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Abstract
Background  Dapagliflozin, a sodium-glucose cotransporter 2 (SGLT2) inhibitor, is approved for the treatment of type 2 
diabetes, heart failure, and chronic kidney disease. DAPA-HF and DELIVER trial results demonstrate that the cardiovascu-
lar protective effect of dapagliflozin extends to non-diabetic patients. Hence, the mechanism-of-action may extend beyond 
glucose-lowering and is not completely elucidated. We have previously shown that dapagliflozin reduces cardiac hypertrophy, 
inflammation, fibrosis, and apoptosis and increases ejection fraction in BTBR mice with type 2 diabetes.
Methods  We conducted a follow-up RNA-sequencing study on the heart tissue of these animals and performed differential 
expression and Ingenuity Pathway analysis. Selected markers were confirmed by RT-PCR and Western blot.
Results  SGLT2 had negligible expression in heart tissue. Dapagliflozin improved cardiac metabolism by decreasing glyco-
lysis and pyruvate utilization enzymes, induced antioxidant enzymes, and decreased expression of hypoxia markers. Expres-
sion of inflammation, apoptosis, and hypertrophy pathways was decreased. These observations corresponded to the effects 
of dapagliflozin in the clinical trials.
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Introduction

Dapagliflozin was initially developed as an anti-diabetic 
drug but has shown additional benefits for reduction of car-
diovascular and renal event risk and is currently indicated 

in type 2 diabetes, heart failure, and chronic kidney disease 
patients (https://​www.​acces​sdata.​fda.​gov/​drugs​atfda_​docs/​
label/​2023/​20229​3s026​lbl.​pdf). Dapagliflozin reduces hos-
pitalizations for heart failure, improves quality of life, and 
reduces the risk of cardiovascular death in heart failure 
patients [1]. The cardiovascular benefits of dapagliflozin 
are not solely explained by glucose-lowering action alone 
because other anti-diabetic drugs do not impact or even dete-
riorate cardiovascular outcomes [2]. Furthermore, dapagli-
flozin reduces the risk of cardiovascular death or worsening 
of heart failure in non-diabetic subjects with heart failure 
with reduced ejection fraction [3]. Similarly, cardiovascu-
lar risk reduction with dapagliflozin was observed in both 
non-diabetic and diabetic participants with heart failure and 
preserved or mildly reduced ejection fraction in The Dapa-
gliflozin Evaluation to Improve the Lives of Patients with 
Preserved Ejection Fraction Heart Failure (DELIVER) trial 
[4].

Obtaining repeated cardiac biopsies before and after 
treatment with dapagliflozin for research purposes is not 
justified due to biopsy-associated health risks. Therefore, 
animal models provide a reasonable alternative to investi-
gate the mechanism of action. Consistent with the clinical 
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findings, dapagliflozin has shown systemic glucose-lower-
ing and hemodynamic and local cardioprotective effects in 
heart tissue in both diabetic and non-diabetic rodent mod-
els. Dapagliflozin improves echocardiography parameters 
and decreases total O-GlcNAcylated protein in the hearts 
of diabetic and lypodystrophic Bscl2-/- knockout mice [5]. 
Dapagliflozin decreases cardiac inflammation and fibrosis 
and inhibits the production of reactive oxygen species and 
calcium entry in isolated cardiomyocytes in db/db mice 
with angiotensin II-induced cardiomyopathy [6]. Decrease 
in systolic and diastolic blood pressure, serum TNFα, oxida-
tive stress biomarker malonaldehyde, decreased DNA frag-
mentation (cell death), and increased cardiac contractility 
have been observed in dapagliflozin-treated compared to 
untreated rats with streptozotocin-induced diabetes receiv-
ing high-fat diet [7]. Dapagliflozin increases left ventricular 
developed pressure almost back to healthy control animal 
level and reduces oxidative stress in Wistar rats with meta-
bolic syndrome [8]. Dapagliflozin inhibits phosphorylation 
of JNK and p38, reduces apoptosis, heart hypertrophy, inter-
stitial fibrosis, and perivascular fibrosis in transverse aortic 
constriction-induced pressure overload in a non-diabetic 
mouse model of cardiac hypertrophy [9].

Our group has previously investigated the effects of dapa-
gliflozin on heart physiology in BTBR mice with diabetic 
cardiomyopathy [10, 11]. To gain a deeper understanding of 
the mechanism behind the cardioprotective effects of dapa-
gliflozin, we conducted a follow-up RNA-sequencing study 
on heart tissue samples from the dapagliflozin-treated and 
untreated BTBR mice from this animal cohort [11].

Methods

Animals

BTBR mice were housed and treated as previously described 
[11]. The study was approved by the Institutional Animal 
Care and Use Committee of the University of Texas Medi-
cal Branch. In brief, BTBR mice at 8 weeks of age were 
allocated to two different treatment groups with 4 mice per 
group: (1) control (no treatment, as drinking water and regu-
lar rodent chow); (2) dapagliflozin; dapagliflozin was mixed 
in drinking water to provide a daily dose of 1.5 mg/kg body 
weight for 12 weeks based on an observed daily water intake 
of about 10 ml/day.

RNA‑Sequencing

After final termination at 20 weeks of age, heart tissues from 
four dapagliflozin-treated and four control BTBR mice were 
homogenized in 1 ml of Trizol Reagent per 50–100 mg of 
tissue using a power homogenizer. The sample volume did 

not exceed 10% of the volume of reagent used for homog-
enization. Total RNA was isolated and purified using a 
QIAGEN RNA preparation kit and sent to the UTMB’s 
Next Generation Sequencing (NGS) Core Laboratory. The 
core laboratory utilized an Illumina HiSeq 1500 sequenc-
ing system to perform RNA-sequencing analysis. Reads 
were aligned to the mouse mm10 reference genome assem-
bly using STAR version 2.5.4b [12]. Gene expression was 
quantified using STAR [12]. All samples passed technical 
quality control.

qRT‑PCR

Total RNA from the heart tissue was extracted using TRIzol 
reagent (Invitrogen, Carlsbad, CA, USA) per the manufac-
turer’s instruction. A total of 2 μg RNA from each sample 
was reverse-transcribed into cDNA, and equal amounts of 
the reverse transcriptional products were subjected to PCR 
amplification. For the quantification of mRNA expressions, 
specific primers were used (Table 1). Primer sequences were 
checked against the mouse GRCm39 genome assembly with 
UCSC In-Silico PCR service (https://​genome.​ucsc.​edu/​cgi-​
bin/​hgPcr). The Ct (threshold cycle) is defined as the num-
ber of cycles required for the fluorescence signal to exceed 
the detection threshold. Expression of the gene relative to 
GAPDH was calculated as the difference between the thresh-
old values of these two genes (2-Δct). Melting curve analysis 
was performed during real-time PCR to analyze and verify 
the specificity of the reaction. Each sample was analyzed in 
triplicate and normalized by GAPDH. We verified the lack 
of change in the mRNA expression of GAPDH in the RNA-
sequencing experiment. The values were given as the means 
and individual animal measurements.

