, and the relative amount of cytokines was normal-
ized to the protein concentration of heart tissues.

Western blot and immunoprecipitation
For Western blot, cell and tissue lysates were separated by 10%
SDS-PAGE, and transferred to polyvinylidene difluoride mem-
branes. After blocking with 5% non-fat milk for 2 h, membranes
were then incubated with specific primary antibodies at 4 °C,
overnight. Immunoreactive bands were detected by incubating
with secondary antibodies conjugated to horseradish peroxidase
and chemi-luminescence reagent (Bio-Rad, CA, USA). For immu-
noprecipitation assay, 600 mg cell lysates were used for IP, while
1/10 cell lysates were used for Input. Briefly, lysates were
incubated with 1 μg anti-TLR4 primary antibodies at 4 °C over-
night. Protein A&G beads were then added and incubated for 4 h.
The precipitates were then collected as IP for further assays.
Immunoblotting was performed from IP and Input to detect the
formation of MD2/TLR4/MyD88.
Image J analysis software version 1.8.0 was then used for

densitometric quantification of immunoblots. Relative amount of
target proteins was then normalized to their respective control
(GAPDH for WB and TLR4 for IP).

Real-time qPCR
Total mRNA prepared from H9c2 cells or heart homogenate was
isolated using TRIzol. Concentrations and purity of the samples
were measured in duplicate using SpectraMaxM5 Microplate
Reader (Molecular Devices, San Jose, CA, USA). Reverse transcrip-
tion and quantitative PCR was conducted using two-step Prime-
Script RT reagent Kit (Perfect Real Time; Takara, Tokyo, Japan) and
Eppendorf Mastercycler ep realplex detection system (Eppendorf,
Hamburg, Germany). Primers of genes encoding MyH7, Col1a1,
Tgfb1, Il1b, Il6 and Tnfa were obtained from Sangon (Shanghai,
China), and the sequences were shown in Supplementary Table S1.
The relative amount of each gene was normalized to β-actin.

Surface plasmon resonance (SPR) analyses
The direct binding of Dapa to NHE1 protein was detected using
Biacore T200 instrument (Cytiva, Marlborough, MA, USA) with a
CM7 sensor chip (Cytiva). Briefly, NHE1 protein (in acetate acid
buffer) was loaded to the sensor using an Amine Coupling Kit
(Cytiva). After the target sensor was placed in the instrument,
different concentrations of Dapa (0, 3.125, 6.25, 12.5, 25, 50, 100
μM) were then flowed over the black and target sensors at a flow
rate of 30 μL/min for a 200 s association phase, which was
followed by a 60 s dissociation phase at 25 °C. The final graphs
were obtained by subtracting blank sensorgrams and blank
samples from the duplex. The data were analyzed with Biacore
T200 software EV. The dissociation constant (KD) was calculated by

global-fitting of the kinetics data from various concentrations of
Dapa using a 1:1 Langmuir binding model.

Molecular docking
Molecular simulation of the binding of Dapa with NHE1 was
performed using AutoDock version 4.2.6. Since no NHE1 monomer
structure was reported, a predicted homology model based on
Sodium/hydrogen exchanger 1 (7dsx.1.B) [20] established by
Swiss-Model was used. The AutoDock Tools version 1.5.6 package
was applied to generate the docking input files. A 126 × 126 ×
126-point grid box with a spacing of 0.700 Å between the grid
points, which could accommodate the whole NHE1 protein, was
implemented. The affinity maps of NHE1 were calculated by
AutoGrid. One hundred Lamarckian genetic algorithm runs with
default parameter settings were processed using AutoDock 4.2.6.
A series of binding forms were generated, and the lowest energy
form was chosen. PyMOL 2.5 software was then used to analyze
hydrogen bonds and bond lengths within the interactions.

Statistical analysis
Data presented in this study is representative of at least 3
independent experiments and is expressed as means ± SEM.
Statistical analysis was performed with GraphPad Prism 8.0 soft-
ware (San Diego, CA, USA). One-way ANOVA followed by Tukey
post-hoc test was used when comparing more than two groups of
data. P < 0.05 was considered significant in statistics. Post-tests
were run if F achieved P < 0.05 and there was no significant
variance in homogeneity.

