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failure (HF) [3]. For instance, diabetes-induced chronic 
hyperglycemia, persistently-elevated free fatty acids and 
hyperinsulinemia all could lead to cardiac hypertrophy, 
intramyocardial inflammation, impaired mitochondrial 
function, and ultimately HF [4].

According to ejection fraction (EF), HF is divided into 
HF with reduced ejection fraction (HFrEF, EF < 40%) and 
HF with preserved ejection fraction (HFpEF, EF > 40%). 
Furthermore, HFpEF is subdivided into HF with mildly 
reduced ejection fraction (HFmrEF, 40% ≤ EF ≤ 60%) 
and HF with normal ejection fraction (HFnEF, EF ≥ 55% 
in men, EF ≥ 60% in women) [5]. Clinically, as currently 
the most common form of HF, HFpEF is character-
ized by ventricular hypertrophy and myocardial fibro-
sis, with signs of respiratory distress and congestion in 
most patients [6]. More importantly, it was estimated 
that approximately 45% of HFpEF patients had DM. The 

Introduction
The global prevalence of diabetes mellitus (DM) has been 
increasing for decades. According to a report published 
by the International Diabetes Federation, more than 530 
million people are suffering from DM in 2021, and this 
number is expected to reach 780 million by 2040 [1]. 
Characterized by a persistent state of hyperglycemia, DM 
is a metabolic disease caused by an imbalance in insu-
lin secretion [2]. Notably, previous evidence indicated 
that a persistent hyperglycemic state resulted in heart 
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Abstract
As a heterogeneous syndrome, heart failure with preserved ejection fraction (HFpEF) has become the leading 
form of heart failure worldwide. Increasing evidence has identified that diabetes mellitus (DM) increases the risk of 
HFpEF. Worse still, the coexistence of both diseases poses a great threat to human health by further worsening the 
cardiovascular system and accelerating the progression of diabetes. Although several studies have indicated that 
the novel antidiabetic drugs, including sodium glucose cotransporter 2 inhibitors (SGLT2i), glucagon-like peptide-1 
receptor agonists (GLP-1 RA) and dipeptidyl peptidase 4 inhibitors (DPP4i) provide the cardiovascular benefits 
in T2DM patients with HFpEF, the elaborated roles and mechanisms are not fully understood. In this review, we 
summarize the state-of-the-art evidence regarding the epidemiology and pathophysiology of diabetic HFpEF, and 
the landscape of the novel antidiabetic drugs in the treatment of diabetic HFpEF, as well as discuss the relevant 
mechanisms, aiming to broaden the understanding of diabetic HFpEF and gain new insight into the treatment of 
this disease.
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coexistence of both diseases not only induced a systemic 
pro-inflammatory state leading to coronary microvascu-
lar endothelial inflammation and resulting in myocardial 
dysfunction, but also induced a persistent pro-inflamma-
tory state causing cardiac fibrosis that led to myocardial 
necrosis [7–10].

The novel antidiabetic drugs, such as sodium glucose 
cotransporter 2 inhibitors (SGLT2i), glucagon-like pep-
tide-1 receptor agonists (GLP-1 RA) and dipeptidyl pep-
tidase 4 inhibitors (DPP4i), have demonstrated beneficial 
effects on cardiovascular outcomes in patients with DM 
[11]. There was evidence suggesting that SGLT2i could 
significantly reduce the hospitalization rate of diabetic 
HFpEF patients [12]. Incretin, encompassing endogenous 
GLP-1 RA and exogenous DPP4i, also attenuated the risk 
of cardiovascular diseases in HFpEF patients [13, 14]. 
However, the elaborated roles and mechanisms of these 
novel antidiabetic drugs in diabetic HFpEF were not fully 
understood.

In this review, we focus on the current evidence of the 
epidemiology and pathophysiology of diabetic HFpEF 
and then the landscape of the novel antidiabetic drugs 
in the treatment of diabetic HFpEF, as well as discuss 
the relevant mechanisms, aiming to broaden the under-
standing of diabetic HFpEF and provide new therapeutic 
options for the treatment of the disease.

The epidemiology and pathophysiology of diabetic 
HFpEF
DM, a common comorbidity in patients with HFpEF, 
is also the major risk factor for HFpEF [15]. It has been 
reported that the prevalence of HFpEF is steadily increas-
ing due to the aging of population and the global prev-
alence of obesity and T2DM [16, 17]. Nevertheless, 
the prevalence of HFpEF varies across countries. For 
instance, REPORT-HF (an international longitudinal 
observational study aiming at evaluating the treatment 
of HF in clinical practice) revealed that 20.7% of 3,397 
advanced HF patients had HFpEF [18]. A retrospective 
study involving 1,245 hospitalized patients with decom-
pensated HF from 2013 to 2014 showed that 43% of them 
had LVEF ≥ 50% [19]. Meanwhile, there were also regional 
differences in the incidence of HF. In the study cohort 
of the Omstead County, Minnesota, USA, from 2000 to 
2010, the incidence of HF decreased from 3.1 cases per 
1,000 people to 2.2 cases. However, the decrease in the 
incidence of HFpEF was less than that of HFrEF [20]. In 
several US community-based studies from 1990 to 2009, 
the age- and sex-adjusted standardized incidence was 
0.80 and 1.53 for HFrEF and HFpEF, respectively [21]. 
Furthermore, HFpEF also showed differences in terms 
of demographics. Among 1203 patients with HFpEF 
from 11 regions in Asia, 36% of the HFpEF patients 
were under 55  years old, 37% were under 65  years old, 
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and 16% were over 75  years old [22]. It was worth not-
ing that the prevalence of HFpEF in the Portuguese 
community increased with age, with prevalence among 
females rather than males [23]. Furthermore, the registry 
data of HF patients by European Society of Cardiology 
(ESC) showed that HFpEF prevalence varied region-
ally: 18.4% in Southern Europe, 17.6% in Middle East, 
and 13.0% in Western regions [24]. Over time, the inci-
dence of HF has decreased; however, the risk of HFpEF is 
increasing. According to current therapeutic guidelines, 
the recommended pharmacological regimen for HFpEF 
should include SGLT2i (empagliflozin), mineralocorti-
coid receptor antagonists (spironolactone), angiotensin 
receptor-neprilysin inhibitors (sacubitril/valsartan), and 
angiotensin II receptor blockers (candesartan) [25].