Immunoblotting

Samples were homogenized in lysis buffer (in mM): 25 
Tris·HCl (pH 7.4), 0.5 EDTA, 0.5 EGTA, 1 phenylmethyl-
sulphonyl fluoride, 1 dithiothreitol, 25 NaF, 1 Na3VO4, 1% 
Triton X-100, 2% SDS, and 1% protease inhibitor cocktail. 
The lysate was centrifuged at 10,000×g for 15 min at 4°C, 
and the supernatants were collected. Protein concentration 
was determined by the Bradford method. Protein (50 μg) was 
fractionated by SDS-PAGE (4–20% polyacrylamide gels) 
and transferred to PVDF membranes (Millipore, Bedford, 
MA, USA). After blocking, membranes were incubated with 
the primary antibodies overnight at 4°C. The membranes 
were then washed and incubated with secondary HRP-
conjugated antibodies for 1 h at room temperature. Bound 
antibodies were detected using the chemiluminescent sub-
strate (NEN Life Science Products, Boston, MA, USA). 
The protein signals were quantified with an image-scanning 
densitometer, and the strength of each protein signal was 

https://genome.ucsc.edu/cgi-bin/hgPcr
https://genome.ucsc.edu/cgi-bin/hgPcr
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normalized to the corresponding β-actin signal. Data were 
expressed as percent relative to the expression in the con-
trol group (BTBR mice without treatment). Anti-Cd74, anti-
Gpx1, anti-Sod3, anti-Vegfa, anti-Hif1α, and anti-Smad3&7 
antibodies were purchased from Abcam, MA, USA. Anti-β-
actin antibodies were purchased from Sigma-Aldrich.

Statistical Analysis

The study bioinformatician and the NGS core facility were 
blinded to the results of the functional study [11] at the time 
of RNA-seq data collection and analysis. Differential expres-
sion analysis was performed using DESeq2 version 1.22.2 
[13] in R version 3.5.1. Genes with a Benjamini-Hochberg 
False Discovery rate < 0.05 were considered statistically sig-
nificant. No minimal fold change cut-off was imposed due to 
the shrinkage of fold change estimates by DESeq2. Pathway 
enrichment analysis and prediction of functional consequences 

of differential expression changes were performed using IPA 
software (QIAGEN Inc., https://​www.​qiage​nbioi​nform​atics.​
com/​produ​cts/​ingen​uityp​athway-​analy​sis). Figures were gener-
ated using ggplot2 version 3.3.2 [14].

Data for the RT-PCR and immunoblotting were presented 
as means and individual animal data measurements. Analysis 
of variance (ANOVA) with Sidak correction for multiple com-
parisons was applied to compare the different groups. Values 
of p < 0.05 were considered statistically significant. In each 
figure, the p value of the ANOVA is shown together with sym-
bols for the individual comparisons between specific groups.

Results

At the end of the 12-week treatment, fasting serum glucose 
levels were significantly lower in the dapagliflozin-treated 
group (177+6 mg/dl versus 380+9 mg/dl; p<0.001) [11].

Table 1   Primers for RT-PCR Target mRNA Forward primer Reverse primer

Hk1 GGA​GCA​GCT​TGT​GAA​AGA​CC AAA​TGT​AGG​CTG​GGT​GAA​CG
Hk2 TGA​TGA​AGG​CCC​TTT​GAT​TC GGC​CTA​AAG​TAG​CTG​CAT​CG
Pgk1 CTG​CTG​TTC​CAA​GCA​TCA​AA AAG​AGA​CTG​GAG​TGG​CCT​GA
Gpx1 GAG​GGT​AGA​GGC​CGG​ATA​AG AGA​AGG​CAT​ACA​CGG​TGG​AC
Gpx3 TCT​GGA​GAT​TGA​TGG​GGA​AG GCA​CAC​CTT​TGA​TCT​CAG​CA
Gpx4 TGA​ACG​GAA​CGC​TTT​CTT​CT TCT​AGC​AGA​GGC​ACG​GTT​TT
Mt2 CCG​ATC​TCT​CGT​CGA​TCT​TC AAA​GGA​GCA​GGA​GTG​CTT​CA
Mt3 ATG​CTT​GGG​GTG​AGG​TGT​AG GGA​AAA​GGC​AAG​CCA​ATG​TA
Sod2 GCC​CCC​TGA​GTT​GTT​GAA​TA AGA​CAG​GCA​AGG​CTC​TAC​CA
Sod3 AGG​AGC​TGG​ACA​GAC​CTG​AA TGC​CTG​TCC​TGA​GTC​CTC​TT
Hif1a GCC​TAG​CAG​TCT​CAC​CCT​TG GAG​GGC​ACT​CAA​GCT​GAT​TC
Bach1 GCT​GGC​TGG​TTT​TTG​AGA​AG CCA​CCT​CTG​AGG​CAG​CTA​AC
Egln3 GGT​CTG​CTC​GGC​ATC​TCT​AC ACA​AAC​ACC​GGA​GGA​AAG​TG
Vegfa ACC​CGT​GAC​TGA​GGT​TTG​AC TTT​CTT​GCG​CTT​TCG​TTT​TT
Ilk CCA​AGG​CAC​CCC​AAG​TAG​TA CAG​TGT​GTG​ATG​AGG​GTT​GG
Akt1 CAC​ACA​GCT​GGA​GAA​CCT​CA AGG​GAA​CAC​ACA​GGA​AGT​GG
Fos GAG​TGA​TGC​CGA​AGG​GAT​AA GAG​AAG​CAT​TCC​GGT​CAG​AG
Fosl2 CAC​CCC​AAC​TCC​TGT​CTG​TT AGC​CTC​TTG​TCA​GCC​CAG​TA
Cd74 CTT​GCC​TTC​TTG​CCT​TGT​TC GGC​TGT​GGT​TTT​TCT​GTG​GT
Pdgfa GTG​GCA​TGT​GGC​TTA​AGG​TT CAC​TCC​TGC​AAG​CAA​TCA​AA
Smad3 GAT​GTT​GGG​CGT​AGG​TCT​GT ACA​TCA​GGT​ACA​GCC​CCT​TG
Smad7 AGT​TGA​GGG​TTC​TGG​GTG​TG TCA​AGG​CTA​GGG​TGC​TCA​GT
Col14a1 GGA​GAG​GCT​GCA​GAA​AAC​AC ACA​GGG​AAG​GCA​GAG​CAC​TA
Mmp15 AGA​ACC​CCA​ACA​GAC​ACC​TG GGT​ACT​GCA​CGT​CCC​ATT​CT
Timp1 CCT​GCT​GCC​TTT​TCT​TAT​GC GAA​GGG​TTT​GTG​TTG​CCC​TA
Anxa4 AGC​AAA​GTC​TGG​GCT​TGA​AA GTG​GGG​TTA​GAC​GCA​GTG​AT
Cdkn1a AGT​GTG​GTC​CCA​GTC​AGG​TC AGA​CGA​GGA​AAG​CAG​TTC​CA
Atf5 TGG​GTG​ACT​GCT​TCA​CTG​AG GCC​AAC​CAA​GTA​ACC​CAG​AA
Axl CCC​TGT​CAC​AAC​CCT​ATG​CT CTT​GCT​TCC​AAA​TGC​TGA​CA
Gas6 AGT​GGT​ATC​CTG​GCC​AAC​TG AGC​CAG​ACT​CTT​CCC​AGA​CA
GAPDH ATG​ATT​CTA​CCC​ACG​GCA​AG CTG​GAA​GAT​GGT​GAT​GGG​TT

https://www.qiagenbioinformatics.com/products/ingenuitypathway-analysis
https://www.qiagenbioinformatics.com/products/ingenuitypathway-analysis
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RNA‑Sequencing

Consistent with our previous RT-PCR report [11], the 
mechanism-of-action target Slc5a2 (SGLT2) had negligi-
ble expression below 1 count per million in all RNA-seq 
samples (not reliably detected). Slc5a1 (SGLT1) levels 
ranged between 0.7 and 1.5 counts per million, which indi-
cated low expression close to the detection limit and did 
not change with dapagliflozin (Supplementary Table 1).

