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Abstract
Abstract  Dapagliflozin (DAPA), a sodium-glucose cotransporter 2 (SGLT2) inhibitor, is well-recognized for its 
therapeutic benefits in type 2 diabetes (T2D) and cardiovascular diseases. In this comprehensive in vitro study, we 
investigated DAPA’s effects on cardiomyocytes, aortic endothelial cells (AECs), and stem cell-derived beta cells (SC-β), 
focusing on its impact on hypertrophy, inflammation, and cellular stress. Our results demonstrate that DAPA effectively 
attenuates isoproterenol (ISO)-induced hypertrophy in cardiomyocytes, reducing cell size and improving cellular 
structure. Mechanistically, DAPA mitigates reactive oxygen species (ROS) production and inflammation by activating 
the AKT pathway, which influences downstream markers of fibrosis, hypertrophy, and inflammation. Additionally, 
DAPA’s modulation of SGLT2, the Na+/H + exchanger 1 (NHE1), and glucose transporter (GLUT 1) type 1 highlights its 
critical role in maintaining cellular ion balance and glucose metabolism, providing insights into its cardioprotective 
mechanisms. In aortic endothelial cells (AECs), DAPA exhibited notable anti-inflammatory properties by restoring AKT 
and phosphoinositide 3-kinase (PI3K) expression, enhancing mitogen-activated protein kinase (MAPK) activation, 
and downregulating inflammatory cytokines at both the gene and protein levels. Furthermore, DAPA alleviated 
tumor necrosis factor (TNFα)-induced inflammation and stress responses while enhancing endothelial nitric oxide 
synthase (eNOS) expression, suggesting its potential to preserve vascular function and improve endothelial health. 
Investigating SC-β cells, we found that DAPA enhances insulin functionality without altering cell identity, indicating 
potential benefits for diabetes management. DAPA also upregulated MAFA, PI3K, and NRF2 expression, positively 
influencing β-cell function and stress response. Additionally, it attenuated NLRP3 activation in inflammation and 
reduced NHE1 and glucose-regulated protein GRP78 expression, offering novel insights into its anti-inflammatory 
and stress-modulating effects. Overall, our findings elucidate the multifaceted therapeutic potential of DAPA across 
various cellular models, emphasizing its role in mitigating hypertrophy, inflammation, and cellular stress through the 
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Introduction
Cardiomyocyte hypertrophy is a cellular response char-
acterized by an increase in cell size, often resulting from 
mechanical stress or neurohumoral stimulation, such as 
that induced by isoproterenol (ISO), a synthetic catechol-
amine and β-adrenergic receptor agonist [1–3]. While 
hypertrophy is typically a consequence of underlying car-
diovascular diseases, it exacerbates cardiac conditions by 
impairing cardiac function and heightening the risk of 

adverse cardiovascular events [4, 5]. Understanding the 
molecular mechanisms and potential therapeutic inter-
ventions that can mitigate cardiomyocyte hypertrophy is 
crucial for developing strategies to improve cardiovascu-
lar outcomes [4, 5].

Dapagliflozin (DAPA), an inhibitor of sodium-glucose 
cotransporter2 (SGLT2), has gained attention for its 
cardiovascular benefits beyond its primary function in 
managing hyperglycemia in patients with type 2 diabetes 

activation of the AKT pathway and other signaling cascades. These mechanisms may not only contribute to enhanced 
cardiac and endothelial function but also underscore DAPA’s potential to address metabolic dysregulation in T2D.

Graphical abstract 

Key message
1.DAPA effectively attenuates ISO-induced cardiomyocyte hypertrophy by reducing cell size and improving cellular 
structure.
2.DAPA exhibits anti-inflammatory properties in AECs by restoring AKT and PI3K expression, upregulating MAPK 
activation, and downregulating inflammatory gene expression.
3.DAPA enhances insulin functionality in SC-β cells without altering cell identity, suggesting potential benefits in 
diabetes management.
4.DAPA’s modulation of SGLT2, NHE1, and GLUT1 expression in cardiomyocytes underscores its role in cellular ion 
balance and glucose metabolism, contributing to its cardioprotective mechanisms.
5.DAPA alleviates TNFα-induced inflammation and stress responses in AECs, while enhancing eNOS expression, 
indicating its potential to preserve vascular function.
6.DAPA attenuates NLRP3 activation and reduces NHE1 and GRP78 expression in SC-β cells, offering novel insights 
into its anti-inflammatory and stress-modulating effects.
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mellitus (T2DM). Clinical studies have highlighted sig-
nificant cardiovascular advantages associated with DAPA 
treatment, including reduced incidences of heart failure 
and cardiovascular mortality, regardless of its glucose-
lowering effects. Although the precise mechanisms 
underlying DAPA’s cardioprotective effects remain par-
tially understood, preclinical studies have provided valu-
able insights into its potential modes of action [6–8].

Stimuli like ISO trigger increased production of reac-
tive oxygen species (ROS) and inflammation, both pivotal 
in developing and progressing cardiac hypertrophy. The 
AKT signaling pathway, a crucial regulator of cell growth, 
survival, and metabolism, plays a central role in control-
ling ROS production, hypertrophy, fibrosis, and inflam-
mation. Activating AKT boosts the activity of antioxidant 
enzymes and mitochondrial function, thereby reducing 
oxidative stress. Additionally, it regulates protein synthe-
sis and inflammatory responses, contributing to the miti-
gation of cardiac hypertrophy and fibrosis [9–12]. The 
AKT pathway commences with the binding of growth 
factors or insulin to their respective receptors on the 
cell surface, initiating the activation of phosphoinosit-
ide 3-kinase (PI3K). PI3K generates phosphatidylinosi-
tol-3,4,5-trisphosphate (PIP3), which recruits AKT to the 
plasma membrane for activation through phosphoryla-
tion by 3’-phosphoinositide dependent kinase (PDK)1 
and mTORC2. Once activated, AKT phosphorylates a 
broad range of substrates involved in processes like glu-
cose metabolism, protein synthesis, and cell survival [13, 
14]. Several studies have emphasized the cardioprotec-
tive properties of DAPA, frequently attributing them to 
DAPA’s modulation of the AKT pathway [15]. The acti-
vation of the AKT pathway is increasingly acknowledged 
as a pivotal mechanism through which DAPA can inhibit 
cardiomyocyte hypertrophy.

Emerging evidence suggests that DAPA may confer 
beneficial effects on vascular endothelial cells. Endo-
thelial dysfunction and inflammation are central drivers 
of atherosclerosis and cardiovascular disease [16, 17]. 
DAPA’s potential to alleviate endothelial dysfunction and 
inflammation could significantly contribute to its car-
diovascular protective effects. AECs play a pivotal role 
in vascular homeostasis and blood pressure regulation 
[10, 12, 15]. AECs dysfunction is a hallmark of various 
cardiovascular diseases, including atherosclerosis and 
hypertension. SGLT2 inhibitors like DAPA have demon-
strated improvements in endothelial function, possibly 
by reducing oxidative stress and inflammation [18, 19]. 
This enhancement in endothelial function is critical, as 
healthy AECs are vital for maintaining vascular tone and 
integrity, consequently lowering the risk of cardiovascu-
lar events.

While it’s established that SGLT2 is typically not 
expressed in pancreatic β-cells, recent studies suggest 

that DAPA may still affect β-cell function and survival 
through indirect or off-target mechanisms [20–22]. 
Understanding the direct impact of DAPA on β-cells 
could shed light on its role in managing both diabetes 
and cardiovascular diseases. SGLT2 inhibitors not only 
reduce blood glucose levels by preventing glucose reab-
sorption in the kidneys but may also provide protec-
tive effects on β-cells. By mitigating glucotoxicity, these 
agents help preserve β-cell function and slow the pro-
gression of diabetes. This dual benefit of glycemic control 
and β-cell preservation underscores the importance of 
DAPA as a pivotal therapeutic agent in the comprehen-
sive management of T2DM [23].

Therefore, in our current study, we aim to study the 
diverse roles of DAPA in cardiac protection, improving 
vascular health, and supporting β-cell function, provid-
ing valuable insights into its potential therapeutic uses in 
cardiovascular diseases. Our study focuses on how DAPA 
influences cardiomyocytes, AECs, and SC-β cells when 
exposed to an inflammatory environment induced by 
ISO, tumor necrosis factor alpha (TNFα), and lipopoly-
saccharides (LPS), respectively. Our specific objectives 
encompass comprehending the molecular mechanisms 
underlying DAPA’s impact on hypertrophy, fibrosis, 
inflammation, oxidative stress, and insulin functionality 
within these cellular contexts. By delving into the intri-
cate cellular pathways influenced by DAPA, we aspire 
to provide mechanistic insights into its therapeutic 
advantages beyond glucose regulation, especially in the 
domains of cardiovascular and metabolic disorders.

Results
Reduction of cardiomyocyte hypertrophy and 
inflammation
DAPA reduces ISO-induced cardiomyocyte hypertrophy 
by decreasing ROS in co-treatment and post-stimulation 
conditions
Cardiomyocyte hypertrophy worsens cardiac functions 
and increases cardiovascular risks in patients with car-
diovascular diseases. DAPA shows promise in reducing 
cardiovascular events in T2DM patients with pre-exist-
ing cardiovascular conditions [24–27].