RESULTS
Dapa exhibits direct protection in cardiomyocytes
As previously reported, SGLT2 was mainly expressed in kidney,
and was not detected in cardiomyocytes and the heart [21]. Here,
we first validated the expression of SGLT2 in H9c2 cells with renal
tubular epithelial cells NRK-52E as the positive control. Nearly no
expression of SGLT2 was detected in H9c2 cells, regardless of
Dapa treatment (Supplementary Fig. S1). Despite this, a direct
protection of Dapa was observed in H9c2 cardiomyocytes. As
shown in Fig. 1a and Supplementary Fig. S2a–c, PA significantly
increased the expression of β-MyHc, Col-1a1 and TGF-β, while
pretreatment with Dapa dose-dependently downregulated these
proteins related to cellular fibrosis. Consistently, qPCR assay
showed a similar inhibition of PA-induced expression of these
markers at the transcriptional level (Fig. 1b). To vividly visualize the
protective effect of Dapa, the rhodamine-phalloidin staining on
H9c2 cells was performed. Results showed that PA-induced
cellular hypertrophic response was attenuated after Dapa
pretreatment (Fig. 1c, Supplementary Fig. S2d). These results
collectively indicated that Dapa efficiently attenuated PA-induced
fibrosis and hypertrophy in H9c2 cells.
Then the effects of Dapa on PA-induced apoptosis were

examined in H9c2 cells. PA exposure for 24 h led to cellular
apoptosis with upregulation of Bax and Cleaved-caspase3 along
with downregulation of Bcl-2. This apoptotic readout was
suppressed by Dapa pretreatment (Fig. 1d). Furthermore, TUNEL
staining and flow cytometry assays also confirmed pretreatment
with Dapa significantly mitigated PA-induced apoptosis in H9c2
cells (Fig. 1e, f, Supplementary Fig. S2e, f). Taken together, these
data implicated an off-target effect of Dapa since Dapa was able to
directly protect cardiomyocytes despite no SGLT2 expression was
detected.

Identification of MAPK signaling as a functioning pathway
To explore the off-target effect of Dapa and the potential
mechanism mediating its protection in cardiomyocytes, a
transcriptome sequencing was performed. PCA analysis revealed
that 3 groups of cells were well divided (Fig. 2a). Gene expressions

Dapagliflozin attenuates obesity-related cardiomyopathy
K Lin et al.

2626

Acta Pharmacologica Sinica (2022) 43:2624 – 2635



with fold change more than 1.5 or less than 0.67, and P value less
than 0.05 were defined as significantly changed. Totally, 3432 and
124 DEGs were obtained in PA and PA+ Dapa groups, respec-
tively (Supplementary Fig. S3a). Of these DEGs, 70 intersecting
genes were significantly changed in both the two comparisons,
and might be responsible for the protective effect of Dapa
(Fig. 2b). Therefore, these 70 intersecting genes were selected for
further pathway enrichment analysis using an online tool Enrichr
[19]. Panther pathway enrichment analysis indicated p38-MAPK
pathway was the most enriched (Fig. 2c). Pathway enrichment
analysis based on NCI_Nature or BioCarta also confirmed the
result that p38-MAPK or ERK1/2-MAPK signaling contributed to
the protective effect of Dapa (Supplementary Fig. S3b, c). Besides,
the hub-protein analysis showed that inflammation-associated
proteins were essential in the process. Specifically, MAPK1 (ERK2)

and MAPK3 (ERK1) ranked frontally, indicating that MAPK
signaling was critically involved in modulating the protective
function of Dapa (Fig. 2d). To fully understand the potential
mechanisms, the transcription factors prediction analysis was
further conducted. Interestingly, components of AP-1 [22],
including Jun and JunD, ranked frontally among the top 10
transcription factors (Fig. 2e). These results prompted us that Dapa
directly protected cardiomyocytes via regulating MAPK/AP-
1 signaling.