We detected 1382 differentially expressed genes in 
dapagliflozin-treated compared to untreated BTBR mouse 
hearts. Pathway enrichment analysis indicated reduced 
activity of pro-hypertrophy and pro-inflammation path-
ways after treatment with dapagliflozin (Table 2). By con-
trast, anti-hypertrophy p53 signaling [15] was increased. 
Ingenuity Pathway Analysis (IPA) software Diseases and 
Functions analysis confirmed that the expression changes 
were compatible with decreased hypertrophy (2.2-fold 
reduction, p-value 1.8e-28), decreased cell death (strong-
est reduction for gene set “Cell death of osteosarcoma 
cells,” 5.7-fold reduction, p-value 2.4e-12), and reduced 
tissue injury (gene set “Infarction,” 2.5-fold reduction, 
p-value 1.5e-14). In addition to the systematic analysis, 

we investigated the expression of marker genes such as 
key enzymes, kinases, and transcription factors (Fig. 1).

RT‑PCR

We confirmed the mRNA expression changes with dapagli-
flozin using RT-PCR. Dapagliflozin reduced the mRNA lev-
els of genes related to glucose as an energy source [Hexoki-
nase-1 (Hk1), Hexokinase-2 (Hk2), and Phosphoglycerate 
kinase 1 (Pgk1)] (Fig. 2). Dapagliflozin increased mRNA 
levels of genes of antioxidant enzymes [Glutathione Per-
oxidase-1 (Gpx1), Glutathione Peroxidase-3 (Gpx3), Glu-
tathione Peroxidase-4 (Gpx4), Metallothionein-2 (Mt2), Met-
allothionein-3 (Mt3), and Superoxide dismutase-3 (Sod3)], 
while it decreased the levels of Superoxide dismutase-2 
(Sod2) (Fig. 3). In addition, dapagliflozin decreased mRNA 
levels of genes associated with response to hypoxia [hypoxia 
inducible factor 1 subunit alpha (HIF1α), BTB domain and 
CNC homolog 1 (Bach1), Egl-9 family hypoxia inducible 
factor 3 (Egln3), and vascular endothelial growth factor 
A (Vegfa)] (Fig. 4). Dapagliflozin reduced the mRNA of 
genes associated with hypertrophy [Fos proto-oncogene, 
AP-1 transcription factor subunit (Fos), FOS like 2, AP-1 

Table 2   Pathways affected 
by dapagliflozin treatment 
in BTBR mouse heart with 
predicted activation status. 
Z-score < −0.5 indicates 
decreased pathway activity. 
Z-score > 0.5 indicates 
increased pathway activity. The 
enrichment p-value is based 
on right-tailed Fisher exact 
test (overrepresentation of 
differentially expressed genes in 
the pathway)

Ingenuity canonical pathways z-score p-value Benjamini–
Yekutieli 
FDR

Pathways with decreased activity
  ILK signaling −1.62 1.0e-15 1.7e-12
  mTOR signaling −0.78 1.6e-13 1.8e-10
  Integrin signaling −1.00 6.3e-12 5.3e-09
  Regulation of eIF4 and p70S6K signaling −1.41 1.3e-11 8.5e-09
  Leukocyte extravasation signaling −0.54 8.5e-08 2.6e-05
  Signaling by Rho family GTPases −0.71 3.8e-07 9.9e-05
  GP6 signaling pathway −1.34 1.3e-05 2.0e-03
  IL-8 signaling −1.00 2.4e-05 3.4e-03
  Apelin endothelial signaling pathway −1.89 2.6e-05 3.6e-03
  Renal cell carcinoma signaling −1.67 4.3e-05 5.6e-03
  PI3K/AKT signaling −1.00 5.2e-05 6.6e-03
  Aryl hydrocarbon receptor signaling −2.71 1.6e-04 1.5e-02
  VEGF signaling −1.00 1.7e-04 1.5e-02
  Calcium signaling −1.00 6.3e-04 4.6e-02
  SAPK/JNK signaling −3.21 6.6e-04 4.8e-02
Pathways with increased activity
  EIF2 signaling 3.00 1.3e-29 4.3e-26
  Inhibition of matrix metalloproteases 1.67 9.5e-07 2.2e-04
  Sirtuin signaling pathway 0.58 2.3e-05 3.4e-03
  p53 signaling 1.94 1.2e-04 1.2e-02
  Nitric oxide signaling in the cardiovascular system 0.54 4.9e-04 3.8e-02
  RhoGDI signaling 1.15 5.5e-04 4.1e-02



Cardiovascular Drugs and Therapy	

1 3

transcription factor subunit (Fosl2), and integrin linked 
kinase (Ilk)] (Fig. 5). Dapagliflozin reduced the expression 
of the pro-inflammatory gene Cd74 (Fig. 6) and increased the 
anti-apoptotic genes [annexin A4 (Anxa4), cyclin dependent 
kinase inhibitor 1A (Cdkn1a), activating transcription factor 
5 (Atf5), AXL receptor tyrosine kinase (Axl), and growth 

arrest specific 6 (Gas6)] (Fig. 6). In addition, dapagliflozin 
increased mRNA levels of Col14a1, mothers against decap-
entaplegic homolog 7 (Smad7), and tissue inhibitor of metal-
loproteinase 1 (Timp1) and decreased the levels of mothers 
against decapentaplegic homolog 3 (Smad3), matrix metal-
lopeptidase 15 (Mmp15), and Pdgfa mRNA levels (Fig. 6).

a b c

d e f

g

Fig. 1   Marker genes. a Dapagliflozin reduced expression of key 
enzymes in glycolysis, acetyl-CoA production and tricarboxylic acid 
cycle, indicating reduced reliance on glucose as energy source by dia-
betic mouse heart. b Dapagliflozin upregulated endogenous antioxi-
dant enzymes and c reduced expression of hypoxia markers. Dapagli-
flozin decreased expression of d pro-hypertrophy and e inflammation 

markers. f Overall effect on heart fibrosis could not be inferred from 
RNA-seq due to conflicting directionality of expression changes. 
g Marker expression indicated reduced cell death in dapagliflozin-
treated animals. Most markers participate in multiple processes (e.g., 
Hif1a participates in both hypoxia and inflammation), i.e., classifica-
tion in this figure is provisional
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Fig. 2   RT-PCR of genes related to utilization of glucose as an energy source (Hk1, Hk2, and Pgk1). Each data point corresponds to one animal. 
Grey bar indicates mean
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Fig. 3   RT-PCR of genes related to antioxidant enzymes (Gpx1, Gpx3, Gpx4, Mt2, Mt3, Sod2, Sod3). Each data point corresponds to one ani-
mal. Grey bar indicates mean
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Immunoblotting

Compared to non-diabetic mice, the heart of the BTBR mice 
had lower expression of Gpx1, Sod3, and Smad7 and higher 
expression of Hif1α, Vegfa, Cd74, and Smad3. Dapagliflozin 
attenuated all these changes, increasing Gpx1, Sod3, and 
Smad7 and decreasing protein levels of Hif1α, Vegfa, Cd74, 
and Smad3 compared to the untreated BTBR mice (Fig. 7).