To investigate the effect of DAPA on ISO-induced car-
diomyocyte hypertrophy, we treated cardiomyocytes 
with both ISO and DAPA for 24 and 48  h, followed by 
an MTT assay, the colorimetric change was quantified 
using spectrophotometry and correlated with cell num-
ber. The ISO was administered at concentrations rang-
ing from 2.5 to 20 µM, with the 20 µM concentration 
showing the most significant effect; thus, it was chosen 
to induce cardiomyocyte hypertrophy (Fig.  1A). Simi-
larly, we conducted MTT assays for DAPA at 5, 10, and 
20 µM concentrations. Since no significant differences 
were observed among these concentrations, we used 10 
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and 20 µM concentrations to evaluate their effects on 
cardiomyocytes (Fig.  1B). Treatment with ISO at both 
10 µM (p < 0.0001) and 20 µM (p < 0.0001) for 24 and 
48 h resulted in significant hypertrophy compared to the 
control group (Fig.  1C and D). Moreover, co-treatment 
of cardiomyocytes with ISO and DAPA for 24 h signifi-
cantly reduced cell hypertrophy (Fig.  1E and F). Nota-
ble differences in cell structure were observed between 
control and ISO-treated cells (p < 0.0001), as well as 

between ISO-treated cells and cells treated with 10 µM 
(p < 0.0001) and 20 µM (p < 0.0001) of DAPA. Further-
more, when cardiomyocytes were first stimulated with 
ISO for 24 h to induce hypertrophy and then treated with 
DAPA (Fig. 1G and H), we observed a highly significant 
(p < 0.0001) reduction in hypertrophy in the pre-stimu-
lated cardiomyocytes. Significant differences were noted 
between the control and ISO groups (p < 0.0001), as well 
as between the ISO group and those treated with 10 µM 

Fig. 1  DAPA reduces ISO-induced cardiomyocyte hypertrophy by decreasing ROS in both co-treatment and post-stimulation conditions. A Cardiomyo-
cytes were stimulated for hypertrophy by treating them with ISO at concentrations ranging from 2.5 to 20 µM for 24 and 48 h, followed by cell viability 
assessment. B The impact of DAPA was investigated by treating cardiomyocytes with DAPA at concentrations ranging from 5 to 20 µM for 24 and 48 h, 
followed by cell viability assessment C and D Immunofluorescence (IF) data were collected to measure cell areas of ISO-treated cardiomyocytes at ISO 
concentrations ranging from 10 to 20 µM for 24 and 48 h (D), as well as DAPA-treated cardiomyocytes at concentrations ranging from 10 to 20 µM for 
the same duration (E and F). Cell area measurements were conducted for cardiomyocytes subjected to co-treatment with ISO + DAPA for 24 h (G and H). 
I-J mRNA gene expression study for hypertrophy markers ANP and BNP, (K, L, M, and N) protein expression study and immunoblot for ANP and BNP. (O) 
ROS levels were measured in cardiomyocytes exposed to ISO stimulation for 24 h, with and without prior treatment with DAPA for the same duration. The 
measurements were taken at 2- and 4-hours post-stimulation. P The pre-protective effect of DAPA was evaluated by administering it to cardiomyocytes 
for 24 h before ISO stimulation, followed by ROS measurements at 2 and 4 h after ISO stimulation. In this protocol, cardiomyocytes were first stimulated 
with ISO for 24 h to induce hypertrophy, followed by treatment with DAPA for an additional 24 h. Immunofluorescence staining images were captured 
at 10x magnification, with scale bars set at 100 μm. Error bars represent the standard error of the mean. Statistical significance is denoted as *p < 0.05, 
**p < 0.01, ***p < 0.001, ****p < 0.0001
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(p < 0.0001) and 20 µM (p < 0.0001) of DAPA. These find-
ings indicate that DAPA protects against cardiomyocyte 
hypertrophy, whether administered simultaneously with 
ISO or after hypertrophic stimulation. In addition, we 
performed gene and protein expression study for the 
hypertrophy markers, atrial natriuretic peptide (ANP), 
and brain natriuretic peptide (BNP). We observed that 
ISO stimulation significantly increased the expression 
of ANP (gene expression: p = 0.0079; protein expression: 
p < 0.0001, Fig. 1I and N) and BNP (gene expression: 
p = 0.0012; protein expression: p = 0.0032,), compared to 
the control. However, co-treatment with DAPA and ISO 
mitigated these increases, as shown by the reduced levels 
of ANP (gene expression: p = 0.0095; protein expression: 
p < 0.0001) and BNP (gene expression: p = 0.0042; pro-
tein expression: p = 0.0133, Fig. 1J and N). This highlights 
DAPA’s role in preventing hypertrophy in ISO-induced 
cardiomyocytes [28, 29]. To our knowledge, various 
SGLT2 inhibitors have been investigated for cardiomyo-
cyte-induced hypertrophy in humans and animal models 
[9, 28, 29]; however, no direct in-vitro studies have been 
conducted on cardiomyocytes stimulated by ISO.

Hypertrophic stimuli induce cardiomyocyte hyper-
trophy, often accompanied by increased ROS (Reactive 
oxygen species) and inflammation regulated by the AKT 
pathway. Activating the AKT pathway controls ROS 
levels and influences hypertrophy, fibrosis, and inflam-
mation; thereby attenuating cardiac inflammation [30–
36]. We examined ROS production in cardiomyocytes 
exposed to ISO stimulation, with or without prior treat-
ment with DAPA. We found significant differences in 
ROS levels between groups treated with ISO alone and 
those receiving ISO + DAPA, highlighting the potential of 
DAPA in modulating oxidative stress and inflammation 
in cardiomyocytes. We investigated ROS production in 
cardiomyocytes exposed to ISO stimulation for 24 h, with 
and without prior treatment with DAPA for the same 
duration. ROS levels were measured at 2- and 4-hours 
post-stimulation. We found significant differences in 
ROS production between groups treated with ISO alone 
and those receiving ISO + DAPA at both 2  h (10 µM: 
p = 0.0016, 20 µM: p = 0.0006) and 4 h (10 µM: p < 0.0001, 
20 µM: p < 0.0001) (Fig. 1O). These findings suggest that 
DAPA protects against cardiomyocyte dysfunction by 
reducing ROS levels [37]. Additionally, we explored the 
potential protective effect of DAPA by administering it 
to cardiomyocytes for 24  h before ISO stimulation. No 
significant differences were observed at 2 h, but a nota-
ble increase in ROS production was seen at 4  h in the 
DAPA pre-treated group (20 µM: p < 0.0001) compared 
to the control group. There was also a further significant 
increase in ROS production in the DAPA + ISO group (10 
µM: p < 0.0001, 20 µM: p = 0.0009) (Fig.  1P). These find-
ings indicate complex interactions between DAPA and 

ISO signaling pathways, with the timing of DAPA admin-
istration influencing ROS levels. Variations in signaling 
pathways and experimental conditions may also play a 
role. Further studies, with longer-duration DAPA treat-
ment, may be required.

DAPA reduces ISO-induced cardiomyocytes by activating 
the AKT pathway, enhancing GLUT1 expression, and 
downregulating pro-fibrotic markers
Studies have demonstrated the reduction of hypertro-
phy, fibrosis, and inflammation, along with enhanced 
antioxidant and mitochondrial function, through PI3K/
AKT signaling activation in cardiac cells with various 
hypertrophy induction methods, although not with ISO 
specifically [10, 15]. In the current study, we assessed 
the gene expression directly and indirectly linked to the 
AKT pathway. Cardiomyocytes were treated with ISO 
for 6  h, followed by 24  h of DAPA treatment, and gene 
expression analysis was conducted. The results indicate 
that PI3K expression significantly increased in both the 
ISO + DAPA (gene expression: p = 0.0104; protein expres-
sion p = < 0.0001) and DAPA (gene expression p = 0.0096) 
groups compared to the ISO-alone group, suggesting 
that DAPA enhances AKT signaling (Fig.  2A). How-
ever, no differences were observed in AKT gene expres-
sion (Fig.  2B). In contrast, our protein expression study 
showed a significant decrease in the pAKT/AKT ratio 
in the ISO-treated group (p = 0.0011) compared to con-
trol, while the addition of DAPA to ISO-treated cells sig-
nificantly increased pAKT/AKT expression (p = 0.0001) 
(Fig.  2K). The increase in pAKT/AKT expression when 
DAPA was added to ISO-treated cells suggests that 
DAPA enhances the phosphorylation of AKT, rather 
than altering its total expression. This implies that DAPA 
may facilitate the activation of AKT through upstream 
mechanisms, such as promoting PI3K activity, lead-
ing to increased phosphorylation of AKT. AKT activa-
tion is regulated through phosphorylation, therefore, 
DAPA’s effect on increasing pAKT/AKT indicates its 
role in modulating this signaling pathway, potentially 
by enhancing the phosphorylation state of AKT, rather 
than through changes in total AKT expression [38]. This 
increase in PI3K/AKT expression is associated with 
reductions in fibrosis markers, such as pSMAD. The 
expression of pSMAD was notably elevated when treated 
with ISO alone compared to the control (gene expres-
sion: p = 0.0075; protein expression: p = 0.0059) (Fig.  2C, 
L and S). However, this elevated pSMAD expression 
was significantly reduced after adding DAPA to the ISO 
treatment (gene expression: p = 0.0342; protein expres-
sion: p = 0.0433). These findings suggest that DAPA not 
only enhances PI3K/AKT signaling but also mitigates the 
pro-fibrotic effects induced by ISO. No significant dif-
ferences were observed in αSMA gene expression in the 
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ISO + DAPA-treated group. Interestingly, there was a sig-
nificant reduction at the protein level (Fig. 2D, M, and S). 
The discrepancy between the unchanged gene expression 
and the significant decrease in αSMA protein expression 
(p = 0.0198) could be attributed to post-transcriptional 
or post-translational modifications. DAPA could exert 
effects that stabilize or degrade the αSMA protein inde-
pendently of gene transcription, which is not uncommon 
in signaling pathways where protein regulation can occur 
at multiple levels. Furthermore, we screened for the 
apoptotic marker p38, and no significant differences were 
observed between the studied groups in both gene and 
protein expression analyses (Fig. 2E, N, and S), suggest-
ing that the observed effects of DAPA are not attributable 

to changes in apoptosis. This further supports the notion 
that DAPA’s action is more focused on modulating fibro-
sis and hypertrophy rather than apoptosis.