Verification of the negative regulation of MAPK/AP-1 pathway by
Dapa in cardiomyocytes
As transcriptome sequencing indicated, MAPK/AP-1 pathway was the
most probable regulator for these intersecting genes and might be
the potential pathway mediating the protective effect of Dapa. Since

Fig. 1 Dapa directly protects cardiomyocytes against palmitic acid-induced cellular fibrosis and apoptosis. a–c Dapa attenuated PA-
induced cardiomyocyte fibrosis and hypertrophy. H9c2 cells were pretreated with Dapa, and were then stimulated with PA for 24 h. a Cell
lysates were collected and proteins of β-MyHc, Col-1, and TGF-β were detected with GAPDH as loading control. b Total mRNA of H9c2 cells was
isolated, and mRNA levels of fibrotic genes were detected with β-actin as the normalization control. c H9c2 cells were stained with rhodamine-
phalloidin, and counterstained with DAPI. Representative images were shown (scale bar= 20 μm). d–f Dapa attenuated PA-induced
cardiomyocyte apoptosis. H9c2 cells were pretreated with Dapa, and were then stimulated with PA for 24 h. d Cell lysates were collected and
proteins of Bcl-2, Bax and Cleaved-Caspase-3 were detected with GAPDH as loading control. Quantifications were shown in the right panel.
e H9c2 cells were stained with TUNEL kit, and counterstained with DAPI. Representative images were shown (scale bar= 25 μm). f H9c2 cells
were digested and stained with Annexin V-PI apoptosis kit, cells were then detected using flow cytometry. Representative images were
shown. n= 3; Means ± SEM; One-way ANOVA followed by Turkey post-hoc tests; *P < 0.05, compared with Ctrl group, #P < 0.05, compared with
PA group.
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the activation of MAPK/AP-1 pathway often relies on the phosphor-
ylation of the key kinases. We then validated the hypothesis by
checking Dapa’s effect on the phosphorylation of MAPK/AP-1
pathway in H9c2 cells. Using immunofluorescence staining of
phosphorylated-cJUN (p-cJUN), we found that PA was able to
activate cJUN transcription via increasing p-cJUN in the nucleus. As
expected, a dose-dependent decrease of p-cJUN in the nucleus was
observed after pretreatment with Dapa (Fig. 3a, Supplementary
Fig. S4a). Similarly, Western blotting analysis demonstrated that PA-
induced excessive activation of MAPK pathway was also diminished
by Dapa (Fig. 3b, Fig. S4b–d). Furthermore, PA-induced over-
expression of pro-inflammatory cytokines in H9c2 cells was also
restrained by Dapa pretreatment (Fig. 3c).

Dapa targets NHE1 hence regulating MAPK/AP-1 pathway to
protect cardiomyocytes
Subsequently, we aimed to understand how Dapa regulated PA-
induced activation of MAPK/AP-1 pathway. PA was reported to
directly bind to MD2, the accessory protein of TLR4, and resulted
in the activation of TLR4/MyD88 dependent MAPK signaling [23].
Therefore, whether Dapa could influence the formation of MD2/
TLR4/MyD88 complex was firstly examined. Surprisingly, Western
blotting analysis failed to observe any significant change after pre-

treatment with Dapa (Supplementary Fig. S5). This suggested that
Dapa may regulate MAPK/AP-1 pathway in a TLR4/MyD88
independent way.
Recent studies [17, 18, 24] demonstrated that NHE1 might be