Discussion

In our previous studies, we have shown that dapagliflozin 
ameliorated the development of diabetic cardiomyopathy 
in BTBR ob/ob mice with type 2 diabetes [10, 11]. Spe-
cifically, dapagliflozin increased ejection fraction, reduced 

left ventricular end systolic and diastolic volumes, and had 
no effect on heart rate in BTBR mice [11]. Dapagliflo-
zin attenuated the myocardial activation of the NOD-like 
receptor 3 (NLRP3) inflammasome and reduced levels of 
NLRP3, apoptosis-associated speck-like protein (ASC), 
interleukin-1β (IL-1β), IL-6, caspase-1, and tissue necrotic 
factor α (TNFα). Dapagliflozin attenuated the increase in 
collagen-1 and -3 levels and decreased apoptosis. The ben-
eficial effects of dapagliflozin were mediated by adenosine 
monophosphate kinase (AMPK) activation [10, 11].

The current study confirmed a reduction in inflamma-
tion and specifically in type I cytokine signaling (IPA path-
way term “IL-18 signalling”) in the hearts of BTBR mice 
treated with dapagliflozin based on RNA-seq. We observed 
that Akt1 mRNA expression (decrease in RNA-seq in this 
study) was dis-concordant with the increase in Akt activity 

Fig. 4   RT-PCR of genes related 
to response to hypoxia (Hif1α, 
Bach1, Egln3, Vegfa). Each 
data point corresponds to one 
animal. Grey bar indicates mean
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Fig. 5   RT-PCR of genes related to hypertrophy (Fos, Fosl2, and Ilk). Each data point corresponds to one animal. Grey bar indicates mean
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Fig. 6   RT-PCR of proinflammatory gene (Cd74), anti-apoptotic genes (Anaxa4, Cdkn1a, Atf5, Axl, and Gas6) and fibrosis-associated genes 
(Timp1, Smad3, Smad7, Mmp15, and Pdgfα). Each data point corresponds to one animal. Grey bar indicates mean
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(phosphorylation) in the heart of dapagliflozin-treated BTBR 
mice [11]. We view increased Akt phosphorylation [11] as a 
more physiologically relevant readout. We found that dapa-
gliflozin also alters several key pathways associated with 
the utilization of glucose as an energy source, antioxidant 
enzymes, response to hypoxia, hypertrophy, fibrosis, and 
apoptosis in the hearts of BTBR mice with type 2 diabe-
tes with advanced diabetic cardiomyopathy and systolic 
dysfunction.

Our advanced diabetic cardiomyopathy model study 
showed similar processes affected by SGLT2 inhibitor 
treatment to a previous study, which assessed the effects 
of SGLT2 inhibitor ertugliflozin on cardiac metabolic gene 
expression in mice with high-fat, high-glucose diet-induced 

type 2 diabetes [16]. They induced an early stage of dia-
betic cardiomyopathy, characterized by myocardial hyper-
trophy and fibrosis and diastolic dysfunction. Ertugliflozin 
attenuated oxidative stress, increased contractile reserve, and 
increased expression of genes involved in oxidative phos-
phorylation and fatty acid metabolism [16]. More granular 
observations on individual gene level were specific to our 
advanced diabetic cardiomyopathy study and, in part, novel 
(summarized in Table 3 and described in detail below).

Local SGLT2 Expression in Heart

Consistent with our previous studies [11], we observed only 
traces of SGLT2 mRNA expression in bulk mouse hearts 

a b

c d e

f g h

Sod3
Hif1α
Vegfa
Cd74

Smad3
Smad7

Fig. 7   Changes in protein expression of selected markers. a Samples 
of immunoblotting. b Densitometric analysis of Gpx1. c Densitomet-
ric analysis of Sod3. d Densitometric analysis of Hif1α. e Densito-
metric analysis of Vegfa. f Densitometric analysis of Cd74. g Den-

sitometric analysis of Smad3. h Densitometric analysis of Smad7. 
There were 4 animals in each group. *p < 0.02 versus BTBR group. τ 
p < 0.02 versus BTBR+DAPA group
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that were below the reliable detection limit. Hence, dapa-
gliflozin-mediated effects were likely systemic.

Local Sglt1 Expression in Heart

Previously, we have found that dapagliflozin (1.5 mg/kg/d) 
does not change myocardial SGLT1 mRNA levels in the 
animals used in the current study [11]. Currently, RNA-
sequencing confirmed this finding. Yet, in a previous experi-
ment using identical condition, dapagliflozin (1.0 mg/kg/d) 
reduced SGLT1 mRNA levels [10]. It could be that at a 

lower dose, dapagliflozin reduces SGLT1 expression. This 
should be verified in additional studies.

Glucose as an Energy Source

Hk1 and Hk2

It is well known that SGLT2 inhibitors decrease the glucose 
utilization in the heart while increasing ketone body utiliza-
tion as an energy source [53]. However, the signaling mecha-
nisms of this phenomenon are unclear [53, 54]. As the bulk 
heart tissue shows only low traces of SGLT2 expression, 

Table 3   Key molecular findings in the context of previous lit-
erature. Numbers in brackets indicate reference number in text. 
SGLT2i stands for treatment with SGLT2 inhibitor drug (dapa-
gliflozin in this study, any SGLT2 inhibitors such as empagliflo-
zin and ertugliflozin in prior studies). Abbreviations: M mRNA, P 
protein, A activity, NC no change. NE not expressed, STZ strepto-

zotocin. Arrows indicate directionality of change. If study included 
both wild type and knockout animals, directionality is given in wild 
type animals. Species or model name are indicated only if the study 
involved multiple models and the observation was made in one spe-
cific model. Assay reporting protein concentration in [17] measured 
total metallothionein levels