SGLT2 inhibitors, like DAPA, influence cellular ion 
balance by reducing sodium reabsorption in the kid-
neys, which can impact NHE1 activity. This interaction 
is crucial for their cardioprotective effects, including 
improvements in glucose metabolism, reduced inflam-
mation, and reduced oxidative stress within cardiovas-
cular cells [39–41]. To delve deeper, we further assessed 
the gene expression of SGLT2, NHE1, and GLUT1 in 
ISO-induced cardiomyocytes. We observed an increase 
in SGLT2 expression following ISO stimulation (Fig. 2G, 
P, and S) compared to the control (gene expression: 

Fig. 2  DAPA reduces ISO-induced cardiomyocytes by Activating the AKT Pathway, enhancing GLUT1 expression, and downregulating pro-fibrotic mark-
ers. A-I qPCR and J-R Western blot analyses were performed to assess the gene and protein expression levels of PI3K/AKT, fibrosis markers (pSMAD2, 
ASMA), the apoptosis marker (P-p38), sodium-glucose cotransporters (SGLT-1 and SGLT-2), the sodium-hydrogen exchanger (NHE-1), and the glu-
cose transporter protein (GLUT-1). S Representative Western blot images for the proteins. Statistical significance is represented as *p < 0.05, **p < 0.01, 
***p < 0.001, and ****p < 0.0001

 



Page 7 of 22Alsereidi et al. Cardiovascular Diabetology          (2024) 23:388 

p = 0.0095; protein expression p = 0.0256). However, the 
addition of DAPA to the ISO-treated cardiomyocyte sig-
nificantly reduced SGLT2 expression in the ISO + DAPA 
group (gene expression: p = 0.0237; protein expression 
p = 0.0.347). This reduction could be due to DAPA’s abil-
ity to restore inflamed cardiac cells, influencing the path-
way’s responsiveness to inhibitors, particularly the NHE1 
pathway. NHE1 regulates intracellular pH and cell volume 
by exchanging intracellular hydrogen ions for extracellu-
lar sodium ions. This pathway is crucial in ROS produc-
tion and inflammatory responses within cardiovascular 
cells. By modulating NHE1 activity, DAPA helps reduce 
oxidative stress and inflammation, providing long-term 
cardioprotective effects [42–44]. Our results indicated 
that DAPA exerts its effects by influencing the activity of 
key signaling molecules involved in oxidative stress and 
inflammation. The significant induction of NHE1 expres-
sion (Fig.  2H, Q, and S) upon ISO stimulation (gene 
expression: p = 0.0031; protein expression: p = 0.0012) 
was attenuated with the addition of DAPA (gene expres-
sion: p = 0.0035; protein expression: p = 0.0.0027), sug-
gesting that DAPA helps to stabilize NHE1 activity, 
thereby reducing ROS production and inflammation over 
time. Further, the activity of NHE1 can be influenced by 
changes in cellular sodium levels resulting from SGLT2 
inhibition, which may impact intracellular pH and cal-
cium regulation. We observed a significant increase in 
GLUT1 expression in the ISO + DAPA (p = 0.0118) com-
pared to the ISO-alone group. Additionally, there was an 
increase in GLUT1 expression in the ISO-treated group 
(p = 0.0002) compared to the control group (Fig. 2I, R and 
S). The increase in GLUT1 expression with ISO + DAPA 
treatment suggests a cellular adaptation to maintain glu-
cose homeostasis despite the reduced glucose reabsorp-
tion due to SGLT2 inhibition. This enhanced glucose 
uptake could potentially modulate cellular metabolism 
and contribute to the observed DAPA’s effects on NHE1 
activity. The interplay between these transporters and 
metabolic pathways highlights the complex mechanisms 
by which DAPA exerts its effects, potentially offering new 
insights into its therapeutic benefits and the regulation 
of intracellular pH and calcium levels [45]. Furthermore, 
we analyzed the expression of SGLT1 but did not find 
any significant differences between the treated groups 
(Fig. 2F, O, and S). One possible reason for this could be 
that the effects of DAPA, a selective SGLT2 inhibitor, are 
primarily exerted through SGLT2 rather than SGLT1. 
While SGLT1 is also involved in glucose transport, its 
expression and role may not be as strongly influenced 
by DAPA in this context. Additionally, the expression of 
SGLT1 might be regulated by different mechanisms that 
are not directly affected by the PI3K/AKT or hypertro-
phy-related signaling pathways. Therefore, the lack of 
significant changes in SGLT1 expression suggests that 

DAPA’s cardioprotective effects might be more related to 
its impact on SGLT2 or other signaling cascades, rather 
than on SGLT1 specifically [46].

DAPA inhibits ISO-induced cardiomyocyte inflammation and 
modulates antioxidant responses
Inflammation and oxidative stress play important roles in 
cardiomyocyte dysfunction. We investigated the effects 
of DAPA on inflammation and antioxidant expression. 
Our results showed that NLRP3 expression increased fol-
lowing ISO induction but was significantly reduced after 
DAPA treatment (gene expression: p = 0.0032; protein 
expression: p = 0.007) (Fig. 3A, F, and K), indicating that 
DAPA exerts a potent anti-inflammatory effect. More-
over, the marked upregulation of NLRP3 in the ISO-alone 
group was accompanied by an increase in NRF2 (Nuclear 
factor erythroid 2-related factor 2) expression in the 
DAPA-treated group (Fig. 3B). Given that the AKT/PI3K 
pathway is crucial for NRF2 activation [45], our results 
demonstrate that NRF2 expression significantly increased 
following DAPA stimulation (Fig.  3B, G, and K). How-
ever, this increase was mitigated when ISO was intro-
duced (gene expression: p = 0.025; protein expression: 
p < 0.0001). Importantly, the reduction in NRF2 expres-
sion caused by ISO was effectively restored with the addi-
tion of DAPA to the ISO-treated group (gene expression: 
p < 0.0001; protein expression: p < 0.0001). These findings 
suggest that DAPA has anti-inflammatory properties and 
enhances the antioxidant response by promoting NRF2 
activation, thereby countering the detrimental effects of 
ISO-induced stress. We further measured the expression 
of antioxidant and cytoprotective genes such as NQO1 
(NAD(P)H Quinone Dehydrogenase 1) and HO-1 (Heme 
Oxygenase 1). NQO1 gene expression was reduced in 
the ISO-treated group (p = 0.0116), but no significant dif-
ferences were observed in the protein expression study 
(Fig. 3C, H, and K). This discrepancy may be due to the 
post-transcriptional regulation of NQO1, where factors 
such as mRNA stability or translational efficiency could 
influence protein levels without affecting mRNA expres-
sion directly. In contrast, HO-1 expression was signifi-
cantly elevated in the DAPA + ISO treated group (gene 
expression: p = 0.0425; protein expression: p = 0.0032) 
(Fig.  3D, I, and K). The impaired expression of these 
antioxidant and cytoprotective genes in the ISO-treated 
group suggests that ISO induces oxidative stress and 
disrupts cellular defense mechanisms. DAPA appears to 
counteract these effects by enhancing NRF2 activation, 
which in turn upregulates the expression of NQO1 and 
HO-1. This restoration of gene expression indicates that 
DAPA not only mitigates the oxidative damage caused 
by ISO but also supports cellular resilience by promoting 
the synthesis of key antioxidant and cytoprotective genes.
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We also examined the expression of endothelial nitric 
oxide synthase (eNOS) in cells treated with ISO and 
ISO + DAPA. As shown in our gene and protein expres-
sion analyses (Fig.  3E, J, and K), eNOS expression sig-
nificantly decreased following ISO treatment (gene 
expression: p = 0.0020; protein expression: p = 0.0055) 
and reversed when DAPA was added to the ISO treat-
ment (gene expression: p = 0.0001; protein expression: 
p = 0.0032). The decrease in eNOS expression due to ISO 
may stem from the oxidative stress and inflammatory 
response ISO induces, negatively affecting eNOS expres-
sion and function. ISO is known to cause endothelial dys-
function by reducing nitric oxide availability, essential for 
vascular health and function. The restoration of eNOS 
expression with DAPA suggests that DAPA may activate 
signaling pathways that enhance eNOS expression, pos-
sibly via the PI3K/AKT pathway, which is known to posi-
tively regulate eNOS [47, 48]. Therefore, DAPA appears 
to counteract ISO’s negative effects and supports endo-
thelial function by maintaining eNOS expression and 
activity.

Additionally, we assessed the secretion levels of key 
pro-inflammatory markers, analyzing the expression 
of inflammatory cytokines IL-1β (Interleukin 1 beta), 
IL-6 (Interleukin), and TNFα, which are crucial in both 
physiological and pathological processes [49]. For IL-1β, 

there were significant effects from ISO and DAPA treat-
ment, with a significant interaction between the two 
(p = < 0.05), suggesting that DAPA’s effect on IL-1β 
expression depends on the presence of ISO (Fig.  3L). 
Similarly, IL-6 secretion level was significantly affected by 
ISO and DAPA, with a significant interaction (p = < 0.05), 
indicating that DAPA’s impact on IL-6 expression is also 
condition-dependent (Fig. 3M). For TNFα, we observed 
significant effects from both ISO and DAPA with a nota-
ble interaction between the two (p = < 0.05), suggesting 
that DAPA’s influence on TNFα expression varies based 
on ISO treatment (Fig.  3N). These results highlight the 
important roles of both ISO and DAPA in modulating 
IL-1β, IL-6, and TNFα levels, with significant interac-
tions warrant further investigation. Understanding the 
regulation of these inflammatory cytokines is essential 
for exploring their role in disease progression and treat-
ment responses, particularly regarding DAPA effects on 
inflammation and metabolic health [50].