DM patients often showed early asymptomatic 
increased left ventricular (LV) stiffness, accompanied by 
abnormal natriuretic peptide (ANP) signal, which was 
the early phenomenon of HFpEF [26, 27]. Kristensen et 
al. analyzed the trial data of CHARM and found that the 
prevalence of HFpEF with DM was higher than those 
without diagnosed DM [28]. A survey indicated that dia-
betes HFpEF patients had longer hospital stays, lower 
discharge rates, and a higher risk of re-hospitalization 
due to HF [7]. Diabetic HFpEF patients also had greater 
burden in clinical symptoms, such as poor exercise abil-
ity and obstructive sleep apnea [9, 29]. Compared with 
patients without T2DM, diabetic HFpEF patients were 
younger, more obese and tended to be male, with higher 
body mass index and more risk for kidney diseases, 
anemia and congestion symptoms [9, 30, 31]. Although 
LVEF incidence was similar in diabetic patients and 

non-diabetic patients, diabetic HFpEF patients showed 
a more severe trend of concentric remodeling/hypertro-
phy, more serious impairment of LV diastolic function 
and more acute myocardial fibrosis [32, 33]. Diabetes 
and obesity, both of which are associated with the secre-
tion of pro-inflammatory adipokines and the reduced 
availability of nitric oxide, may lead to the occurrence of 
HFpEF in young individuals due to myocardial remodel-
ing and fibrosis [7, 34]. Supporting this view was the fact 
that compared with non-diabetic patients, the levels of 
white blood cells, creatinine and triglycerides in diabetic 
patients with HFpEF were higher [35]. Compared with 
patients without diabetes, patients with HFpEF, T2DM 
were associated with smaller LV volume, higher mitral 
valve E/eʹ ratio and poorer prognosis [35]. Consistently, 
DM significantly increased the cardiovascular mortality, 
all-cause mortality, hospitalization rate and prognosis of 
patients with HFpEF [30, 36, 37]. Another study found 
a higher proportion of females than males with diabetic 
HFpEF, which further implied the increased risk of death 
in women [38]. Collectively, there is a positive correla-
tion between DM and HFpEF-associated morbidity and 
mortality.

The pathological changes of diabetic HFpEF were 
reported to be involved in many factors, such as endo-
thelial function injury, abnormal fatty acid metabolism, 
oxidative stress, etc. [39–42] (Fig.  1). An investigational 
trial revealed that exosome microRNAs, miR-30d-5p 
and miR-126a-5p, and SIRT6 expression, were signifi-
cantly reduced in diabetic HFpEF patients compared to 
non-diabetic patients [39, 40]. The pathological mecha-
nism might be the dysregulation of glucose metabolism, 
which triggered the accumulation of epicardial adipose 
tissue (EAT) and free fatty acids in heart, leading to myo-
cardial lipotoxicity, oxidative stress, and mitochondrial 
dysfunction [41]. Another study supported that the stress 
of hyperglycemia induced the accumulation of advanced 
glycation end (AGE) products, which led to an increase 
in reactive oxygen species, the activation of inflammatory 
pathways and reduction of cardiac energy efficiency [42]. 
Endothelial cell apoptosis induced by hyperglycemia also 
led to coronary microvascular dysfunction, myocardial 
fibrosis and sustained increase of ventricular filling pres-
sure [43, 44].

The role of novel antidiabetic drugs in diabetic 
HFpEF
Emerging studies indicated that the novel antidiabetic 
drugs, including SGLT2i, GLP-1 RA and DPP4i, provided 
the cardiovascular benefits in diabetic HFpEF patients 
[45–49]. Notably, there were also several clinical trials 
that supported this point (Table 1).

Fig. 1  The pathophysiology of DM with HFpEF. DM patients are accompa-
nied with endothelial function injury, abnormal fatty acid metabolism and 
dysregulation of glucose metabolism. Among them, endothelial function 
injury leads to coronary microvascular dysfunction, myocardial fibrosis 
and sustained increase of ventricular filling pressure; abnormal fatty acid 
metabolism contributes to myocardial lipotoxicity, oxidative stress, and 
mitochondrial dysfunction; dysregulation of glucose metabolism results 
in an increase in reactive oxygen species (ROS), the activation of inflamma-
tory pathways and reduction of cardiac energy efficiency, which ultimately 
prompts the development of HFpEF
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The role of SGLT2i in diabetic HFpEF
SGLT2i, a class of the most recent anti-hyperglycemic 
drugs, have demonstrated beneficial effects on cardio-
vascular outcomes and played an important role in DM 
patients with HFpEF (Table 2). The ESC and the Ameri-
can Diabetes Association issued a statement in which 
they recommend the use of SGLT2i in patients with 
T2DM and LVEF > 40% (HFmrEF and HFpEF) to improve 
life quality by reducing the risk of heart failure hospital-
ization (HHF) and cardiovascular death (CVD) [50]. A 
recent systematic review and meta-analysis also showed 
that SGLT2i led to a decreased risk of cardiovascular 
hospitalization [51]. Meanwhile, there were abundant 
clinical trial results corresponding to this recommenda-
tion of SGLT2i. For instance, dapagliflozin had improved 
the symptoms, physical function limitation and exercise 
function of HFpEF patients, and had shown good toler-
ance [52, 53]. Nassif et al. showed that the incidence of all 
adverse events of dapagliflozin was slightly higher than 
that of the placebo [53]. On the other hand, no cases of 
diabetic ketoacidosis, severe hypoglycemia or lower limb 
amputation occurred during the trial period. The reason 
for the cardiovascular benefit may be that SGLT2i not 
only have a significant impact on circulating biomarker 
levels of in diabetic patients with HFpEF, but also amelio-
rate the deterioration of cardiac function [54, 55].