Gene Diabetic vs control heart SGLT2i in heart SGLT2i in other tissues

SGLT1 M ↑ [10] M NC [this study, 11], ↓ [10]
SGLT2 M NE [this study, 11, 10] M NE [this study, 11, 10]
Akt1 M ↓ [this study], A ↑ [11]
Hk1 M ↓ [this study] P NC [18], A NC [18]
Hk2 M ↓ [this study] P ↓ [18], A NC [18]
Pgk1 M ↓ [this study] M ↓ [19]
Gpx1 M↑ [20], M↓ A↓[21], P↓[this study] M and P ↑ [this study]
Gpx3 M ↑ [this study]
Gpx4 P ↓ [human 28], ↑ [mouse 28] M ↑ [this study]
Mt2 M and P ↓ [17] M ↑ [this study]
Mt3 M and P ↓ [17] M ↑ [this study]
Sod2 A ↓ [22], P ↓ [23, 24], M ↓ [25] M ↓ [this study], ↑[25], P ↑[26] A ↑ [27]
Sod3 P ↓ [this study], A ↓ [22] M and P ↑ [this study]
Hif1a M NC [28], P ↓ [28], P ↑ [this study] M and P ↓ [this study] P ↑ [29], ↓ [30], M ↓ [31]
Bach1 P ↑ [32] M ↓ [this study] A ↓ [33]
Egln3 M ↑ [34] M ↓ [this study]
Vegfa P ↑ [this study], P ↓ [35, 36] M and P ↓ [this study], ↓ [37] M ↓ [30]
Ilk M ↓ [this study]
Fos P ↑ [38], M ↑ [STZ model 68] M ↓ [this study] M ↑ [39]
Fosl2 M ↓ [this study]
Cd74 P ↑ [this study] M and P ↓ [this study]
Anxa4 M ↓ [this study]
Cdkn1a M ↑ [40], P ↑ [41] M ↑ [this study] M ↓ [42], P↓ [43]
Atf5 M ↑ [this study]
Axl M ↑ [this study]
Gas6 M ↑ [this study]
Col14a1 M ↑ [this study]
Smad7 P ↑ [44], ↓ [94, 95, 96, this study] M and P ↑ [this study]
Smad3 P ↑ [this study], A ↑ [45, 46] M and P ↓ [this study] A ↓ [47]
Timp1 M ↓ [48, 49], ↑ [45, 50] M ↑ [this study], ↓ [25] M NC [51]
Mmp15 M ↓ [this study]
Pdgfa A ↑ [52] M ↓ [this study]
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the effects are probably indirect. Here, we found that dapa-
gliflozin reduces the expression of Hk1 and Hk2 mRNA 
levels. Hk1 and Hk2 are rate-limiting enzymes of glycolysis. 
Downregulation of these enzymes should lead to decreased 
glucose utilization [55]. Uthman et al. reported that canagli-
flozin, but not dapagliflozin and empagliflozin, significantly 
reduced the expression of Hk2 protein in human coronary 
artery endothelial cells in vitro. The decrease in Hk1 protein 
levels was not statistically significant in their model [18]. We 
were not able to find other reports on the effects of SGLT2 
inhibitors on Hk1 or Hk2 expression in the heart.

Pgk1

Pgk1 catalyzes one of the two ATP-producing reaction steps 
in the glycolytic pathway via the reversible conversion of 
1,3-diphosphoglycerate to 3-phosphoglycerate. Pgk1 may 
act as a link between glucose metabolism, oxidative stress, 
and hypoxia because it is a target gene of Hif1α [56]. Pgk1 
expression is reduced (normalized) in the kidney of chronic 
kidney disease patients treated with SGLT2 inhibitors [19]. 
Here, we found that dapagliflozin reduced Pgk1 mRNA lev-
els in the heart.

Antioxidant Enzymes

Oxidative stress contributes to the development of diabetic 
cardiomyopathy [57]. SGLT2 inhibitors have been previ-
ously reported to ameliorate oxidative stress in rodent 
cardiomyopathy models [6, 33], but the specific molecu-
lar mechanisms affected by SGLT2i treatment in heart tis-
sue have not been elucidated. We found that dapagliflozin 
increased the myocardial mRNA levels of several antiox-
idant enzymes (Gpx1, Gpx3, Gpx4, Mt1, Mt2, Mt3, and 
Sod3) and decreased the levels of Sod2. Immunoblotting 
confirmed that dapagliflozin increased the myocardial pro-
tein levels of Gpx1 and Sod3 in the diabetic mice.

Glutathione Peroxidases

mRNA levels of Gpx1 were reported to be elevated in the 
myocardium of diabetic mice [20]. On the other hand, Chao 
et al. reported reduced myocardial mRNA levels of Gpx1 
in diabetic hearts compared to non-diabetic hearts and that 
natural antioxidant compounds caffeic acid and ellagic acid 
increased Gpx1 levels [21]. The effects of diabetes on Gpx3 
have not been described before. It was suggested that Gpx4 
deficiency leads to diabetes via ferroptosis-dependent pan-
creatic beta cell destruction [58]. High sucrose and high-fat 
diet induced more cardiac fibrosis and upregulation of pro-
inflammatory and pro-fibrotic genes in Gpx4+/- mice than 
in wild-type mice [59]. Overexpression of mitochondria 
Gpx4 attenuated hydrogen peroxide production and lipid 

peroxidation in the myocardium and the deterioration of 
left ventricular systolic function in mice with type 1 diabe-
tes [60]. To the best of our knowledge, no previous studies 
reported on the effects of SGLT2 inhibition on Gpx1, Gpx3, 
and Gpx4.

Metallothioneins

Diabetes decreases the myocardial mRNA expression and 
increases polymerization of the copper-responsive metal-
lothioneins Mt1 and Mt2, leading to reduced antioxidant 
capacity of the heart [17]. Overexpression of metallothionein 
increases the expression of Hif1α (see below) and Hk2 (see 
above) and ameliorates diabetic cardiomyopathy [28, 61]. 
Cardiomyocyte-specific overexpression of Mt2 attenuated 
the development of diabetic cardiomyopathy and restored 
expression of glucose metabolism-related proteins, baseline 
total Akt phosphorylation, ERK1/2 phosphorylation in the 
heart of Akt2-knock out mice with type 2 diabetes [62] or in 
streptozotocin-induced diabetic mice [63]. Changes in Mt3 
expression in the diabetic heart have not been described 
before. Likewise, the effects of SGLT2 inhibition of the 
myocardial expression of metallothioneins have not been 
previously described. However, it was suggested that metal-
lothionein activation is downstream of nuclear transcription 
factor erythroid 2-related factor 2 (Nrf2) based on an elegant 
sulforaphane treatment experiment in Mt1 and Nrf2 knock-
out mice with diabetic cardiomyopathy [64]. Nrf2 is a master 
regulator of antioxidant response. Nrf2 and the downstream 
metallothionein system could be indirectly modulated by 
SGLT2 inhibitors because SGLT2 inhibitors mimic starva-
tion and increase the availability of ketone bodies, which in 
turn activate Nrf2 [42].

Sod3

Extracellular superoxide dismutase (Sod3) protects against 
oxidative stress by detoxification of highly reactive super-
oxide [57]. Serum and myocardial superoxide dismutase 
activity are lower in rats with alloxan-induced diabetes [22]. 
Diabetic patients with rs1799895 R213G variation in the 
Sod3 gene (which has lower antioxidant capacity) have an 
increased risk for cardiovascular disease and heart failure 
[65]. Here, we found that dapagliflozin increased myocardial 
mRNA and protein levels of Sod3.