DAPA effects on human aortic endothelial cells
DAPA reduces TNFα-induced inflammation in AECs via 
modulating the AKT pathway
Given the limited data and the lack of molecular studies, 
we investigated the role of DAPA on AECs, particularly 
to identify any similarities in pathways affected by DAPA 

Fig. 3  DAPA inhibits ISO-induced cardiomyocyte inflammation and modulates antioxidant responses. A-E qPCR and F-J Western blot analyses were 
performed to evaluate the gene and protein expression levels of inflammatory markers (NLRP3), antioxidant markers (NRF2, NQO1, and HO-1), and endo-
thelial nitric oxide synthase (eNOS). S Representative Western blot images for these proteins are presented. K-N ELISA assays were conducted to measure 
IL-1β, IL-6, and TNFα levels in the cell supernatant. Statistical significance is indicated as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001
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in both AECs and ISO-stimulated cardiomyocytes. To 
determine the optimal concentration of DAPA for treat-
ing AECs we conducted an MTT assay with various 
treatments: TNFα alone (Fig. 4A), DAPA alone (Fig. 4B), 
pre-treatment with TNFα for 24  h followed by DAPA 
(Fig. 4C), and co-treatment with TNFα + DAPA for 24 h 
(Fig. 4D). The optimal concentrations were identified as 
100 ng/ml for TNFα (determined by EC50) and 1 µM for 
DAPA, which were used in all subsequent experiments.

Gene expression analysis demonstrated that DAPA 
treatment significantly upregulated AKT expression 
(p = 0.043 vs. control, Fig.  4E). However, AKT expres-
sion was significantly reduced following TNFα induc-
tion (gene expression: p = 0.0008; protein expression: 
p < 0.0001) (Fig. 4E, V, and Z). Notably, when DAPA was 
introduced to TNFα-stimulated cells, AKT and pAKT 
expression increased significantly (gene expression: 
p = 0.0034; protein expression: p < 0.0001 for TNFα alone 
vs. TNFα + DAPA). The AKT pathway significant role in 

cell survival and metabolism suggests that DAPA helps 
counteract TNFα-induced stress by promoting AKT 
activity. The ability of DAPA to restore AKT expression 
in the presence of TNFα indicates its potential protective 
effect against inflammation-induced cellular stress, high-
lighting its therapeutic potential in conditions character-
ized by inflammatory stress and impaired AKT signaling 
[51, 52]. Similarly, PI3K expression was increased in the 
DAPA-treated group compared to controls (p = 0.002), 
but this increase was significantly reversed after treat-
ment with TNFα (p < 0.0001) (Fig.  4F). However, when 
cells were co-treated with DAPA + TNFα, the inhibi-
tion of PI3K was reversed, with PI3K expression sig-
nificantly increasing again (p < 0.001 for TNFα-alone 
vs. DAPA + TNFα groups). The PI3K/AKT pathway is 
essential for promoting cell growth and survival, and the 
activation of PI3K leads to the production of PIP3 (Phos-
phatidylinositol (3,4,5)-trisphosphate (PtdIns(3,4,5) P3), 
which recruits and activates AKT, thereby promoting 

Fig. 4  DAPA reduces TNFα-induced inflammation in AECs by modulating the AKT pathway. A-D MTT assays were performed with various treatments: A 
TNFα alone, B DAPA alone, C pre-treatment with TNFα for 24 h followed by DAPA, and D co-treatment with TNFα + DAPA for 24 h. E-U mRNA gene expres-
sion studies for AKT, PI3K, mitochondrial marker (GRP78), inflammation and antioxidant markers (MAPK, NF-κB, NRF2, NLRP3, IL-1β, TNFα, IL-6), adhesion 
molecules (ICAM, VCAM), SGLT1, SGLT2, NHE-1, GLUT-1 and eNOS. V-Y protein expression study for pAKT/AKT, SGLT1, SGLT2 and TNFα and Z Representa-
tive Western blot images for the proteins. Statistical significance is indicated as *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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survival and growth signals. The ability of DAPA to 
upregulate PI3K expression even in the presence of TNFα 
suggests that DAPA enhances the cell’s capacity to resist 
inflammatory damage and promotes repair mechanisms 
[53, 54]. Furthermore, we study how TNFα affects GRP78 
(Glucose-regulated protein). GRP78 is an endoplasmic 
reticulum (ER) stress marker, and its expression is linked 
to the protective effects observed in the PI3K/AKT sig-
naling pathways. We observed an increase in GRP78 
expression in the TNFα-alone group compared to the 
DAPA group (p = 0.0003) (Fig.  4G). Additionally, there 
was a reduction in GRP78 expression in the co-treated 
TNFα + DAPA group versus the TNFα-alone group; and 
despite being not statistically significant (p > 0.05), a 
net reduction was noted. The reduction in GRP78 with 
DAPA treatment suggests that DAPA might alleviate the 
ER stress induced by TNFα, further supporting its pro-
tective effect on AECs. This reduction in ER stress could 
also contribute to the overall cellular resilience against 
inflammatory damage, enhancing cell survival and func-
tion by upregulating critical signaling pathways such as 
AKT and PI3K.The MAPK pathway is involved in cel-
lular responses to a variety of stress signals, and its acti-
vation is associated with inflammation, apoptosis, and 
cell differentiation [55]. DAPA’s ability to modulate this 
pathway suggests it might influence AECs’ responses to 
inflammatory stress by affecting MAPK expression [56]. 
Our results showed that DAPA treatment increased 
MAPK expression compared to the control (p = 0.015, 
Fig. 4H). In contrast, MAPK expression was significantly 
reduced in the TNFα group (p = 0.0041). Interestingly, 
when DAPA was added to TNFα-stimulated cells, MAPK 
expression was elevated, although the increase was not 
statistically significant in the TNFα + DAPA group. This 
suggests that DAPA may at least partially restore MAPK 
levels, potentially influencing inflammatory signaling 
pathways. These results highlight the complex interplay 
between DAPA and TNFα and emphasize the need for 
further studies to elucidate how DAPA modulates MAPK 
and related inflammatory pathways in AECs. Based 
on our observations of inflammatory pathway activa-
tion and inhibition in AECs, we extended our study to 
examine a broader set of inflammatory genes involved in 
regulatory processes. Cells stimulated with TNFα alone 
showed a significant upregulation of inflammatory genes, 
including NF-κB-nuclear factor kappa B (p < 0.0001, 
Fig.  4I), NLRP3-NLR family pyrin domain containing 3 
(p = 0.0058, Fig.  4K), IL-1β (p = 0.0091, Fig.  4M), TNFα 
(gene expression p = 0.0088; protein expression p < 0.0001, 
Fig. 4M, Y, Z), and IL-6 (p < 0.0001, Fig. 4N). This marked 
increase underscores the strong pro-inflammatory effects 
of TNFα. However, treatment with DAPA suppressed 
this rise in the TNFα + DAPA group, as evidenced by 
decreased expression of NF-κB (p < 0.0001, Fig.  4I), 

NLRP3 (p = 0.0020, Fig.  4J), IL-1β (p = 0.0002, Fig.  4M), 
TNFα (gene expression p = 0.0016; protein expression 
p < 0.0001, Fig. 4M, Y, Z), and IL-6 (p < 0.0001, Fig. 4N), 
demonstrating its potent anti-inflammatory effects that 
counteract the pro-inflammatory actions of TNFα. Addi-
tionally, we investigated NRF2, an antioxidant gene, 
which showed increased expression with DAPA com-
pared to the control group (p = 0.0016) (Fig.  4J). NRF2 
expression (p < 0.0001 for TNFα-alone group vs. DAPA 
group) was reduced in TNFα but this reduction was 
reversed with the addition of DAPA (p = 0.0002), suggest-
ing the DAPA’s role in mitigating oxidative stress through 
the NRF2 pathway. NRF2 regulates the expression of 
antioxidant proteins crucial for protecting against oxida-
tive damage triggered by inflammation and injury. The 
elevation in NRF2 expression with DAPA suggests that 
DAPA enhances the cell’s antioxidant defenses, further 
emphasizing its potential therapeutic benefit in combat-
ing inflammation-associated oxidative stress [57, 58].

The adhesion molecules like ICAM-1 (Intercellular 
Adhesion Molecule 1) and VCAM-1(Vascular cell adhe-
sion molecule 1) are crucial in inflammation and ath-
erosclerosis, owing to their involvement in the process 
of leukocyte recruitment to the sites of inflammation. 
Here the expression of ICAM-1 (Fig. 4O) and VCAM-1 
(Fig.  4P) was increased in the TNFα-alone group vs. 
DAPA group (ICAM p = 0.0003, VCAM p = 0.0006) and 
was reduced in the co-treated TNFα + DAPA group vs. 
TNFα-alone group (ICAM p = 0.0004, VCAM p = 0.0097). 
Their reduction with DAPA treatment indicates the 
DAPA potential to reduce vascular inflammation via its 
inhibitory effect on endothelial activation and leukocyte 
adhesion, which are critical steps in the atherosclerotic 
process [59, 60].

We next investigated the expression of SGLT2, sodium/
hydrogen exchanger 1(NHE1), and glucose transporter 
1 (GLUT1), given their crucial roles in the relationship 
between inflammation and oxidative stress, especially in 
the context of DAPA’s function as an SGLT2 inhibitor. In 
the TNFα-alone group, there was a significant increase 
in SGLT2 expression (gene expression: p = 0.0481; pro-
tein expression: p = 0.0024 vs. control, Fig.  4R, X, and 
Z) and its upstream regulator NHE-1 (p = 0.0002 vs. 
DAPA group, Fig.  4S). Interestingly, while we observed 
a decrease in protein expression in TNFα + DAPA co-
treated group compared to TNFα alone (protein expres-
sion: p = 0.0032 vs. TNFα, Fig.  4R, X, and X) but this 
was not reflected in gene expression levels, suggesting 
that DAPA may influence post-transcriptional regula-
tory mechanisms that affect protein stability or transla-
tion without significantly altering gene transcription. 
Further investigation is needed in a greater sample size. 
The reduction in SGLT2 and NHE-1 expression suggests 
that DAPA may limit glucose uptake in endothelial cells, 
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potentially lowering glucose-induced oxidative stress [61, 
62]. Further, we observed GLUT1 expression (Fig.  4T) 
significantly increased in both the TNFα-alone group 
(p = 0.0086 vs. DAPA group) and the TNFα + DAPA co-
treatment group (p = 0.0083 vs. DAPA group). GLUT1 is 
crucial for basal glucose uptake and likely maintains its 
expression to ensure a steady supply of essential glucose 
during stress conditions. The lack of GLUT1 expres-
sion difference between the DAPA + TNFα co-treatment 
group compared to the TNFα-alone group implies that 
while DAPA may impact multiple pathways, it might not 
influence GLUT1 expression under conditions of TNFα-
induced stress nor substantially alter the expression of 
glucose transporters in the presence of TNFα [63]. Addi-
tionally, we also studied the gene expression analysis for 
SGLT1, and no significant differences were observed 
between the study groups (Fig.  4Q, W, and Z), aligning 
with the protein expression results.