one of the direct targets of SGLT2 inhibitors in cardiovascular
diseases. Interestingly, NHE1 was also reported to be associated
with MAPK signaling [25]. Hence, it is hypothesized that NHE1
participated in the protective function of Dapa in cardiomyo-
cytes. Since no direct evidence showed the binding of NHE1 and
Dapa, we firstly conducted SPR assay and confirmed the direct
binding of Dapa to NHE1 protein with a KD value of 1.09 μM
(Fig. 4a). Similarly, molecular docking showed that Dapa bound
to NHE1 structure with a docking score of −5.86 kcal/mol
(Fig. 4b). Overexpression and knockdown of NHE1 was then
performed. Transfection of NHE1 siRNA significantly decreased
the expression of NHE1 while transfection of HA-NHE1 plasmid
significantly elevated NHE1 expression (Supplementary Fig. S6a,
b). Furthermore, knockdown of NHE1 was already to inhibit
phosphorylation of MAPK pathway while addition of Dapa did
not show better effect (Fig. 4c, Supplementary Fig. S6c).
However, overexpression of NHE1 worsen the effect and
abolished the inhibitory effect of Dapa on MAPK pathway,
probably due to that Dapa was not enough in this saturating

Fig. 2 MAPK signaling contributes to the direct cardiomyocyte protection of Dapa. H9c2 cells were pretreated with Dapa, and were then
stimulated with PA for 24 h. Samples were isolated using TRIzol, and transcriptome sequencing was conducted. a PCA analysis of the
sequencing results. b Venn diagram of differential genes in Ctrl VS PA, and PA VS PA+Dapa. c Panther pathway enrichment analysis of 70
intersecting genes. d PPI hub-proteins analysis of 70 intersecting genes. e TRRUST transcription analysis of 70 intersecting genes. Dotted lines
represented P= 0.05. Black column showed significant changed items.
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condition (Fig. 4d, Supplementary Fig. S6d). Consistently, cellular
hypertrophy and apoptosis was prevented in NHE1-knockdown
group with comparative effect in NHE1-knockdown plus Dapa
group (Fig. 4e, f, Supplementary Fig. S6e, f). Moreover this was
aggravated in NHE1-overexpressed group and the protective
effect of Dapa was also abolished after NHE1 overexpression
(Fig. 4g, h, Supplementary Fig. S6g, h). Taken together, these
results indicated that Dapa targets NHE1 hence regulating MAPK/
AP-1 pathway to protect cardiomyocytes against PA-induced
cellular injury.

Administration of Dapa reduces HFD-induced cardiac dysfunction
and remodeling
We then explored whether Dapa could improve obesity-related
cardiac dysfunction in vivo. Therefore, a mouse model of HFD-
induced cardiac dysfunction was established. After successively
feeding with HFD for 3 months, mice were treated with 1
mg·kg−1·d−1 Dapa in gavage for the lasting 2 months. Adminis-
tration of Dapa decreased the body weight of mice (Supplemen-
tary Fig. S7a), and improved HFD-induced disorders of serum lipid
profiles (Supplementary Fig. S7b), including total cholesterol (TC),
triglyceride (TG), low density lipoprotein (LDL) and high-density
lipoprotein (HDL). These data were consistent with the results
from type 2 diabetic patients enrolled in a clinical trial [26].
To confirm HFD-induced cardiac dysfunction and evaluate the

effect of Dapa, echocardiography analysis was utilized. As shown in
Table 1 and Supplementary Fig. S8, HFD mice exerted severe
cardiac dysfunction, including the decrease of ejection fraction
(EF), fraction shortening (FS). Administration of Dapa significantly
improved the situation. Moreover, Dapa significantly reduced
cardiac hypertrophy and remodeling, evidenced by the decrease of
systolic left ventricular internal dimension (LVIDs), diastolic anterior
wall thickness (AWTd), heart weight tibia length ratio (HW/TL) and
diastolic posterior wall thickness (PWTd, P= 0.1). However, Dapa
had little effect on LVIDd. The most used serologic tests for the
diagnosis of dysfunctional heart, serum CK-MB and BNP were also
in line with the echocardiography findings (Table 1).
Histological analysis further confirmed the echocardiography

findings. As shown in Fig. 5a, heart size was increased in HFD mice
while treatment with Dapa restored heart size. H&E staining
showed that Dapa significantly reduced disorganized myofibers
(longitudinal section, Fig. 5b) and increased cross-sectional