Sod2

Sod2 [manganese-dependent superoxide dismutase 
(MnSOD)] also has potent antioxidant activity. Surpris-
ingly, we found that dapagliflozin mildly decreased myo-
cardial Sod2 levels. Kain et al. found lower Sod2 protein 
levels in the hearts of diabetic rats [23]. Similarly, Ding et al. 
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reported that myocardial protein levels of Sod2 were reduced 
in mice with type 2 diabetes and exenatide increased the 
levels [24]. It was found that urinary Sod2 activity is higher 
among patients with type 2 diabetes treated with than with-
out SGLT2 inhibitors [27]. Cotrin et al. reported that cardiac 
Sod2 mRNA levels were reduced in mice with diet-induced 
type 2 diabetes [25]. Levels significantly increase in mice 
receiving empagliflozin [25]. Oshima et al. also found that 
empagliflozin increased Sod2 protein levels in the hearts 
of diabetic rats after myocardial infarction [26]. Thus, the 
difference among studies could be related to the stage of 
diabetic cardiomyopathy (advanced with systolic dysfunc-
tion in our model) or different effects of empagliflozin versus 
dapagliflozin. Alternatively, Sod2 might be decreased due to 
a feedback loop with Hif1α [66].

Response to Hypoxia

Hif1α

There are conflicting reports on the effect of diabetes on 
the myocardial expression of Hif1α and the effects of Hif1α 
on the progression of diabetic cardiomyopathy. Xue et al. 
reported that diabetes did not affect myocardial Hif1α 
mRNA levels in mice but decreased Hif1α protein levels 
by affecting protein nuclear translocation [28]. Metallothio-
nein increased myocardial Hif1α mRNA and protein levels 
in non-diabetic and diabetic mice and lead to attenuation of 
diabetic cardiomyopathy [28]. Bohuslavova et al. reported 
that the deterioration of left ventricular function was more 
severe in heterozygous Hif1α knock-out (Hif1α+/-) than in 
wild-type diabetic mice, suggesting a protective role for 
Hif1α [67]. Stabilization of Hif1α by Molidustat improves 
post-ischemic recovery of function in the diabetic heart [56].

On the other hand, Gao et al. reported that 25 mM glucose 
increased myocardial Hif1α protein levels in vitro in human 
cardiomyocytes and that Hif1α increases Sox9 expression, 
leading to glucose-induced hypertrophy [68]. Huang et al. 
found that Hif1α induces insulin-like growth factor (IGF1)-
binding protein 3 (IGFBP3) overexpression, leading to car-
diac cell apoptosis both in vitro and in vivo [69].

Kim et al. reported that empagliflozin increases Hif1α 
expression in the renal medulla in non-diabetic uni-nephrec-
tomized rats [29]. Luseoglifozin reduced Hif1α protein lev-
els in human renal proximal tubular epithelial cells in vitro 
[30]. Packer suggested that diabetes increases the expression 
of Hif1α and decreases the expression of Hif2α, promot-
ing inflammation and fibrosis in the kidneys [70]. On the 
other hand, Ghanim et al. found that dapagliflozin decreased 
Hif1α expression in the mononuclear cells of patients with 
type 2 diabetes [31]. However, the effect of SGLT2 inhibi-
tion on Hif1α expression in the diabetic heart has not been 

reported. Here, we report that dapagliflozin reduced both 
Hif1α mRNA and protein levels.

Bach1

We found that dapagliflozin reduced the myocardial mRNA 
levels of BTB and CNC homology 1 (Bach1), a transcrip-
tional repressor of antioxidative enzymes [71]. Myocardial 
Bach1 protein expression is increased in db/db mice rela-
tive to non-diabetic C57BLKS/J mice [32]. Seven days of 
exposure to exogenously administered antioxidant sodium 
sulfide reduced nuclear expression of Bach1 in the hearts 
of db/db diabetic mice with a resultant increase in heme 
oxygenase-1 (HO-1) expression [32]. The effect of SGLT2 
inhibition on Bach1 expression has not been reported, but 
the downstream gene HO-1 is increased by empagliflozin in 
the heart of diabetic KK-Ay mice, which is consistent with 
inhibition of Bach1 [33].

Egln3

Egln3 encodes a Prolyl hydroxylase-3 that mediates hydrox-
ylation of proline residues in target proteins, including 
HIF1α. It leads to proteasomal destruction of HIF1α [72]. 
Myocardial levels of prolyl hydroxylase-3 are increased in 
rats with diabetic cardiomyopathy, and downregulation of 
prolyl hydroxylase-3 with shRNA decreased high glucose-
induced apoptosis in H9c2 cardiomyoblasts exposed to high 
glucose and improved left ventricular function in diabetic 
rats [34]. Here, we found that dapagliflozin reduced myocar-
dial Egln3 mRNA levels, which might potentially mediate 
some of the protective effects of dapagliflozin in the dia-
betic heart. We were not able to find previous reports on 
the effects of SGLT2 inhibition on Egln3 or prolyl hydroxy-
lase-3 expression or activity.

Vegfa

In mice with streptozotocin-induced type 1 diabetes, myo-
cardial Vegfa protein levels and microvascular density (Cd31 
staining) are reduced [35, 73]. Overexpression of decorin 
upregulated the expression of Vegfa and attenuated the 
decrease in capillary density in the hearts of diabetic rats. 
This was associated with improvement in left ventricular 
function [74]. Myocardial Vegfa protein levels, capillary 
density, and left ventricular systolic function were lower 
in diabetic rats than in non-diabetic rats, and Neuregulin-1 
restored these abnormalities [36].

In high-fat diet + streptozotocin-induced type 2 diabetes, 
SGLT2 inhibition improved cardiac function and reduced 
myocardial Vegfa protein levels. It was shown that SGLT2 
inhibition reduced the levels of microRNA-30d, and the 
effect of SGLT2 inhibition on Vegfa was microRNA-30d 
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dependent [37]. In human renal proximal tubular epithe-
lial cells, SGLT2 inhibition with luseogliflozin reduced the 
expression of Vegfa mRNA [30]. So, although earlier reports 
suggested Vegfa depletion in diabetic models which could 
lead to microvascular depletion, two more recent reports 
support our findings that SGLT2 inhibition with dapagliflo-
zin reduces myocardial Vegfa mRNA and protein expres-
sion. Also, Vegfa is regulated by Hif1α, and its expression 
tends to follow Hif1α expression and activity [75]. Thus, 
reduced Vegfa with dapagliflozin treatment could be a 
marker of normalization of Hif1α activity and reduction of 
tissue hypoxia [75].