Additionally, we study the expression of eNOS (endo-
thelial nitric oxide) which is a pivotal regulator of vas-
cular homeostasis. We found an increase in eNOS 
expression in the control and DAPA-treated groups (gene 
expression: p = 0.045) (Fig. 3U). Following TNFα admin-
istration, eNOS expression was significantly decreased 
(p = 0.0001) and then restored when treated with DAPA 
(p = 0.0086). This suggests that DAPA exerts protective 
effects by enhancing eNOS expression, thereby facilitat-
ing vasodilation and preserving vascular function amid 
inflammatory conditions. The restoration and elevation 
of eNOS expression by DAPA underscore its potential 
to counteract the detrimental effects of inflammation 
on endothelial function [30, 64]. Overall, DAPA demon-
strated a protective role in AECs against TNFα-induced 
stress by modulating key signaling pathways, including 
AKT/PI3K, MAPK (Mitogen-activated protein kinases ), 
and inflammatory pathways. The regulation of adhesion 
molecules and SGLT2 further supports its potential ther-
apeutic benefits in vascular health.

DAPA effects on extracellular matrix (ECM) remodeling, 
vascular function, and inflammation in AECs
To validate the observed changes in SGLT2 expression, 
we conducted immunofluorescence (IF) analysis (Fig. 5A 
and B). Consistent with our earlier findings, our results 
revealed a significant increase in SGLT2 expression in the 
TNFα-induced group compared to the control (Fig.  5A, 
p < 0.0001). The increased expression due to TNFα induc-
tion was significantly reduced after adding DAPA to the 
TNFα-stimulated group (p = 0.0441, Fig. 5A and B).

Further, IF investigation into ICAM expression 
(Fig. 5C, D, and G) revealed a marked increase in ICAM 
expression in the TNFα-induction group compared to 
the control group (p < 0.0001). Notably, this upregulation 
was reversed in the DAPA + TNFα co-treatment group 

compared to the TNFα-alone induction group (p = 0.04). 
To understand deeper, we determined the ICAM-1 
and VCAM-1secretion levels. ICAM-1 and VCAM-1 
secretion show a significant interaction between the 
DAPA + TNFα co-treatment group (p = < 0.05, Fig.  5G 
and H). This observed decrease in ICAM and VCAM 
expression following co-treatment with DAPA suggests 
its potential to mitigate TNFα-induced endothelial cell 
activation and inflammation.

Next, we assessed collagen expression (Fig.  5E and 
F) to probe the potential alterations in extracellular 
matrix (ECM) remodeling. Significantly higher colla-
gen deposition was observed in the TNFα-induction 
group compared to the control group (p < 0.0001), indi-
cating TNFα-induced perturbations in ECM dynam-
ics. These alterations may contribute to the observed 
vascular remodeling and inflammation in endothelial 
cells subjected to TNFα stimulation. The increased col-
lagen deposition reflects an aberrant extracellular matrix 
turnover, indicative of tissue remodeling associated 
with inflammatory processes [65, 66]. However, despite 
DAPA’s potential to mitigate inflammation, no reduction 
in collagen deposition was observed in the TNFα + DAPA 
co-treatment group in comparison to the TNFα-alone 
group (p > 0.05, Fig.  5E and F). This suggests that while 
DAPA may have anti-inflammatory effects, it may not 
directly influence collagen synthesis or deposition under 
these experimental conditions.

Additionally, we measured the levels of eNOS, iNOS 
(Inducible nitric oxide synthase), and NO (Nitric oxide) 
a key indicators of endothelial function. NO is essential 
for maintaining vascular homeostasis, regulating blood 
flow, and inhibiting inflammation. The balance between 
eNOS, which facilitates the beneficial production of NO, 
and iNOS, which is often associated with inflammatory 
responses, is critical for preserving endothelial health 
[67]. For eNOS, we observed effects from ISO and DAPA 
treatment, with a significant interaction between the two 
(p = < 0.05), suggesting a synergistic effect on enhancing 
NO bioavailability and promoting endothelial function 
(Fig.  5I). Similarly, iNOS levels were influenced by ISO 
and DAPA, with a significant interaction (p = < 0.05), 
indicating their combined effect in reducing inflamma-
tion-related NO production (Fig.  5J). Furthermore, for 
NO, significant effects were observed from both ISO 
and DAPA, with a notable interaction between the two 
(p = < 0.05), suggesting their role in modulating NO levels 
to enhance vascular health and counteract inflammation 
(Fig.  5K). These findings underscore the pivotal roles of 
both ISO and DAPA in modulating endothelial cell func-
tion and inflammatory responses.

We also analyzed the expression of inflammatory cyto-
kines IL-1β, IL-6, and TNFα, as these are critical mark-
ers of inflammation and endothelial cell activation. 
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IL-1β is a potent pro-inflammatory cytokine that plays 
a central role in initiating and perpetuating inflamma-
tory responses. Significant effects on IL-1β expression 
were observed from ISO treatment and DAPA admin-
istration, with a significant interaction between the 
two (p = < 0.05), indicating a combined effect in reduc-
ing IL-1β levels (Fig.  5L). IL-6, another key pro-inflam-
matory cytokine involved in chronic inflammation and 
endothelial dysfunction, was significantly influenced by 
ISO and DAPA, with a notable interaction (p = < 0.05), 
suggesting their cooperative action in modulating IL-6 
secretion (Fig.  5M). TNFα, which is a master regulator 
of inflammation and can trigger endothelial dysfunction 
[68] by promoting the expression of adhesion molecules 
and other inflammatory mediators, we found significant 
effects from both ISO and DAPA, with a notable inter-
action between the two (p = < 0.05), suggesting that the 
combination of ISO and DAPA exerts a strong regulatory 
effect on TNFα levels (Fig.  5N). These results highlight 
the important roles of both ISO and DAPA in modulating 
the levels of key inflammatory cytokines, including IL-1β, 

IL-6, and TNFα, thereby influencing inflammation, endo-
thelial cell activation, and overall vascular health.

DAPA effects on SC-β cells
DAPA improves insulin functionality of SC-β cells
The role of DAPA in managing T2DM is well-docu-
mented [27, 69, 70]. DAPA’s actions intersect with path-
ways relevant to both diabetes and cardiovascular health. 
By inhibiting SGLT2, DAPA improves glucose regulation, 
reduces inflammation, and enhances vascular function, 
thereby offering benefits for both diabetes and cardio-
vascular diseases [71, 72]. It has been shown by the cur-
rent experiments that DAPA counteracts cardiomyocyte 
hypertrophy by activating the AKT pathway, reducing 
inflammation, and promoting antioxidant activity. While 
DAPA is primarily used as a diabetes medication, it raises 
the question of whether its action on diabetes involves 
the same pathways or operates through separate mecha-
nisms. Studies have not conclusively determined whether 
DAPA acts directly on β-cells or islets, or how DAPA 

Fig. 5  DAPA effects on extracellular matrix (ECM) remodeling, vascular function, and inflammation in AECs. A-B Cell counting and representative images 
of immunofluorescence staining for SGLT2 C-D ICAM and E-F collagen expression. G-N ELISA measurement of ICAM-1, VCAM-1, eNOS, iNOS, NO, IL-1β, 
IL-6 and TNFα. Immunofluorescence staining images were captured at 20x magnification, with scale bars set at 100 μm. Statistical significance is denoted 
as *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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influences aspects such as cell identity, trans-differentia-
tion, and other cellular processes.

To address this knowledge gap, we conducted in-vitro 
experiments to investigate the action of DAPA on SC-β 
cells generated via a well-established six-step protocol 
[73] (Fig.  6A and B) and confirmed their responsive-
ness to glucose-stimulated insulin secretion (GSIS) assay 
(Fig. 6E). Their cellular identity was verified via co-stain-
ing for NKX6.1(NK6 Homeobox 1) and insulin using 
immunofluorescence (Fig.  6C, Suppl. Figure  3E) and 
flow cytometry (Fig. 6D, Suppl. Figure 3 A). To evaluate 
the effects of DAPA on the insulin functionality of SC-β 
cells, we exposed these cells to varying concentrations 
of DAPA, ranging from 0.25 to 10 µM, for 24 h using a 
concentration of 0.5 µM for subsequent analyses, we 
observed no significant difference (p > 0.05) between the 
DAPA-treated cells and control group (Fig.  6G, Suppl. 
Figure  3B-D). However, an intriguing enhancement in 

insulin functionality was noted in the DAPA-treated 
group compared to the control (p = 0.0245, Fig. 6H) indi-
cating that DAPA improved the functionality of SC-β 
cells without altering their cell identity. Additionally, we 
performed a glucose-stimulated insulin secretion (GSIS) 
assay in human islets to study the impact of DAPA. Our 
results show no significant differences in the overall insu-
lin secretion response following DAPA treatment com-
pared to the control group (Fig. 6I). Further experiments 
are needed with a larger sample size to confirm these 
findings and to explore potential effects in greater detail.