There is growing evidence that normal biomarker levels 
are important for maintaining normal cardiac function in 

diabetic HFpEF patients. To date, SGLT2i has been shown 
to attenuate biomarker levels of cardiac hypertrophy and 
vasodilation [56]. For example, a recent meta-analysis of 
two randomized controlled trials showed that SGLT2i 
significantly reduced N-terminal B-type ANP (NT-
proBNP) levels compared with placebo [57, 58], although 
Ueda et al. demonstrated that canagliflozin did not sig-
nificantly reduce plasma levels of BNP, with insufficient 
sample size [59]. Furthermore, a prospective multicentre 
study indicated that SGLT2i ameliorated albuminuria 
and reduced carotid intima-media thickness (CIMT), 
a marker of myocardial damage in T2DM patients [60]. 
In the model of diabetic cardiomyopathy mice, Du et al. 
underscored that canagliflozin  could reduce the level of 
both markers of cardiac injury, lactate dehydrogenase 
and cardiac troponin I, as well as alleviate the damage 
of cardiac function [61]. Similarly, dapagliflozin and/
or liraglutide also had a significant improvement of bio-
chemical indices, including pro-inflammatory mediators 
(NF-κB and tumor necrosis factor-α (TNF-α)), and apop-
totic effectors (caspase-3), and cardiac function in dia-
betes-induced cardiomyopathy rats [62]. A recent study 
reported that dapagliflozin significantly downregulated 
the key markers of myocardial fibrosis, nitro-oxidative 
stress, pro-inflammatory cytokines, myocardial hyper-
trophy, fibrosis, and reduced apoptosis, ultimately retard-
ing the development of HFpEF in diabetic rats [63].

Table 1  Clinical trial of novel antidiabetic drugs in HFpEF population
Intervention Population Median 

follow–up
Primary outcomes Outcomes in diabetic HFpEF Ref-

er-
ences

Dapagliflozin 324 HFpEF patients 
(included 181 diabetic 
HFpEF patients)

12 weeks Mean 12-weeks change in KCCQ-CSS and 
6MWTD was 5.8 points (95% CI 2.3–9.2; 
p = 0.001) and 20 m (95% CI 5.6–34.7; 
p = 0.007), respectively

Mean 12-weeks change in 
KCCQ-CSS was 7.3 points (95% CI 
2.3–12.3, p = 0.22)

[53]

Dapagliflozin 52 T2DM patients with HF 6 months E/eʹ decreased from 9.3 to 8.5 in T2DM 
patients with stable HF (p = 0.02)

Relative changes in E/eʹ in diabetic 
HFpEF patients with dyslipidemia 
were significantly larger (p = 0.014)

[66]

Dapagliflozin 37 diabetic HFpEF 
patients, 7 diabetic HFrEF 
patients and 9 diabetic 
HFmrEF patients

6 months Global longitudinal strain showed signifi-
cant improvement from 15.5 ± 3.5% to 
16.9 ± 4.1% (p < 0.01)

Global longitudinal strain was 
more significant from 17.0 ± 1.9% 
to 18.7 ± 2.0% (p < 0.001)

[67]

Semaglutide 616 obesity-related HFpEF 
patients with T2DM

52 weeks Mean 52-weeks change in KCCQ-CSS 
and body weight was 13.7 points (95% CI 
4.1–10.4; p < 0.001) and 9.8% (95% CI − 7.6 
to − 5.2; p < 0.001), respectively

Mean 52-weeks change in KCCQ-
CSS and body weight was 13.7 
points (95% CI 4.1–10.4; p < 0.001) 
and 9.8% (95% CI − 7.6 to − 5.2; 
p < 0.001), respectively

[85]

Exenatide 516 T2DM HFpEF patients, 
574 T2DM HFmrEF 
patients, 303 T2DM HFrEF 
patients

3.2 years Reduced all-cause death (95% CI 0.77–
0.97, p = 0.031) and composite outcome of 
all-cause death or HHF (95% CI 0.80–0.99, 
p = 0.015), respectively

The incidence of HHF was reduced 
by 5.2%

[89]

Semaglutide 491 obesity-related HFpEF 
patients with T2DM

52 weeks Improved adverse cardiac remodeling Improved adverse cardiac 
remodeling

[90]