Hypertrophy

ILK Signaling

ILK overactivation promotes cardiac hypertrophy [76]. ILK 
signaling was the top down-regulated pathway in dapagli-
flozin-treated BTBR mice RNA-seq in our study. We did 
not confirm phosphorylated and total ILK due to a lack of 
specific commercial reagents for mouse at the time when the 
study was conducted. However, we believe that ILK signal-
ing warrants investigation in future studies as it has been 
computationally predicted as part of the SGLT2 mechanism 
of action [77] and proposed as part of the cardioprotective 
mechanism of empagliflozin [78].

c‑Fos

c-Fos encodes a 62 kDa protein, which forms a heterodimer 
with c-Jun, resulting in the formation of activator protein-1 
(AP-1) complex which binds DNA at AP-1-specific sites at 
the promoter and enhancer regions of target genes and con-
verts extracellular signals into changes of gene expression. 
c-Fos protein levels were increased in neonatal rat cardiomy-
ocytes exposed to high glucose concentrations. c-Fos levels 
were lower in cardiomyocytes exposed to NFκB inhibitor 
or protein kinase C inhibitors in addition to high glucose 
levels [79] and to β-blockers [38]. These interventions also 
ameliorated cardiomyocyte hypertrophy. A similar increase 
in myocardial c-Fos protein levels was described in diabetic 
rats [80]. An increase in myocardial c-Fos levels was seen in 
rats with type-1, but not with type-2 (Zucker Diabetic Fatty) 
diabetes [81]. AP-1 (which is composed of c-Fos and c-Jun) 
mediates cardiomyocyte apoptosis when cells are exposed to 
high saturated fatty acid levels [82]. Finally, a recent network 
pharmacology analysis suggested that c-FOS is involved in 
the pathogenesis of diabetic cardiomyopathy [83].

The effects of SGLT2 inhibitors on myocardial c-FOS 
expression have not been previously reported. In non-dia-
betic mice, a single dose of dapagliflozin increases c-Fos 
expression in the brain [39]. Here, we found that in mice 

with type 2 diabetes, dapagliflozin decreased myocardial 
c-Fos levels. This pathway could (partially) explain the anti-
hypertrophic effects of the SGLT2 inhibitors.

Fosl2

FOS Like 2 (Fosl2 or AP-1 transcription factor subunit) is 
one of the four members of the Fos family. When incorpo-
rated into the AP-1 complex, it regulates cell differentiation, 
proliferation, and transformation. Fosl2 is involved in multi-
ple fibrotic processes, including lung fibrosis [84]. Fosl2 is a 
significant regulator of the leptin gene and is associated with 
adiposity [85, 86]. Yet, Li et al. reported lower mRNA and 
protein levels in the peripheral blood of patients with type 
2 diabetes than in controls with normal glucose tolerance 
test [87]. We found that dapagliflozin decreased myocardial 
Fosl2 mRNA levels. We did not find previous reports on the 
effects of diabetes on myocardial Fosl2 levels. Moreover, 
we were not able to find previous reports on the effects of 
SGLT2 inhibition on Fosl2 expression.

Proinflammatory Genes

Cd74

Cd74 encoded a protein that is associated with the class 
II major histocompatibility complex (MHC), serving as a 
chaperone that regulates antigen presentation for immune 
response. It also serves as a cell surface receptor for the 
cytokine macrophage migration inhibitory factor (MIF). We 
found that Cd74 mRNA and protein levels were lower in the 
hearts of the dapagliflozin-treated diabetic mice. In neonatal 
mouse ventricular cells, Cd74 is essential for MIF-induced 
adenosine monophosphate kinase (AMPK) activation with 
subsequent increased glucose transporter type 4 (GLUT4) 
expression [88]. MIF limits myocardial ischemic injury [89]. 
There have been no previous reports on the effects of SGLT2 
inhibition on Cd74 levels.

Apoptosis

Anxa4

Annexin IV (Anxa4) is part of the annexin family of cal-
cium-dependent phospholipid-binding proteins. Anxa4 
is known to target several genes associated with diabe-
tes, including diabetes-induced β-cell apoptosis [90]. The 
effects of diabetes on Anxa4 expression in the heart or the 
effects of SGLT2 inhibition on Anxa4 expression have not 
been reported. In our model, dapagliflozin increased Anxa4 
mRNA levels.
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Cdkn1a

Cyclin-dependent kinase-inhibitor 1 (Cdkn1a, also called 
P21) encodes a protein that regulates cell cycle progression, 
terminal differentiation, and apoptosis. It is associated with 
senescence. Methylation of Cdkn1a leads to inhibition of 
several cyclin-cyclin-dependent kinase complexes and con-
tributes to diabetes-induced oxidative damage and cardio-
myopathy [91]. Myocardial levels of Cdkn1a are higher in 
mice with streptozotocin-induced diabetic cardiomyopathy 
than in control non-diabetic mice [41]. Cdkn1a is involved 
in hyperglycemia-induced cardiomyocyte hypertrophy [40].

Renal levels of Cdkn1a mRNA and protein are increased 
in streptozotocin-induced diabetic mice [92]. Dapaglilozin, 
but not glimepiride, reduced Cdkn1a levels in the kidney in 
db/db mice [42]. Empagliflozin reduced Cdkn1a protein lev-
els in the aortas of obese ZSF1 rats [43]. In human, kidneys 
express SGLT2, but, in contrast to the rat study [43], there 
is no SGLT2 expression in the aorta or arteries in human 
(https://​gtexp​ortal.​org/​home/​gene/​SLC5A2). Of note, aorta 
samples profiled by the GTEx consortium include both 
diabetic and non-diabetic individuals [93]. The effects of 
SGLT2 inhibition on the expression of Cdkn1a in the heart 
(that does not express SGLT2) have not been previously 
reported. In our model, dapagliflozin increased Cdkn1a 
mRNA levels. Thus, the effects of SGLT2i on Cdkn1a are 
likely indirect or not mediated by SGLT2 itself [93].

Atf5

Activating transcription factor 5 (Atf5) possesses DNA-
binding transcription activator activity, RNA polymerase II-
specific activity, RNA polymerase II transcription regulatory 
region sequence-specific DNA binding activity, and tubulin 
binding activity. Atf5 levels increase during mitochondrial 
stress [94]. Atf5 promotes β-cell survival during stress [95]. 
However, it has not been reported if levels of Atf5 are altered 
in the diabetic heart. We were not able to find reports on 
the effects of SGLT2 inhibition on Atf5 expression. In our 
model, dapagliflozin increased Atf5 mRNA levels.

Axl

Axl encodes a tyrosine-protein kinase receptor. Axl is an 
inhibitor of the innate immune response. Overexpression of 
Axl improves endothelial function in cells exposed to high 
glucose and hypoxia [96]. However, Axl could be involved 
in diabetic retinopathy [97]. We found no reports on the 
effects of diabetic on Axl expression in the heart or on the 
effects of SGLT2 inhibitors on Axl levels. In our model, 
dapagliflozin increased Axl mRNA levels.

Gas6

Growth arrest-specific 6 (Gas6) is a ligand of Axl. Levels are 
elevated in the vitreous of patients with proliferative diabetic 
retinopathy [97]. Gas6 affects the expression of adiponectin 
and is associated with insulin resistance in adipocytes [98]. 
It is also involved in mesangial cell proliferation and diabetic 
nephropathy [99]. The effects of diabetes on myocardial 
Gas6 levels have not been reported. We have not been able 
to find previous reports on the effects of SGLT2 inhibition 
on Gas6 expression. In our model, dapagliflozin increased 
Gas6 mRNA levels.