DAPA modulates SC-β cell function, inflammation, and stress 
response
Studies have shown that SGLT2 inhibitors, like DAPA, 
are associated with promoting islet cell proliferation 
and trans-differentiation [20, 74, 75]. Consequently, 
we focused on examining how DAPA treatment might 

Fig. 6  DAPA improves the insulin functionality of SC-β cells. A Representative image of the directed differentiation protocol for SC-β cells in-vitro. B A rep-
resentative image of a fully developed SC-β cluster at step 6 (4x magnification). C-D Flow cytometry and immunofluorescence (IF) images for all stages, 
from embryonic stem cells (ESC), definitive endoderm (DE), gut tube endoderm (GTE), pancreatic progenitor 1, pancreatic progenitor 2, endocrine (ED), 
to stem cell-derived beta (SC-β) cells. E Glucose-stimulated insulin secretion (GSIS) of SC-β clusters. F Counting of insulin and NKX6.1-positive cells using 
flow cytometry. G-H GSIS ELISA measurement of SC-β between control and DAPA-treated groups, along with stimulation index measurement. I GSIS of 
human islets in control and DAPA treatment measured by ELISA. Error bars represent the standard error of the mean. Statistical significance is denoted as 
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001

 



Page 14 of 22Alsereidi et al. Cardiovascular Diabetology          (2024) 23:388 

augment SC-β cell proliferation. Nevertheless, our study 
did not reveal significant variations in Ki67 (a marker of 
proliferation Kiel 67) expression post-DAPA treatment 
(Fig. 7A and B). It’s worth noting that our experimental 
window was confined to 24 h, and prolonged exposure to 
DAPA could have yielded divergent findings.

Next, we conducted gene expression analyses to delve 
deeper into the effects of DAPA treatment on SC-β 
cells. Specifically, we examined the expression of key 
genes related to β-cell functions, including insulin, 
MAFA (MAF BZIP Transcription Factor A), GLUT1, 

and GLUT2 (Fig. 7C). Our results revealed a significant 
increase in MAFA expression in the DAPA-treated group 
compared to control (p = 0.017). This finding aligns with 
the observed enhancement in the SC-β cells stimulation 
index shown in Fig.  7H, suggesting a potential mecha-
nistic link. MAFA plays a pivotal role as a transcription 
factor involved in regulating insulin gene expression 
within SC-β cells. Its expression intricately governs GSIS, 
serving as a vital mediator of glucose-responsive insulin 
release from SC-β cells [76, 77]. Furthermore, our anal-
yses demonstrated elevated levels of PI3K (p = 0.0166) 

Fig. 7  DAPA modulates SC-β cell function, inflammation, and stress response. A-B Representative images of cell counting and immunofluorescence 
and for KI67. C-F mRNA gene expression of β-cell-related markers (Insulin, MAFA, GLUT1, and GLUT2) (C), AKT pathway-related genes (PI3K, NRF2) (D), 
inflammation-related pathways (MAPK, NLRP3, IL-6) (E), and mitochondria-related genes (XBP1, IRE-1, and GRP78) (F) in control and DAPA-treated groups. 
(G-K) mRNA gene expression of β-cell-related markers (Insulin, MAFA, GLUT1, and GLUT2) (G), AKT pathway-related genes (PI3K, AKT, and NRF2) (H), in-
flammatory and antioxidant genes (MAPK, NF-κB, NLRP3, IL-6, and TNFα) (I), GRP78 (J), and NHE-1 (K) comparing control, DAPA-treated, LPS-stimulated, 
and LPS + DAPA co-treated groups. Immunofluorescence staining images were captured at 10x and 20x magnification, with scale bars set at 100 μm. Error 
bars represent the standard error of the mean. Statistical significance is denoted as *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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and NRF2 (p = 0.0037) in the DAPA-treated SC-β cells 
compared to control groups (Fig.  7D). It’s worth noting 
that PI3K indirectly influences NRF2 activity through its 
downstream effector AKT, which modulates NRF2 acti-
vation by inhibiting the degradation pathway involving 
GSK-3β [78–80].

We expanded our investigations to include genes asso-
ciated with inflammation, such as MAPK, NLRP3, and 
IL6 (Fig.  7E), as well as mitochondria genes UCP2 and 
TBF (Fig. 7F). Our analysis revealed a significant increase 
in TBF in the treated group (p = 0.0054) compared to the 
control group. Further significant increase in MAPK 
(p = 0.0059) and GRP78 (p < 0.0001) expression in the 
DAPA-treated group compared to control. Given that 
MAPK regulates inflammation and GPR78 response to 
ER stress, the MAPK/ GPR78 interaction can influence 
cell fate and inflammation. It’s known that when acti-
vated by stress signals, GPR78 can trigger downstream 
signaling pathways, including those involving PI3K and 
NF-κB. Dysregulation of these pathways is implicated in 
inflammatory disorders [80–82].

Our investigation aimed to understand the impact 
of DAPA on SC-β cells within an inflammatory context 
based on our observation of DAPA’s potential to influ-
ence inflammatory pathways as indicated by the DAPA-
induced augmentation of MAPK expression. To induce 
inflammation, we stimulated β-cells with LPS [83–85]. 
Subsequently, we assessed the expression of crucial SC-β 
cell-related genes, such as insulin, MAFA, GLUT1, and 
GLUT2 (Fig.  7G). While the other gene expressions 
remained unchanged, there was a notable elevation in 
MAFA expression in the DAPA-treated group com-
pared to control (p = 0.035), reinforcing the DAPA’s role 
in inducing SC-β cell expression. Interestingly, MAFA 
expression decreased significantly after LPS stimulation 
compared to DAPA group (p < 0.01), while the MAFA 
expression increased again when LPS was combined with 
DAPA (p < 0.05 for LPS-alone compared to LPS + DAPA, 
Fig.  7G). Similarly, we observed increased expression of 
PI3K (p = 0.001) and NRF2 (p = 0.04) in the DAPA-treated 
group compared to the LPS-alone group (Fig. 7H). Both 
genes showed significantly reduced expression after LPS 
treatment compared to the DAPA-treated group, but 
an increase after LPS + DAPA treatment, although these 
changes were not statistically significant (on comparing 
the LPS-alone group to the LPS + DAPA group). There 
were no observed differences in AKT gene expression 
among all groups (Fig. 7H). While PI3K typically activates 
AKT, factors like phosphorylation status and feedback 
mechanisms may influence AKT activity independently 
of PI3K expression levels [86]. Further research is needed 
to understand the precise regulatory mechanisms at play 
in this discrepancy.

In addition to our previous findings, we conducted a 
comprehensive analysis of inflammatory and anti-inflam-
matory gene expressions (Fig.  7I). Consistent with our 
observations in cardiomyocytes and AECs, we detected 
a significant increase in NLRP3 expression following 
LPS stimulation compared to control as well as DAPA-
alone groups. However, this elevation was notably dimin-
ished in the LPS + DAPA group (p < 0.0001 for LPS-alone 
vs. LPS + DAPA group), suggesting a robust inhibitory 
effect of DAPA on NLRP3 expression. This reinforces 
the notion of DAPA’s potent action on NLRP3 across 
various cell types, as evidenced by the observed reduc-
tion in NLRP3 expression in cardiomyocytes undergoing 
hypertrophy, stimulated AECs, and stimulated SC-β cells. 
These findings underscore the potential anti-inflamma-
tory properties of DAPA, which could offer protection 
against conditions such as cardiac hypertrophy, endo-
thelial inflammation, and pancreatic islet inflammation. 
Such effects hold promises for addressing conditions like 
cardiovascular diseases and diabetes.

Moreover, our investigations delved into the expression 
of another key inflammatory gene, TNFα, which exhib-
ited a notable increase post-LPS stimulation (p < 0.0001 
vs. control, and p < 0.0001 vs. DAPA-alone groups; 
Fig.  7I). Although we observed a reduction in TNFα 
expression upon DAPA treatment (i.e., LPS + DAPA 
group), this difference did not reach statistical signifi-
cance. Interestingly, while DAPA seemed to primarily 
inhibit NLRP3 activation, its effects on other inflamma-
tory genes were less pronounced. This variation could 
stem from DAPA’s modulation of distinct stimuli or 
inflammatory pathways.

Furthermore, beyond inflammatory genes, NHE-1 
assumes significance in inflammation due to its role in 
regulating the production of ROS, which is pivotal for 
inflammatory signaling in conditions like cardiovascular 
diseases. Given that the inhibition of NHE-1 can reduces 
oxidative stress and subsequent tissue damage [87, 88], 
we explored its expression in our study. Strikingly, our 
gene expression analysis unveiled a surge in NHE-1 
expression following stimulation with LPS (p < 0.05 vs. 
control, and p < 0.01 vs. DAPA-alone group; Fig.  7K). 
However, this upregulation was markedly subdued fol-
lowing the addition of DAPA (p = 0.004 for LPS-alone 
vs. LPS + DAPA group). This suggests a potential mecha-
nism whereby DAPA exerts its anti-inflammatory effects, 
offering new insights into its therapeutic implications for 
inflammatory conditions. Additionally, we investigated 
GRP78 expression, given its critical role in the ER stress 
response. Our findings showed a significant increase in 
GRP78 expression in the LPS-alone group (p < 0.0001 vs. 
control, and p < 0.0001 vs. DAPA-alone groups; Fig.  7J), 
which was significantly reduced with DAPA co-treat-
ment (p = 0.00055 for LPS-alone group vs. LPS + DAPA 
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group). GRP78 is known to be upregulated during ER 
stress, being crucial in maintaining cellular homeosta-
sis, promoting cell survival during stress, and ensuring 
proper protein folding and quality control [89]. However, 
in pathological conditions, its protective functions can 
become maladaptive, contributing to disease progression, 
resistance to treatment, and chronic inflammation [90, 
91]. These findings emphasize the crucial role of DAPA in 
modulating stress genes such as GRP78, potentially miti-
gating the adverse effects associated with dysregulated 
cellular stress responses.