cardiomyocyte area of myofibers (transverse section, Fig. 5c,
Supplementary Fig. S9a). Masson’s stained heart sections demon-
strated that cardiac fibrosis was significantly enhanced with more
connective tissues in the interstitial area in HFD mice, which was
reduced after Dapa treatment (Fig. 5d, Supplementary Fig. S9b).
Sirius staining further confirmed the anti-fibrotic effect of Dapa,
with decreased collagen deposition in both interstitial and
perivascular areas (Fig. 5e, f, Supplementary Fig. S9c, d).
Consistently, the expression levels of fibrosis and hypertrophy
markers (β-MyHc, Col1a1, TGF-β) were also significantly decreased
by Dapa at both transcriptional and translational levels (Fig. 5g, h,
Supplementary Fig. S9e).
Apoptosis of cardiomyocytes results in the loss of contractile

tissue, hence playing an important role in the development of
obesity-related cardiac dysfunction and remodeling [27]. In
consistent with our in vitro results, an anti-apoptosis effect of
Dapa was observed by immunoblotting. Downregulation of Bcl-2,
and upregulation of Bax and cleaved-caspase 3 in heart tissues of
HFD mice were significantly reversed in HFD+ Dapa group (Fig. 5i,
Supplementary Fig. S9f). This was further confirmed by TUNEL
analysis of heart sections (Fig. 5j, Supplementary Fig. S9g).
Collectively, these data demonstrated that Dapa showed active
cardio-protection, with improved cardiac dysfunction and remo-
deling, despite the positive influence on lipid metabolism.

Dapa reduces cardiac inflammation via inhibiting MAPK/AP-1
pathway
We next aimed to investigate whether the function of Dapa in
reducing inflammation was also attributed to MAPK/AP-1 pathway
inhibition in vivo. Western blotting results found that HFD induced
excessive phosphorylation of ERK, JNK and p38 in the heart, while
Dapa reduced the activation of MAPK signaling (Fig. 6a, Supple-
mentary Fig. S10a). The activation of transcription factor AP-1 was
further detected by immunofluorescence staining of phosphory-
lated cJUN in heart sections. Conversely, the enhanced transcrip-
tional activity of AP-1 in HFD-fed mice was inhibited by Dapa
treatment (Fig. 6b, Supplementary Fig. S10b).
Activation of MAPK/AP-1 pathway induced transcription and

secretion of inflammatory cytokines, thereby triggering chronic
inflammation [28]. Based on previous findings, inflammatory
cytokines in transcript and protein levels were detected. As
expected, a significant increase of inflammatory cytokines was

Fig. 3 Dapa inhibits MAPK signaling and inflammation in cardiomyocytes. H9c2 cells were pretreated with Dapa, and were then stimulated
with PA for 1 h. a H9c2 cells were fixed and stained with anti-p-cJUN antibody, and counterstained with DAPI. Representative images were
shown (scale bar= 25 μm). b Cell lysates were collected and proteins of p-ERK, p-JNK and p-p38 were detected with total proteins as loading
control. c Cells were pretreated with Dapa, and were then stimulated with PA for 8 h. Total mRNA was isolated using TRIzol, and mRNA levels
of pro-inflammatory genes were detected with β-actin as the normalization control. n= 3; Means ± SEM; One-way ANOVA followed by Turkey
post-hoc tests; *P < 0.05, compared with Ctrl group, #P < 0.05, compared with PA group.
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observed in HFD mice, while treatment with Dapa successfully
prevented the over-expression of these cytokines mRNA (Fig. 6c)
and secretion (Fig. 6d). An immunochemistry staining of anti-TNF-
α in heart tissues further confirmed that Dapa shifted overall
milieu towards low cardiac inflammation (Fig. 6e). Since cardiac
inflammation was strongly associated with macrophages infiltra-
tion, we then stained heart sections with CD68 antibodies, a
specific markers for macrophages. Similarly, Dapa reduced

infiltrated macrophages amount in HFD mice (Fig. 6f). Taken
together, these data demonstrated that Dapa inhibited MAPK/AP-
1 pathway and reduced cardiac inflammation in vivo.