Fibrosis

Col14a1

Here, we found that dapagliflozin increased myocardial 
Col14a1 mRNA levels. Col14a1 encodes the alpha chain 
of XIV collagen. Changes in collagen XIV in the prereti-
nal membrane were reported in diabetic patients [100]. 
Increased levels of the alpha chain of XIV collagen were 
seen in the placenta of women with gestational diabetes 
[101]. However, there are no reports on the effects of dia-
betes on myocardial Col14a1 or on the effects of SGLT2 
inhibition on Col14a1 expression.

Smad7

Mothers against decapentaplegic homolog 7 (SMAD7) 
blocks signaling by transforming growth factor-β receptors 
via preventing the interaction between Smad2 and Smad4. 
Van Linthout et al. [44] reported that myocardial Smad7 pro-
tein levels were higher in rats with streptozotocin-induced 
diabetes. By contrast, Zhang et al. [102], Wang et al. [45], 
and Malek and Gaikwad [103] found reduced levels com-
pared to non-diabetic rats, supporting our findings. Malek 
and Gaikwad found that treatment with a dual angiotensin 
receptor-neprilysin inhibitor (ARNi) reduced myocardial 
inflammation and fibrosis and increased Smad7 expression 
[103]. Hyperglycaemia increased collagen production and 
decreased Smad7 levels via upregulation of miR-150-5p lev-
els in cardiac fibroblasts. Silencing miR-150-5p increased 
Smad7 levels and reversed all these changes [104]. Thus, 
increasing Smad7 levels with dapagliflozin, as found in our 
study, could be potentially beneficial. We have not found 
other studies reporting on the effects of SGLT2 inhibitor on 
Smad7 levels.

Smad3

We found that myocardial Smad3 protein concentrations 
were higher in the diabetic than in the non-diabetic mice. 

https://gtexportal.org/home/gene/SLC5A2
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Dapagliflozin reduced Smad3 mRNA and protein levels. 
Smad3 is involved in transmitting signals from the cell sur-
face to the nucleus, and it is a component of the transform-
ing growth factor-β signaling pathway. Smad3 is involved 
in cardiac fibrosis [105]. In rats with streptozotocin-induced 
diabetes, myocardial levels of phosphorylated Smad3 are 
increased [46]. Inhibition of Smad3 phosphorylation atten-
uated the expression of α-smooth muscle actin in cardiac 
fibroblasts exposed to transforming growth factor [46]. Wang 
et al. showed that type 2 diabetes increased myocardial lev-
els of phosphorylated SMAD3 without a detectable effect on 
total SMAD3 levels [45]. Exercise improved left ventricular 
function and decreased phosphorylated SMAD3 levels in 
their model [45]. Myocardial concentrations of phosphoryl-
ated SMAD3 were higher in db/db mice than in non-diabetic 
mice. Follistatin ameliorated diabetic cardiomyopathy and 
reduced phosphorylated SMAD3 levels in these db/db mice 
[106]. Deletion of Smad3 protected db/db mice against the 
development of diabetic cardiomyopathy [107].

It was shown that transforming growth factor-β increases 
SGLT2 expression in the kidney via SMAD3 phosphoryla-
tion [108]. High glucose increased SMAD3 phosphorylation 
in human proximal tubule epithelial cells, and dapagliflozin 
reduced SMAD3 phosphorylation in vitro [47]. However, 
the effects of SGLT2 inhibition on the myocardial levels 
of Smad3 have not been reported before. Smad3 inhibition 
might be a potential target mediating the cardiac anti-fibrotic 
effects of SGLT2 inhibition.

Timp1

Dapagliflozin increased myocardial mRNA levels of tis-
sue inhibitor of metalloproteinase 1 (Timp1). Myocardial 
mRNA levels of Timp1 were reported to be reduced in strep-
tozotocin-induced diabetic mice, along with an increase in 
TGFβ1 [48, 49]. On the other hand, Wang et al. [45] and 
Dawood et al. [50] found an increase in myocardial Timp1 
mRNA expression in streptozotocin-induced type 2 diabetic 
rats. Wang et al. reported that exercise ameliorated cardiac 
fibrosis and reduced the expression of Timp1 in their model 
[45], while Dede et al. reported that exercise increased 
Timp1 levels [49]. Meng et al. found that in human car-
diac fibroblasts incubated with high glucose, Timp1 mRNA 
increased. Phlorizin (100 μM) decreased the expression, 
while dapagloflozin (100 μM) had no effect, suggesting 
SGLT1-mediated effect [51]. Dawood et al. reported that 
metformin decreased myocardial Timp1 mRNA levels in 
rats with type 2 diabetes [50]. More recently, Cotrin et al. 
found that empagliflozin decreased myocardial Timp1 lev-
els in mice with diet-induced type 2 diabetes [25]. Thus, 
so far, we have conflicting data as to the effect of diabetes 
on myocardial Timp1 expression. Moreover, while Meng 
et al. reported that dapagliflozin had no effect on Timp1 

expression in cardiac fibroblasts in vitro, we found that 
in vivo, dapagliflozin increased the levels.

Mmp15

Matrix metallopeptidase 15 (Mmp15) is involved in the 
breakdown of extracellular matrix. We found that dapagli-
flozin decreased myocardial Mmp15 mRNA levels in the 
diabetic mice. mRNA levels of Mmp15 were significantly 
higher in the atria of high-salt-sensitive rats than in nor-
motensive rats [109]. We found no reports on the effects of 
diabetes or SGLT2 inhibition on Mmp15 expression.

Pdgfa

Platelet-derived growth factor subunit A (Pdgfa) can form 
a homodimer or heterodimer with the subunit B (Pdgfb), 
activate Pdgfra and Pdgfrb receptors, and trigger myocardial 
fibrosis [110]. Pdgf signaling is increased in the heart of high-
fat diet + streptozotocin and db/db diabetic cardiomyopathy 
models [52]. In this study, we found that dapagliflozin reduced 
Pdgfa gene and protein expression in BTBR mouse heart.

Conclusions

In the current study, we investigated whole heart transcriptome 
using RNA-sequencing and identified several genes whose 
myocardial expression was altered by dapagliflozin in mice 
with advanced diabetic cardiomyopathy. These genes might 
be involved in mediating the favorable protective effects of 
SGLT2 inhibition against the progression of diabetic cardio-
myopathy and even the progression of cardiomyopathy and 
heart failure in non-diabetic models. We have not established a 
cause and effect. It could be that the observed changes of some 
of the genes are simply secondary to the decrease in serum glu-
cose levels induced by dapagliflozin [11]. Based on the find-
ings of the current study, further studies are needed using con-
trol groups in which similar magnitudes of glucose-lowering 
effects are obtained with other glucose-lowering agents that 
lack reported favorable cardiovascular protecting effects (for 
example, glimepiride or glyburide) to verify if these changes 
are specific to SGLT2 inhibition. As the heart does not express 
SGLT2 [10, 11, 111], indirect effects mediated by mediators 
secreted by the kidneys that express SGLT2 are plausible.

We provide the RNA-sequencing data set as a resource 
(Supplementary Table 1) that can be used together with 
other studies for meta-analysis and deriving further insights 
into the molecular mechanisms of SGLT2 inhibitors. Ulti-
mately, such studies might help to develop additional agents 
that could augment the protective effects of SGLT2 inhibi-
tors or be used in patients with contraindications for SGLT2 
therapy in the future.
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