Materials and methods
Cell culture, treatment, and differentiation
Cardiomyocytes
AC16 human cardiomyocyte cell lines (ATCC, CRL-
3568) were cultured following the manufacturer’s 
instructions in DMEM F-12 medium, which was supple-
mented with 12.5% fetal bovine serum (ATCC, 30-2020), 
1% penicillin-streptomycin (Gibco, R15140-122) and 1% 
L-glutamine (Corning, 25-015-CL). The culture media 
was replaced every 48 h. The cells were incubated at 37 °C 
with 5% CO2. AC16 cells were exposed to ISO at con-
centrations of 10 and 20 µM (Sigma, I6504) and treated 
with DAPA at concentrations of 0.5 and 1 µM (Sigma, 
SML2804) at various time points.

Aortic endothelial cells (AECs)
AECs (CC-2535, Lonza) were cultured in EBM™-2 Basal 
Medium (CC-3156, Lonza) supplemented with EGM™-2 
SingleQuots™ from the EGM™-2 BulletKit™ (CC-3162, 
Lonza). The cells were maintained in an incubator at 
37 °C with 5% CO2, with the media changed every 48 h. 
To induce an inflammatory condition, the cells were 
treated with 100 ng/ml of TNFα (R&D, 210-TA-020) and 
subsequently exposed to 1 µM DAPA for 24 h.

Stem cell-derived β (SC-β) cells
Human pluripotent stem cell maintenance and differenti-
ation were conducted as previously described [73]. Stem 
cells were adapted to a 3D culture system using 500 mL 
spinner flasks (Corning, 3153) and maintained in mTeSR 
media (Stem Cell Technologies Inc., 24243). Suspension 
cultures were established by seeding 150 million cells in 
mTeSR media with 10 µM Y27632 (R&D Systems, 4448) 
and maintained at 70  rpm in a humidified incubator at 
37 °C with 5% CO2. The media was changed every 48 h, 
and the cells were passaged every 72  h by dispersing 
to single cells using Accutase (Sigma Aldrich, A6964-
500ML). Freshly split cells were seeded into fresh mTeSR 
with Y27632. SC-β cells were sequentially directed from 
definitive endoderm to mature and functional β-cells 
(stages 1–6) as previously described [73]. After matura-
tion to β-cells, the cells were treated with 0.5 µM DAPA 

and 20 ng/ml LPS for 24  h. Stimulated cells were col-
lected after 24 h for flow cytometry, IF, and PCR analy-
sis. The Mayo Clinic Stem Cell Research Committee 
approved all work involving human pluripotent stem 
cells.

Cell viability assessment
The MTT assay was used to assess the cardiomyocyte 
viability (Cayman Chemical,10009365). The AC16 car-
diomyocytes were incubated for three hours in DMEM 
containing 0.5  mg/mL MTT. The incubation buffer was 
removed, and the blue MTT-formazan product was 
extracted with dimethyl sulfoxide (DMSO). The absor-
bance of the formazan solution was read spectrophoto-
metrically at 570 nm.

ROS measurement
AC16 cardiomyocytes were pre-treated with or with-
out DAPA for two hours. Next, the cells were stimulated 
with ISO for 24  h to generate ROS. After removing the 
medium, the cells were washed twice with phosphate-
buffered saline (PBS) and incubated with 10 µM DCF-
HDA for 25  min. DCFHDA was used to determine the 
ROS generation in the cardiomyocytes. The stained car-
diomyocytes were then analyzed using a FACS Aria flow 
cytometer.

Glucose stimulated insulin secretion (GSIS) assay
GSIS protocol
SC-β cells were washed twice in low-glucose (2.8 mM) 
Krebs Ringer (KRB) buffer and then loaded into 24-well 
transwell inserts. The cells were fasted in low-glucose 
KRB for 1  h at 37  °C. After fasting, the clusters were 
washed once in low-glucose KRB and incubated in low-
glucose KRB for another hour at 37 °C. Subsequently, the 
cells were transferred to high-glucose KRB (20 mM) for 
1 h at 37  °C, followed by a transfer to low-glucose KRB 
with 30 mM KCl for 1 h at 37 °C. Supernatants were col-
lected at each transfer for insulin measurement. To study 
the efficacy of DAPA (0.5 µM) on SC-β cells treated with 
100 ng/ml LPS, the cells were placed on a rocker in the 
incubator for 24  h. After this treatment, the cells were 
dispersed using TrypLE, and cell counts were determined 
using a ViCELL automated cell counter. Human insulin 
levels were measured using an enzyme-linked immuno-
sorbent assay (ELISA) kit.

ELISA
The supernatant collected from the glucose challenge 
at different time points was diluted to 1:200 using KRB. 
The concentration of human insulin levels was quanti-
fied using the Human Ultrasensitive Insulin ELISA kit 
(Alpco, 80-INSHUU-E10). The secretion levels of IL-1β, 
IL-6, TNFα, ICAM-1, VCAM-1, and BNP were measured 
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in the cell supernatants from both control and treatment 
groups. Additionally, assays for eNOS, iNOS, and NOS 
activity were performed on cell homogenates. All assays 
were conducted following the manufacturer’s instruc-
tions as detailed in Supplementary Table 3.

Flow cytometry
SC-β cell clusters were collected for flow cytometry 
throughout the six differentiation stages. The clusters 
were dispersed using TrypLE Express (Thermo Fisher, 
12563029) in a 37  °C water bath for 10  min and then 
quenched with S3 media. The cells were counted, fixed in 
4% PAF (Millipore Sigma, 15710), and stored at 4 °C until 
staining. For staining, the cells were blocked in a donkey 
block solution for 40 min. They were subsequently incu-
bated with primary antibodies for 1 h at room tempera-
ture (RT) or overnight at 4 °C. After incubation, the cells 
were washed three times with PBST (phosphate-buffered 
saline with Tween® detergent) and then incubated with 
secondary antibodies for 2 h at RT. Following three addi-
tional washes, the cells were re-suspended in PBST at a 
concentration of 1 × 106 cells/mL. The stained cells were 
analyzed using the “Attune” flow cytometer. The data 
from flow cytometry were processed using FlowJo v10 
and Attune NxT v4.2.6 software.

Immunofluorescence (IF)
Staining protocol
Cardiomyocytes, AECs, and SC-β cell clusters were fixed 
in 4% PFA for 1 h at RT or overnight at 4 °C, then washed 
three times with PBS. The cell clusters were embedded 
in Histogel, while cardiomyocytes and AECs were stored 
in the cell culture plate in 4% PFA. Paraffin-embedded 
samples were treated with Histo-Clear to remove the 
paraffin. All slides were rehydrated through an etha-
nol gradient and incubated in boiling antigen retrieval 
reagent (10 mM sodium citrate, pH 6.0) for 60  min. 
The slides were then washed three times and incubated 
in a blocking donkey serum for 40  min. Sections were 
incubated with the primary antibody overnight at 4  °C, 
washed three times, and then incubated with a secondary 
antibody for 2 h at RT. After three additional washes, the 
slide sections were mounted using Fluoromount-G with 
DAPI (4′, 6-diamidino-2-phenylindole). The plates and 
cluster sections were imaged using an EVOS-FL Auto-2 
imaging station. IF images were captured with a Zeiss 
Axio Observer microscope and ZEN2 Blue software. 
The images shown are representative of similar results 
obtained from at least three separate biological samples. 
The antibodies used are listed in Supplementary Table 1.

Cell surface area measurement
AC16 cardiomyocytes were treated with 10 and 20 µM 
isoproterenol (ISO; Sigma Chemical, St Louis, USA) for 

24  h, then cells were fixed with 4% paraformaldehyde 
(PAF) and stained with wheat germ agglutinin (WGA). 
After washing with PBS for three times, cardiomyocytes 
were visualized under the inverted fluorescence micro-
scope and 25 random individual cell surface areas from 
each well were measured by ImageJ software (National 
Institutes of Health, Bethesda, USA). AECs and SC-β 
cells of interest were manually counted using a Zeiss Axio 
Observer microscope and ZEN2 Blue software.

Real-time polymerase chain reaction (RT-PCR)
Cardiomyocytes, AECs, and SC-β cells were collected 
and stored at − 80  °C for RNA isolation. Total RNA was 
purified using the RNeasy Mini Kit (QIAGEN, 74106) 
according to the manufacturer’s protocol. Complemen-
tary (c)DNA was synthesized by reverse transcribing 400 
ng of total RNA following the manufacturer’s instruc-
tions (Biorad, 170–8891). Quantitative RT-PCR was per-
formed in a 20 µL reaction mixture containing 1 µL of 
cDNA, 200 nM of each primer, and 10 µL of SYBR Select 
Master Mix using the Applied Biosystems 7500 RT-PCR 
System (Applied Biosystem, 4368706). The used primer 
sequences are listed in Supplementary Table 2.

Western blot
After cell lysis, protein was extracted using a total protein 
extraction kit (Sigma, R0278), and the protein concentra-
tion was determined using a Bicinchoninic Acid (BCA) 
Protein Quantification Kit (Thermo Fisher, 23225). Total 
protein samples were loaded at 50 µg/well onto a sodium 
dodecyl sulfate-polyacrylamide gel (SDS-PAGE) for 
electrophoresis and subsequently transferred to polyvi-
nylidene fluoride membranes (Millipore, 03010040001). 
The membranes were incubated in a 5% BSA solution at 
RT for one hour. Then, they were treated with primary 
antibodies against the target proteins and β-actin, which 
served as the internal reference. The primary antibodies 
were incubated overnight at 4  °C, followed by washing 
with TBST, and then treatment with secondary antibod-
ies. The secondary antibodies were incubated at RT for 
one hour followed by washing with TBST. Images were 
obtained with a LiCor Odyssey® Fc imager, and the gray 
values of the bands were analyzed using ImageJ soft-
ware. The primary and secondary antibodies used in the 
experiment are listed in the Supplementary Table 2. All 
uncropped western blot protein expression images are 
shown in Supplementary Figs. 1,2 and 3.