DISCUSSION
Disorders of lipid profiles, especially the excessive SFA often
accompanied and further promoted cardiac dysfunction and

Fig. 4 Dapa targets NHE1 hence regulating MAPK/AP-1 pathway to protect cardiomyocytes. a Direct binding of Dapa and NHE1 protein
was shown by SPR assay. Ka binding constant, Kd dissociation constant, KD equilibrium dissociation constant. b Molecular docking of Dapa
with NHE1. c–h H9c2 cells were transfected with NHE1 siRNA or HA-NHE1 plasmid, and were then treated with Dapa and PA. Cell lysates from
knockdown (c) or overexpression (d) assay were collected and proteins of p-ERK, p-JNK, and p-p38 were detected with total proteins as
loading control. H9c2 cells after knockdown of NHE1 were stained with rhodamine-phalloidin (e) or TUNEL kit (f), and counterstained with
DAPI. Representative images were shown. g, h H9c2 cells after overexpression of NHE1 were stained with TUNEL kit, and counterstained with
DAPI (e, g, scale bar= 50 μm; f, h, scale bar= 100 μm). Representative images were shown. n= 3; Means ± SEM; One-way ANOVA followed by
Turkey post-hoc tests.
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remodeling via activating several detrimental signaling pathways
[29]. In the current study, we found that Dapa provided
direct cardio-protection against SFA-induced apoptosis, deleter-
ious remodeling and consequent cardiac dysfunction through
inhibiting NHE1/MAPK/AP-1 pathway-mediated inflammation in
cardiomyocytes. A summary of our main findings is schemed
in Fig. 7.
Emerging evidence have emphasized the role of chronic

inflammation in the development of obesity-related cardiac
dysfunction [30, 31]. Adiponectin secreted from expanded
adipocyte tissue as well as the overwhelming circulating lipids
create systemic inflammation. This reaction leads to subsequent
dysregulation of insulin action in peripheral tissues, such as
skeletal and cardiac muscle [32]. Specifically, the excessive lipid
exerts cardiac lipotoxicity and triggers cardiac inflammation. Lipid
overloads the circulating monocytes and induces the formation of
monocytes into pro-inflammatory macrophages. The formed
macrophages then infiltrates into cardiac tissue and in turn
aggravates cardiac and systemic inflammation by secreting
inflammatory cytokines [33, 34]. On the other hand, FFA such as
PA, could directly activate detrimental pathways and induce the
apoptosis and inflammatory response in cardiomyocytes [35, 36].
It is worth noting that these harmful effects of PA are attributed to
the activation of MD2/TLR4/MyD88/NF-κB signaling [23, 37]. Our
study also observed a significant cardiac inflammation character-
ized by macrophages infiltration, secretion of inflammatory
cytokines in HFD-fed mice, which were mitigated by treatment
with Dapa. However, we found that Dapa could not influence the
enhanced interaction of MD2/TLR4/MyD88 complex, which
indicated that Dapa may regulate cardiac inflammation in
other ways.
MAPK signaling has been reported to be critically involved in

regulating inflammation, insulin resistance, ROS production and
cardiac injury. Numerous studies have demonstrated that inhibi-
tion of MAPK signaling attenuated obesity-related multiple
injuries, such as airway damage [38], cardiac dysfunction [39],
and renal dysfunction [40]. The vital role of JNK/MAPK has been
raised recently. Activation of JNK results in the inflammatory
response via promoting macrophages polarization. Besides,
phosphorylation of IRS by JNK in cardiomyocytes leads to insulin
resistance and disrupts normal cardiac metabolism, producing
excessive ROS and further aggravating cardiac injury [41]. In our
study, we conducted a transcriptome sequencing analysis and
demonstrated that the protective effect of Dapa in cardiomyo-
cytes was attributed to the inhibition of MAPK signaling and
transcription of AP-1. A significant decrease of MAPK/AP-1
activation was also observed in HFD mice treated with Dapa.