HFpEF heart failure with preserved ejection fraction; HFmrEF heart failure with midrange ejection fraction; HFrEF heart failure with reduced ejection fraction; KCCQ-
CSS Kansas city cardiomyopathy questionnaire clinical summary score; 6MWTD 6-min walk test distance; E/e′ ratio of the mitral inflow E to the mitral eʹ annular 
velocity; T2DM type 2 diabetes mellitus; HF heart failure; PBO placebo; HHF hospitalization for heart failure; LA left atrium
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In addition to the impact on circulating biomarker 
levels of in patients with diabetic HFpEF, SGLT2i was 
associated with early improvements in cardiac structure 
and function in the diabetic HFpEF patients [64, 65]. 
Dapagliflozin had been reported to improve LV diastolic 
function by reducing the ratio of mitral inflow E/eʹ and 
improving longitudinal strain [66, 67]. Further studies 
showed that canagliflozin contributed to the cardiorenal 

benefits by the maintenance of optimal intravascu-
lar volume with the reduction of extravascular volume 
plasma volume in patients with chronic HF and T2DM 
[68]. Besides, other studies showed that empagliflozin 
decreased cardiac burden and reversed adverse cardiac 
remodeling [69, 70]. Chai et al. performed a prospective 
clinical study including 180 participants with HFpEF and 
demonstrated that empagliflozin attenuated LV mass 

Table 2  The role of SGLT2i in diabetic HFpEF
SGLT2i Subjects Follow-up 

period
Main findings Refer-

ences
Dapagliflozin 324 HFpEF patients (included 181 dia-

betic HFpEF patients)
12 weeks Improved patient-reported symptoms, physical limita-

tions and exercise function and was well tolerated
[53]

Dapagliflozin, ertug-
liflozin, sotagliflozin, 
canagliflozin, luseogli-
flozin, empagliflozin 
and ipragliflozin

10,845 HFpEF patients NA Reduced the risk of a composite of HHF and CVD [57]

Canagliflozin 82 HFpEF patients with T2DM 24 weeks Significantly reduced body weight, but did not reduce 
plasma BNP concentrations

[59]

Canagliflozin, 
dapagliflozin and 
empagliflozin

1,150 patients with T2DM 2 years Reduced CIMT and albuminuria [60]

Canagliflozin Diabetic cardiomyopathy mice 6 weeks Reduced the levels of lactate dehydrogenase and 
cardiac troponin I, as well as alleviate the damage of 
cardiac function

[61]

Dapagliflozin Diabetes-induced cardiomyopathy rats 8 weeks Improved the biochemical indices of cardiac function [62]
Dapagliflozin HFpEF in diabetic rats 12 weeks Mitigated nitro-oxidative stress, pro-inflammatory cy-

tokines, myocardial hypertrophy, fibrosis, and reduced 
apoptosis

[63]

SGLT2i 3,428 patients with HFpEF and T2DM NA Significantly improved LVEF and functional capacity, 
and reduced myocardial fibrosis

[64]

Dapagliflozin 53 T2DM patients with stable HF 6 months Improved LV diastolic function [66]
Dapagliflozin 53 T2DM patients with stable HF (in-

cluded 37 diabetic HFpEF patients)
6 months Improved LV longitudinal myocardial function [67]

Canagliflozin 233 patients with chronic HF and T2DM 
(include 166 diabetic HFpEF patients)

24 weeks Maintained optimal intravascular volume with the 
reduction of extravascular volume plasma volume

[68]

Empagliflozin 74 patients with chronic HF (included 17 
DM patients)

3 months Caused a decrease in the stiffness of the aorta and the 
proximal branches, and reduced the afterload of the LV

[70]

Empagliflozin 180 participants with HFpEF 6 months Reduced myocardial extracellular volume and LV mass [71]
Canagliflozin, dapa-
gliflozin, empagliflozin 
and or ertugliflozin

250 patients with HFpEF and T2DM 295 days Reduced incidence of HHF and acute kidney injury [72]

Sotagliflozin 10,584 patients with DM and chronic 
kidney disease

16 months Resulted in a lower risk of the rate of deaths from 
cardiovascular causes and HHF

[73]

Empagliflozin 5988 patients with class II–IV HF 
(included 2938 DM patients and 4005 
HFpEF patients)

26.2 months Reduced the combined risk of CVD or HHF [74, 
75]

Empagliflozin 530 patients hospitalized for acute de 
novo or decompensated HF (included 
236 DM patients)

90 days Decreased the risk of CVD or first HF acute [77]

Dapagliflozin 17,160 patients with T2DM (included 808 
diabetic HFpEF patients

4.2 years Reduced HHF in patients with and without HFrEF [78]

Dapagliflozin 6263 patients with HFmrEF or HFpEF 
(included 2806 DM patients)

32 weeks Reduced the risk of CVD or worsening HF events [79, 
80]

SGLT2i sodium glucose cotransporter 2 inhibitors; HFpEF heart failure with preserved ejection fraction; HFmrEF heart failure with midrange ejection fraction; NA not 
available; CVD cardiovascular death; HF heart failure; T2DM type 2 diabetes mellitus; BNP B-type natriuretic peptide; CIMT carotid intima-media thickness; LV left 
ventricular; HHF hospitalization for heart failure; HFrEF HF with reduced ejection fraction; HFmrEF HF with mildly reduced ejection fraction
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index, improved myocardial fibrosis and ameliorated LV 
remodeling [65, 71].

Recently, several large clinical trials also supported 
the cardiovascular benefits of SGLT2i in diabetic HFpEF 
patients. For instance, a retrospective study revealed that 
SGLT2i reduced incidence of HHF and acute kidney 
injury [72]. In the analysis of the SCORED (Effect of Sota-
gliflozin on Cardiovascular and Renal Events in Patients 
with T2DM and Moderate Renal Impairment Who Are 
at Cardiovascular Risk) trial, there was a significant risk 
reduction in total number of hospitalizations and emer-
gency visits for HF patients with sotagliflozin treatment 
[73]. Additionally, this trial also reported that compared 
with placebo, sotagliflozin was more frequently asso-
ciated with diarrhea, genital candidiasis, hypovolemia 
and diabetic ketoacidosis. Intriguingly, a first-of-its-kind 
SGLT2i trial and secondary analysis in patients with 
HFmrEF and HFpEF showed a 29% reduction in patients' 
risk of HHF [74, 75], although this effect was dimin-
ished in patients with EF ≥ 65%. The reason may be that 
patients is far more likely to have atrial arrhythmias or 
other common disorders in this subgroup (EF ≥ 65%) [76]. 
Furthermore, the EMPULSE (empagliflozin in patients 
hospitalized with acute heart failure who have been stabi-
lized) trial showed that empagliflozin decreased the risk 