Statistical analysis
The data analyses were conducted using the GraphPad 
Prism v.10.3.1 software. The students’ t-test was used to 
compare the means between the two groups. For com-
paring means of multiple groups, one-way and two-way 
ANOVA (analysis of variance) with multiple comparison 
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tests were utilized. A p-value of less than 0.05 was con-
sidered statistically significant.

Discussion
This comprehensive study on the effects of DAPA on 
various cellular processes in cardiomyocytes, AECs, 
and SC-β cells has yielded multifaceted insights into its 
therapeutic potential across different cell types. The find-
ings from this investigation shed light on DAPA’s diverse 
mechanisms of action, ranging from its impact on cellu-
lar hypertrophy and inflammation to its modulation of 
insulin functionality and stress response genes [12, 28, 
29].

In the context of cardiomyocyte hypertrophy, our 
study elucidated, through experimentation involving co-
treatment and post-stimulation conditions, the ability of 
DAPA to mitigate hypertrophic stimuli induced by ISO, 
which is a β-adrenergic receptor agonist known to induce 
cardiomyocyte hypertrophy [9, 92]. Notably, DAPA’s 
protective effects were associated with reductions in 
ROS levels and inflammation, primarily mediated by 
the upgrading of the AKT pathway. By activating AKT 
signaling, DAPA not only counteracted hypertrophy 
but also curbed inflammation and oxidative stress, thus 
safeguarding cardiomyocyte functions [9–12]. In ISO-
induced cardiomyocyte hypertrophy, DAPA treatment 
led to several positive outcomes, including increased 
AKT expression, decreased ROS levels, and reduced lev-
els of fibrosis (SMAD) and hypertrophy (ANP and BNP) 
markers and inflammatory cytokines. Interestingly, while 
SGLT2 activation persisted after the ISO challenge, its 
gene and protein expression decreased following DAPA 
treatment, suggesting a potential role of DAPA in modu-
lating SGLT2 expression. This phenomenon was consis-
tently observed in both stimulated cardiomyocytes and 
AECs. One plausible connection is that DAPA, known 
for its SGLT2 inhibitory effects, may interfere with 
SGLT2-mediated glucose reabsorption pathways. This 
interference could potentially delay glucose reabsorp-
tion, impacting inflammatory pathways associated with 
glucose metabolism in cardiovascular cells. Moreover, 
the observed reduction in downstream NHE1 activity 
upon DAPA treatment suggests a broader impact. It hints 
that DAPA might not only influence SGLT2 but also 
affect NHE1 function directly or through modulation 
via the AKT pathway. This modulation could potentially 
alter ion transporter activity, thereby contributing to 
enhanced cardiovascular and metabolic health outcomes 
in the context of cardiomyocyte hypertrophy and related 
conditions [39, 40]. Moreover, the increase in NRF2 and 
decrease in NLRP3 levels with DAPA treatment indicates 
its antioxidant and anti-inflammatory capacities. The 
activation of the AKT pathway by DAPA played a crucial 
role in reducing hypertrophy, fibrosis, and inflammation; 

thus, enhancing the cardiomyocyte functions by improv-
ing cell survival and decreasing oxidative stress. In line 
with these results, previous studies have indicated that 
DAPA can improve cardiac function in animal models of 
myocardial infarction and diabetes by affecting the PI3K/
AKT axis [10]. Our research, for the first time, suggests 
that the DAPA’s impact on AKT-related pathways in 
ISO-induced cardiomyocytes might shed light on these 
mechanisms.

Several studies have examined the effects of DAPA on 
endothelial cells [12, 16, 93–95], but its specific actions 
on aortic endothelial cells (AECs) have been less well-
studied. AECs are integral to cardiovascular health, reg-
ulating vascular tone, mediating responses to oxidative 
stress, and maintaining antithrombotic and anti-inflam-
matory properties. Dysfunction in AECs contributes to 
hypertension, atherosclerosis, and increased thrombotic 
risk, all of which are significant factors in cardiovascu-
lar diseases [96–98]. In our study, AECs stimulated with 
TNFα revealed that DAPA significantly reduced inflam-
matory markers, likely through activation of the AKT/
PI3K and MAPK pathways, which are critical in cellular 
survival and inflammation regulation. This reduction in 
inflammatory signaling highlights DAPA’s ability to coun-
teract the deleterious effects of TNFα, thereby preserv-
ing AEC function and mitigating vascular inflammation. 
Furthermore, DAPA’s regulation of adhesion molecules 
such as ICAM-1 and VCAM-1, as well as glucose trans-
porters, underscores its broader role in preventing endo-
thelial dysfunction. By reducing the expression of these 
adhesion molecules, DAPA may limit leukocyte recruit-
ment and the progression of atherosclerosis, highlight-
ing its potential protective effect on vascular integrity. 
Importantly, DAPA also modulated glucose transporters 
like GLUT1, indicating an additional metabolic benefit 
that may support endothelial function under stress con-
ditions. In combination with ISO, DAPA showed a signif-
icant synergistic effect in regulating endothelial function, 
particularly through modulation of eNOS, iNOS, and 
NO levels. Both treatments enhanced eNOS expression, 
increasing NO bioavailability, which is essential for vaso-
dilation and endothelial homeostasis [67]. The reduction 
in iNOS levels further suggests anti-inflammatory effects 
by curbing excessive NO production linked to oxidative 
stress. The combined influence of ISO and DAPA on total 
NO levels points to their ability to restore NO balance, 
a critical factor in maintaining vascular health and pre-
venting endothelial dysfunction. These findings collec-
tively suggest that ISO and DAPA co-treatment not only 
preserves endothelial function but also offers potential 
therapeutic benefits for addressing inflammation-driven 
cardiovascular conditions, particularly in the context of 
metabolic stress and chronic inflammation. This dual 
regulatory effect on both inflammation and metabolism 
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positions DAPA as a promising candidate for the treat-
ment of cardiovascular diseases where endothelial dys-
function is a key pathological feature.

Expanding its scope to SC-β cells, the study unveiled 
DAPA’s intriguing effects on insulin functionality and 
stress response genes. While DAPA did not alter the 
identity of SC-β cells, it significantly enhanced their 
insulin functionality, potentially through upregulation 
of MAFA expression and elevated PI3K and NRF2 lev-
els, which are crucial transcription factors involved in 
insulin regulation. Despite SGLT2 are not expressed in 
β-cells [21, 22], DAPA still reduced inflammatory mark-
ers including NLRP3, suggesting that the beneficial 
effects of DAPA are mediated through systemic meta-
bolic improvements, paracrine signaling, or alternative 
pathways such as PI3K and NRF2 [10, 45]. The consistent 
reduction of NLRP3 and other inflammatory markers 
across all cell types studied, regardless of the inflamma-
tory stimulus used, highlights a systemic anti-inflamma-
tory effect of DAPA. The increase in NRF2 expression 
across different cell types indicates a central role of NRF2 
in mediating DAPA’s antioxidant and anti-inflammatory 
effects [10, 99]. The enhancement of the AKT pathway in 
cardiomyocytes and AECs, along with the indirect action 
on SC-β cells through PI3K and NRF2, underscores the 
multifaceted mechanisms through which DAPA exerts its 
protective effects.

All three cell types of cardiomyocytes, AECs, and SC-β 
cells exhibited activation of the AKT pathway, demon-
strating a common mechanism through which DAPA 
exerts its therapeutic effects. This common activation 
suggests that DAPA’s role in enhancing AKT signaling 
might be a key factor in its ability to mitigate inflam-
mation, oxidative stress, and cellular dysfunction across 
different tissues. The activation of the AKT pathway 
across these cell types not only highlights DAPA’s broad 
therapeutic potential but also underscores its capacity 
to target fundamental cellular processes involved in dis-
ease progression. By modulating AKT signaling, DAPA 
effectively addresses the core pathological mechanisms 
in diverse cell types, which could translate to compre-
hensive clinical benefits in treating conditions like heart 
disease, diabetes, and metabolic syndrome. Overall, 
our findings demonstrate that DAPA’s benefits extend 
beyond glucose lowering, involving the activation of the 
AKT pathway and reduction of hypertrophy, fibrosis, and 
inflammation in cardiomyocytes, AECs, and SC-β cells. 
These results underscore DAPA’s therapeutic potential 
in treating cardiovascular and metabolic diseases by tar-
geting multiple pathways to reduce inflammation and 
improve cell survival.

Despite the promising findings elucidating the multi-
faceted effects of DAPA on cardiomyocytes, AECs, and 
SC-β cells, some limitations warrant consideration. In 

the current study, our primary focus was only to inves-
tigate the impact of DAPA treatment on these three 
different cell types to determine whether they exhibit 
similar responses in terms of activating molecular path-
ways (such as AKT) and inflammation when exposed to 
stimuli. However, the complexity of cellular interactions 
and signaling pathways suggests that translating these 
findings to in-vivo models is essential to assess their clin-
ical relevance. Additionally, the study primarily focused 
on the acute effects of DAPA treatment, necessitating 
further investigations into its long-term implications. 
Chronic exposure to DAPA may lead to different cellular 
adaptations and responses, which could have significant 
implications for its therapeutic use in conditions such 
as diabetes and cardiovascular diseases. So, long-term 
studies are imperative to evaluate the sustained effects 
of DAPA and to identify any potential adverse effects or 
limitations associated with prolonged treatment.

Conclusion
This comprehensive study highlights the diverse mecha-
nisms through which DAPA exerts its effects across 
three different cell types. By elucidating its role in cellu-
lar hypertrophy, inflammation, vascular signaling, insulin 
functionality, and stress responses, our research positions 
DAPA as a promising therapeutic agent with broad-spec-
trum efficacy. These findings provide a solid foundation 
for future investigations aimed at harnessing DAPA’s 
therapeutic benefits for improving cardiovascular dis-
eases and metabolic inflammatory syndromes. However, 
further research is essential to validate these findings in 
in vivo models, which will be crucial for translating these 
results into clinical applications.
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