The rare expression of SGLT2 in cardiomyocytes and hearts
prompted us to seek other receptors mediating the function of
Dapa. Recent studies indicated that Na+/H+ exchanger 1 (NHE1)
might be the non-classical target of SGLT2 inhibitors. Jiang et al.
reported that empagliflozin directly inhibited the activity of NHE1
in cardiomyocytes to regulate disrupted autosis, therapy leading
to the reduced infarct size and improved cardiac function [17].
Another study carried out by Uthman et al. demonstrated that
activity of NHE1 was inhibited by class of SGLT2 inhibitors,
(including canagliflozin, Dapa and empagliflozin) with a significant
decrease of [Na+]c [42]. However, Chung et al. found that neither
empagliflozin nor other SGLT2i had effects on [Na+]i over a wide
range of concentrations in primary rat ventricular cardiomyocytes
[24]. In our study, we confirmed the direct binding of Dapa with
NHE1. Using NHE1 overexpression and knockdown system, we
further examined its role in the protection of Dapa. Interestingly,
the protective effect of Dapa against PA-induced apoptosis and
hypertrophy was all blunted after NHE1 overexpression or
knockdown. We could even observe a worsened phenotype in
cardiomyocytes when NHE1 was overexpressed, which was
consistent with previous findings [17]. These results partially
indicated that Dapa’s direct cardiac protection might be mediated
by its inhibition of NHE1. Indeed, NHE1 was also regarded as a
pivotal target in many cardiovascular diseases, including ischemia-
reperfusion injury, maladaptive cardiac hypertrophy and heart
failure [43]. Our results highlighted its function in saturated fatty
acid-induced cardiomyopathy as well.
It is important to note that mutual regulation exists in the

relationship between NHE1 and MAPK signaling. On the one hand,
ERK, p38-MAPK, and JNK have all been implicated in the acute
regulation of NHE1 activity after various stimuli [44, 45]. NHE1 was
also reported to be directly phosphorylated by ERK effector p90
ribosomal S6 kinase (p90RSK) and p38-MAPK [46, 47]. On the other
hand, NHE1 plays a central role in the regulation of MAPK activity
after certain stimuli. Specific NHE1 inhibitor was able to inhibit the
activation of ERK [48] and phosphorylation of p38-MAPK [49, 50].
The mechanisms underlying the NHE1 regulating MAPK might be
associated with [Ca2+]i and subsequent ROS production [49, 50]. In
our study, we also investigated the relationship between NHE1
and MAPK signaling. In consistent with the previous reports,
overexpression of NHE1 resulted in a significant activation of
MAPK signaling, especially for ERK1/2 pathway, while knockdown
of NHE1 decreased the phosphorylation of MAPK signaling.
Despite the fact that Dapa directly protects cardiomyocytes in a

NHE1/MAPK signaling, we observed an evident lowering lipid
effect in vivo, which was also confirmed by Wang et al.’s findings
[11]. Although we did not explore how Dapa affecting lipid
metabolism and body weight, its potential function in liver, kidney
and adipose tissue might be the reason. Using a western diet-
induced obesity mouse model, Wang et al. found that Dapa was
able to decrease lipid accumulation in hepatic and renal tissue,
hence restoring normal organ function [11]. Xu et al. reported that
SGLT2 inhibition by empagliflozin was able to enhance energy
expenditure via upregulation of uncoupling protein 1 in brown fat
and white adipose tissue, therapy producing more heat and
promoting weight loss in HFD induce obese mice [12]. Another
study carried out by Yokono et al. demonstrated that selective
SGLT2 inhibitor ipragliflozin reduced the body fat mass by
increasing fatty acid oxidation and upregulating energy expendi-
ture through AMPK/SIRT1 pathway [13, 14]. Besides, JNK1/2 was
reported to regulate lipid metabolism in hepatocyte in a PPAR-α/
FGF-21 dependent way. Considering that Dapa could inhibit PA-
induced JNK activation (current data) in cardiomyocytes, we
proposed that it may also improve lipid metabolism in a JNK
dependent way. However, all these hypotheses need further
experiments to accurately validate.
There are also some limitations in our study. First of all, it is hard

to estimate whether the lowering lipid effect or inhibition of

Table 1. Cardiac echocardiographic parameters and systemic and
organ parameters of the experimental mice.