of CVD or first events HF regardless of LVEF [77]. How-
ever, in terms of safety, the incidence of volume depletion 
with empagliflozin was slightly higher than that with pla-
cebo. In addition, a double-blind trial examining the car-
diovascular efficacy and safety of ertugliflozin in patients 
with T2DM stratified by ejection fraction, showing that 
dapagliflozin diminished HHF in patients with or with-
out HFrEF [78]. In DELIVER trail and secondary analysis, 
dapagliflozin not only reduced the risk of CVD or wors-
ening HF events, but also consistently enhanced overall 
health and New York Heart Association functional rat-
ings in HFpEF patients [79, 80]. Collectively, the avail-
able evidence suggests that treatment with SGLT2i could 
ameliorate clinical outcomes in patients with DM and 
HFpEF.

The role of GLP-1 RA in diabetic HFpEF
There is growing evidence of great concern supporting 
the protective effect of GLP-1 RA on the heart in dia-
betic HFpEF patients (Table  3). Patel et al. conducted a 
retrospective cohort study and found that there was a 
significantly lower risk of HHF in patients with T2DM, 
overweight/obesity, and HFpEF receiving GLP-1 RA plus 
SGLT2i therapy compared with the SGLT2i-only therapy, 
suggesting a potential incremental benefit of GLP-1 RA 

Table 3  The role of GLP-1 RA in diabetic HFpEF
GLP-1 RA Subjects Follow-up 

period
Main findings Refer-

ences
GLP-1 RA 14,088 patients with T2DM, overweight/obesity, 

and HFpEF
12 months Associated with a significantly lower risk of HHF [81]

Semaglutide 1145 participants with obesity-related HFpEF 
(included 616 diabetic HFpEF patients)

52 weeks Improved HF-related symptoms, physical limitations 
and reduced NT-proBNP levels

[82, 
83]

Semaglutide 1146 participants with obesity-related HFpEF 
(included 636 diabetic HFpEF patients)

52 weeks Reduced C-reactive protein levels and improved 
symptoms, physical limitations, and exercise function

[84]

Semaglutide 616 T2DM patients with obesity-related HFpEF 52 weeks Contributed to larger reductions in HF-related symp-
toms and physical limitations

[85]

Liraglutide 95 T2DM patients 6 months Reduced EAT levels [87]
Semaglutide 20 subjects with T2DM and obesity 12 weeks Significantly decreased EAT thickness [88]
Exenatide 14,752 T2DM patients with or without HF (in-

cluded 516 diabetic HFpEF patients)
3.2 years Lowered the incidence of the composite outcome of 

all-cause death or HHF
[89]

Semaglutide 491 patients with obesity-related HFpEF (included 
422 diabetic HFpEF patients)

52 weeks Ameliorated adverse cardiac remodeling [90]

Semaglutide 3743 participants with a history of HFpEF (in-
cluded 941 diabetic HFpEF patients)

NA Decreased the risk of the combined endpoint of CVD 
or HF, as well as the worsening HF events

[91]

Liraglutide HFpEF mice model 12 weeks Attenuated the cardiometabolic dysregulation and 
improved cardiac function

[92]

Liraglutide HFpEF mice model 4 weeks Markedly improved diastolic function, cardiomyocyte 
hypertrophy and myocardial fibrosis

[93]

Semaglutide HFpEF mice model 4 weeks Improved the cardiometabolic profile, cardiac func-
tion and structure

[94]

Liraglutide 30 T2DM patients with coronary artery disease 24 weeks Did not improve any diastolic function parameters [95]
SGLT2i and 
GLP-1RA

336,334 patients with T2DM and without cardio-
vascular disease (included 17,451 patients with 
T2DM and HF)

4 years Prevented HF [96]

GLP-1RA glucagon-like peptide-1 receptor agonists; HFpEF heart failure with preserved ejection fraction; T2DM type 2 diabetes mellitus; HF heart failure; NT-proBNP 
N-terminal B-type ANP; EAT epicardial adipose tissue; HHF hospitalization for heart failure; NA not available
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[81]. However, it should be emphasized that the combi-
nation therapy group demonstrated a significantly higher 
incidence of diabetic retinopathy compared to mono-
therapy, necessitating careful risk-benefit evaluation 
in clinical decision-making. In pooled analyses of the 
STEP-HFpEF (Semaglutide Treatment Effect in People 
with obesity and HFpEF) and STEP-HFpEF-DM trials, 
GLP-1 RA had consistent beneficial effects on HF-related 
symptoms, exercise function, and inflammatory mark-
ers in patients receiving diuretics with obesity-related 
HFpEF [82]. It is generally accepted that NT-proBNP 
levels are biochemical markers of the extent of cardiac 
damage and predictors of adverse outcomes. A second-
ary analysis of the STEP-HFpEF and STEP-HFpEF DM 
trials involving 1145 obese T2DM-associated HFpEF 
patients showed that semaglutide reduced NT-proBNP 
levels and improved health status after 52  weeks [83]. 
Furthermore, another secondary analysis of the STEP-
HFpEF and STEP-HFpEF DM trials showed that sema-
glutide reduced C-reactive protein levels and improved 
symptoms, physical limitations, and exercise function in 
HFpEF obese patients [84]. Recently, Kosiborod et al. also 
reported that semaglutide contributed to larger reduc-
tions in HF-related symptoms, physical limitations and 
weight loss among patients with obesity-related HFpEF 
and T2DM [85]. However, the occurrence of treatment 
discontinuation due to serious adverse events was 1.8% 
higher in the semaglutide group.