Parameters LFD (n= 8) HFD (n= 8) HFD+Dapa (n= 8)

EF (%) 68.88 ± 1.46 52.26 ± 1.09* 63.12 ± 1.93#

FS (%) 38.21 ± 1.20 26.57 ± 0.72* 34.00 ± 1.42#

LVIDs (mm) 2.45 ± 0.04 3.08 ± 0.06* 2.75 ± 0.06#

LVIDd (mm) 3.97 ± 0.09 4.20 ± 0.10* 4.18 ± 0.10ns

PWTd (mm) 0.73 ± 0.03 0.86 ± 0.05* 0.78 ± 0.01ns

AWTd (mm) 0.99 ± 0.04 1.22 ± 0.04* 1.07 ± 0.05#

Weight (g) 26.8 ± 0.66 48.3 ± 3.44* 37.3 ± 3.55#

HW/TL (mg/mm) 6.49 ± 0.51 8.33 ± 0.71* 7.29 ± 0.82#

CK-MB (U/L) 165.48 ± 33.79 273.37 ± 40.73* 211.66 ± 49.59#

BNP (ng/L) 111.59 ± 23.36 291.8 ± 20.52* 142.55 ± 26.86#

*P < 0.05, compared with LFD mice; #P < 0.05, nsP > 0.05, compared with
HFD mice.
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cardiac inflammation by Dapa contributed more to the improve-
ment of cardiac function in vivo. An exact lowering lipid drug,
such as atorvastatin used as positive a control in the mouse study
might be the solution and will be our future exploration. Besides,
combined application of Dapa with NHE1 specific inhibitor or
administration of Dapa in NHE1 knockout mice would further

convince the role of NHE1 in the cardio-protection of Dapa. Future
studies focused on combinatorial therapies would certainly help.
In summary, our studies provide evidence that Dapa significantly

protects against obesity-related cardiac dysfunction and remodeling.
The underlying mechanism might be at least associated with its
direct protection in cardiomyocytes via a NHE1/MAPK/AP-1 pathway.

Fig. 5 Dapa attenuates HFD-induced cardiac fibrosis, remodeling and cardiomyocytes apoptosis. Mice were randomly divided into 3
groups, including LFD, HFD and HFD+Dapa. After 3 months of high fat diet, mice were treated with 1 mg·kg−1·d−1 Dapa for another
2 months in HFD+Dapa group. a Representative macrographs of hearts from different groups of mice. Hematoxylin-eosin staining of heart
sections. Representative images of longitudinal views (b, scale bar= 30 μm) and transverse views (c, scale bar = 10 μm). d Representative
images of Masson’s staining of heart sections (scale bar = 50 μm). Sirius Red staining of heart sections. Representative images of interstitial
views (e, scale bar= 50 μm) and perivascular views (f, scale bar= 30 μm). g Western blot analysis of fibrotic and hypertrophy protein markers
in heart tissue. GAPDH was used as loading control. h Quantitative PCR analysis of fibro-genic genes in heart tissue, and β-actin was used as
normalization control. i Western blot analysis of apoptotic protein markers in heart tissue. GAPDH was used as loading control.
j Representative images of TUNEL staining of heart sections. White arrows showed positive TUNEL staining cells in heart tissue (scale bar = 25
μm). n= 8 (a-f, h, j), n= 6 (g, i); Means ± SEM; One-way ANOVA followed by Turkey post-hoc tests; *P < 0.05, compared with LFD group, #P <
0.05, compared with HFD group.
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Our data clearly highlights the potential clinical utility of SGLT2
inhibitors in the prevention of obesity-related cardiac dysfunction.
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Fig. 7 Schematic illustration of the main findings. Dapa directly
inhibits saturated fatty acid (PA)-induced MAPK signaling and
inflammation, thus attenuating cell apoptosis and fibrosis in
cardiomyocytes, which might be associated with the function of
NHE1 receptor.
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