A previous study identified that there was signifi-
cantly higher EAT level and severe myocardial damage 
in HFpEF patients with atrial fibrillation and/or T2DM 
[86]. In a randomized trial of 95 T2DM patients with 
body mass index (BMI) ≥ 27  kg/m2, liraglutide reduced 
EAT levels by 29% and 36% after 3 months and 6 months, 
respectively, in patients receiving liraglutide plus metfor-
min compared with those receiving metformin mono-
therapy [87]. During the study period, no serious adverse 
events occurred, but the incidence of expected mild 
gastrointestinal side effects was slightly higher in the 
liraglutide group. Likewise, Lacobellis and colleagues 
demonstrated that weekly administration of semaglu-
tide or duraglutide resulted in a rapid reduction in EAT 
thickness, by 20% within 12 weeks [88]. In the EXSCEL 
(Exenatide Study of Cardiovascular Event Lowering) 
trial, Fudim et al. found that once-a-week medication of 
exenatide had lowered the incidence of the composite 
outcome of all-cause death or HHF in patients without 
baseline HF [89]. The echocardiography substudy of the 
STEP-HFpEF indicated that semaglutide ameliorated 
adverse cardiac remodeling among patients with obesity-
related HFpEF [90]. More recently, a pooled analysis of 
four randomized, placebo-controlled trials showed that 
semaglutide decreased the risk of the combined endpoint 
of CVD or HF, as well as the risk of worsening HF events 

in patients with HFpEF [91]. Overall, these results sug-
gested that GLP-1 RA were beneficial to the cardiopro-
tection of people with diabetic HFpEF.

On the other hand, GLP-1 RA have protective effects 
on experimental HFpEF murine. In HFpEF female rats 
aged 18 to 22  months, liraglutide reduced myocardial 
hypertrophy and the attenuation of atrial weight, as 
well as improved myocardial fibrosis, which contrib-
uted to the reduction of cardiometabolic dysregulation 
[92]. Analogously, treatment with liraglutide markedly 
improved diastolic function, cardiomyocyte hypertrophy 
and myocardial fibrosis in a mouse model of HFpEF [93]. 
Recently, in a mouse model of diabetic HFpEF, Withaar 
et al. found that semaglutide improved the cardiometa-
bolic profile, cardiac function and structure [94]. More-
over, they also found that semaglutide could significantly 
up-regulate the activities of antioxidant enzymes and 
alleviate the cardiac damage caused by oxidative stress 
in HFpEF mice [94]. Nevertheless, Kumarathurai et al. 
found that liraglutide did not improve diastolic function 
parameters in patients with T2DM and coronary artery 
disease [95]. The reason for this might be that the study 
did not use diastolic function parameters for power cal-
culation and did not assess carry-over effects.

Apart from monotherapy, the combination regimens 
have shown great potential in the treatment of diabetic 
HFpEF. For instance, a meta-analysis demonstrated that 
SGLT2i/GLP-1 RA combination therapy lowered the 
incidence of HF and major adverse cardiac and cerebro-
vascular events more effectively than either agent alone 
[96]. The potential additive benefits of SGLT2i/GLP-1 RA 
combination therapy might be attributed to their distinct 
mechanisms of action. For example, the potential adverse 
effect of GLP-1 RA in promoting adipose tissue inflam-
mation could be attenuated by SGLT2i [97]. Therefore, 
SGLT2i/GLP-1 RA combination therapy negated adverse 
effect and increased additive benefits. However, more 
large-scale trials are needed to clarify the safety and effi-
cacy of the combined treatment approaches in patients 
with HFpEF.

The role of DPP4i in diabetic HFpEF
Unlike GLP-1 RA and SGLT2i, DPP4i, a relatively new 
class of anti-diabetic drugs, have aroused controversy 
due to inconsistency about their cardiovascular effects 
in diabetic HFpEF (Table  4). A number of random-
ized controlled trials have generated conflicting data 
[98, 99]. For example, sitagliptin decreased LV passive 
stiffness and ameliorated global LV performance in a 
model of T2DM-induced LV dysfunction mouse [100]. 
A retrospective cohort study found that sitagliptin and 
linagliptin significantly lowered HF risk compared with 
sulfonylurea monotherapy in patients with or without 
pre-existing cardiovascular disease [98]. Analogously, a 
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pooled analysis of trials demonstrated that DPP4i might 
attenuate all-cause mortality in HF patients in the sub-
groups of women and HFpEF [101]. Several studies dis-
closed that DPP4i was associated with a lower incidence 
of the composition of CVD and HHF in HFpEF cohort 
[14, 102].

Conversely, in SAVOR-TIMI 53 (saxagliptin assess-
ment of vascular outcomes recorded in patients with 
DM thrombolysis in myocardial infarction) trail, Scir-
ica et al. found that there were more HHF patients in 
the saxagliptin group than in the placebo group, and 
saxagliptin did not increase the occurrence of ischemic 
events in patients with HF [99]. At the same time, they 
also reported that the number of patients with one epi-
sode of hypoglycemia in the saxagliptin group was 1.9% 
higher than that in the placebo group. A previous meta-
analysis of randomized clinical trials suggested a differen-
tial effect of each DPP4i on the risk of HF [103]. It found 
that saxagliptin significantly increased the risk of HF by 
21%, especially in patients at high risk for cardiovascular, 
while no signal was detected for other DPP4i. The possi-
ble explanation of these inconsistent results was that the 

use of DPP4i might not have been long enough to reverse 
the effects of cardiovascular events. Another potential 
explanation for the differential effect could be discrep-
ancy in the study population. More importantly, the use 
of saxagliptin may have a substance-specific effect on HF 
risk [103]. Future clinical studies with large samples and 
long-term follow-up are warranted to further investigate 
the role of DPP4i in diabetic HFpEF patients.

Overall, although the cardiovascular implications 
of DPP4i remain complex and somewhat contentious, 
emerging evidence points toward their potential benefits, 
particularly in diabetic HFpEF patients.

Relevant mechanisms of novel antidiabetic drugs 
in diabetic HFpEF
As mentioned above, novel hypoglycemic agents, 
SGLT2i, GLP-1 RA and DPP4i, have shown favorable 
cardiovascular benefits in patients with diabetic HFpEF. 
However, their underlying mechanisms in diabetic 
HFpEF remain complex and still elusive. It is imperative 
to broaden the understanding of their potential mecha-
nisms. In recent years, several main relevant mechanisms 
of the novel antidiabetic drugs in preclinical model of 
diabetic HFpEF were investigated (Table 5).

Inflammation, oxidative stress and lipotoxicity
A previous study suggested that dapagliflozin signifi-
cantly prevented the development of HFpEF in diabetic 
rats. Further mechanism experiments revealed that 
dapagliflozin mitigated pro-inflammatory cytokines, 
nitro-oxidative stress, and fibrosis, as well as reduced 
apoptosis, and restored autophagy via activating adenos-
ine monophosphate kinase (AMPK) and mTOR path-
way [63]. Also, Kolijin et al. revealed that  empagliflozin 
improved cardiomyocyte stiffness and diastolic dysfunc-
tion by reducing inflammation, oxidative stress and pro-
tein kinase GIα (PKGIα) oxidation and polymerization 
in human and murine HFpEF [104]. In addition, dapa-
gliflozin attenuated the progression of diabetic cardio-
myopathy by activating AMPK, mTOR and  NOD-like 
receptor 3 (NLRP3) inflammasome in T2DM mice [105]. 
Moreover, in addition to alleviating hyperglycemia and 
hyperlipidemia, sitagliptin also  ameliorated inflamma-
tion and oxidative stress by down-regulating JAK/STAT 
signaling pathway in diabetic rats, conferring evidence 
for the therapy of diabetic cardiomyopathy [106]. A 
recent study underscored that dapagliflozin and/or lira-
glutide attenuated cardiac tissue injury via reducing key 
elements of oxidative stress, inflammation and apoptosis 
in diabetes-induced cardiomyopathy rats [62]. Though 
in vivo  and  in vitro  experiment, Li et al. indicated that 
empagliflozin partially exerted anti-oxidative stress and 
anti-apoptotic effects  on cardiomyocytes under high 
glucose conditions by activating AMPK/PGC-1α and 

Table 4  The role of DPP4i in diabetic HFpEF
DPP4i Subjects Follow-up 

period
Main findings Ref-

er-
ences

Sitagliptin and 
linagliptin

761,349 T2DM 
patients

435.1 days Statistically 
lowered risk for 
HHF

[98]

Saxagliptin 16,492 
patients with 
T2DM and 
a history of 
cardiovascular 
events

2.1 years Increased the 
rate of HHF, but 
did not increase 
or decrease the 
rate of ischemic 
events

[99]

Sitagliptin T2DM-
induced LV 
dysfunction 
mouse

8 weeks Decreased LV 
passive stiffness 
and amelio-
rated global LV 
performance

[100]

Sitagliptin, 
vildagliptin, 
alogliptin, 
saxagliptin, 
linagliptin and 
anagliptin

6,023 patients 
with HF and 
DM

NA Attenuated all-
cause mortality 
in female HF pa-
tients and HFpEF 
patients

[101]

Sitagliptin, 
vildagliptin, 
teneligliptin, 
alogliptin, 
linagliptin and 
anagliptin

797 patients 
with DM and 
HF (included 
17 diabetic 
HFpEF)

423 days Improved 
cardiovascular 
outcomes in DM 
patients with 
HFpEF

[102]

Saxagliptin 74,737 
participants 
with HF

NA Significantly 
increased risk 
of HF

[103]

DPP4i dipeptidyl peptidase 4 inhibitors; HFpEF heart failure with preserved 
ejection fraction; T2DM type 2 diabetes mellitus; HHF hospitalization for heart 
failure; HF heart failure; NA not available; LV left ventricular; DM diabetes mellitus
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suppressing other RhoA/ Rho-associated protein kinase 
(ROCK) pathway in diabetes-induced cardiomyopathy 
mice [107]. Analogously, semaglutide  protected dia-
betic cardiomyopathy mice against oxidative stress and 
apoptosis, and thereby improved cardiac dysfunction by 
activating Sirt1/AMPK pathway and restoring of Cx43 
expression [108].

In addition to inflammation and oxidative stress, lipo-
toxicity also played a vital role in diabetic HFpEF. Sun 
et al. indicated that canagliflozin could  attenuate lipo-
toxicity and inflammatory injury in cardiomyocytes 

and protected diabetic mouse hearts via inhibiting the 
mTOR/hypoxia-inducible factor-1α (HIF-1α) pathway 
[109].  Likewise, exendin-4 ameliorated lipotoxicity and 
protected cardiac function by suppressing the ROCK/
peroxisome proliferator activated receptorsα (PPARα) 
pathway in diabetic cardiomyopathy [110]. Besides, evo-
gliptin, was also reported to improve cardiac function 
through reducing lipotoxicity and mitochondrial injury, 
thereby preventing diabetic cardiomyopathy [111]. All 
these results highlight the underlying mechanisms of 

Table 5  Preclinical model of the novel antidiabetic drugs in diabetic HFpEF
Preclinical 
model

Antidiabetic 
drugs

Results Relevant mechanism Refer-
ences

DCM mice Canagliflozin Attenuated myocardial injury and inhibited diabetic 
myocardial tissues fibrosis and oxidative stress

Inhibited ferroptosis by balancing cardiac iron 
homeostasis and promoting the system Xc−/
GSH/GPX4 axis

[61]

DCM rats Dapagliflozin and 
liraglutide

Attenuated diabetes-induced cardiac tissue injury Markedly decreased the expression of pro-
inflammatory cytokine mRNA levels

[62]

DCM rats Dapagliflozin Downregulated the key markers of myocardial fibrosis, 
nitro-oxidative stress, pro-inflammatory cytokines, myo-
cardial hypertrophy, fibrosis, and reduced apoptosis

Restoring autophagy through AMPK activating 
and mTOR pathway repressing

[63]

HFpEF mice Liraglutide and 
empagliflozin

Markedly improved diastolic function, cardiomyocyte 
hypertrophy, myocardial fibrosis and exercise tolerance

Up-regulated the phosphorylation of ERK1/2 
and down-regulated the phosphorylation of 
PKCα through Erbb4 signaling pathway

[93]

HFpEF mice Semaglutide Improved the cardiometabolic profile and cardiac func-
tion and structure

By improving left ventricular cytoskeleton 
function and endothelial function and restored 
protective immune responses in visceral 
adipose tissue

[94]

HFpEF mice Empagliflozin Improved cardiomyocyte stiffness, reduced myocardial 
oxidative stress and pro-inflammatory cytokines

Reduced pro-inflammatory-oxidative path-
ways and PKGIα oxidation

[104]

DCM mice Dapagliflozin Reduced LV internal diameter, myocardial fibrosis, 
myocardial BNP, Caspase-1 mRNA levels and activation 
of NLRP3 inflammasome

Activated the AMPK-mTOR pathway and 
increased the level of RICTOR

[105]

DCM rats Sitagliptin Alleviated hyperglycemia, hyperlipidemia, heart-to-body 
weight ratio oxidative stress and inflammation

Through down-regulating the JAK/STAT signal-
ing pathway

[106]

DCM mice Empagliflozin Enhanced the diastolic and systolic functions of the 
heart, attenuated diabetic-induced mitochondrial injury, 
oxidative stress and cardiomyocyte apoptosis

Activated AMPK/PGC-1α and suppressed the 
RhoA/ROCK pathway

[107]

DCM mice Semaglutide Alleviated glucose metabolism disorders and improved 
cardiac insufficiency, oxidative stress and apoptosis

Activated Sirt1/AMPK pathway and restorated 
Cx43 expression

[108]

Type 2 
diabetic HF 
model

Canagliflozin Ameliorated heart functions and inflammatory 
responses

Bound to the mTOR and then inhibited the 
mTOR/HIF-1α pathway

[109]

DCM mice Exendin-4 Attenuated cardiac remodeling, improved cardiac func-
tion, oxidative stress, inflammation, and apoptosis

Inhibited the ROCK/PPARα pathway [110]

HFpEF rats Canagliflozin Improved cardiac remodeling markers and enhanced 
diastolic function

Restored balance in multiple metabolic 
pathways, particularly affecting β-alanine 
metabolism, pyrimidine metabolism, and the 
citrate cycle

[115]

HFpEF rats Dapagliflozin Mainly improved cardiomyocyte hypertrophy, apoptosis, 
inflammation, oxidative stress, and fibrosis

Inhibited myocardial fatty acid uptake and 
energy pathway activation

[116]

DCM rats Liraglutide Alleviated diabetic myocardium injury By promoting AMPK-dependent autophagy [117]
DCM rats Dapagliflozin Attenuated cardiac dysfunction, myocardial fibrosis and 

EndMT
Through suppressing fibroblast activation and 
EndMT via AMPKα-mediated inhibition of TGF-
β/Smad signalling

[120]

DCM diabetic cardiomyopathy; AMPK AMP-activated protein kinase; mTOR mammalian target of rapamycin; LV left ventricular; PKGIα protein kinase GIα; NLRP3 
NLR family pyrin domain containing 3; JAK/STAT janus kinase/signal transducer and activator of transcription; EndMT endothelial to mesenchymal transition; TGF-β 
transforming growth factor-β
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novel antidiabetic drugs in diabetic HFpEF in modulating 
inflammation, oxidative stress and lipotoxicity (Fig. 2).

Autophagy and mitochondrial dysfunction
Autophagy plays a crucial role in maintaining cardiac 
homeostasis and promoting cardiac protection by pre-
serving mitochondrial function [112, 113]. Empagliflozin 
activated SIRT3-mediated autophagic signaling path-
ways via AMPK/Beclin1 and autophagosome membrane 
elongation, which induced the formation of myocar-
dial autophagosomes and reduced  cardiac pathological 
remodeling, ultimately alleviating damage to the cardiac 
structure [114]. Canagliflozin ameliorated myocardial 
remodeling in HFpEF rats by optimizing cardiac energy 
metabolism, enhancing mitochondrial function, and con-
sequently reducing myocardial hypertrophy and fibrosis, 
with simultaneous improvement of diastolic function 
[115]. Dapagliflozin alleviated cardiac diastolic and sys-
tolic dysfunction in the advanced progression of HFpEF 
by attenuating cardiac metabolic dysregulation through 
inhibiting myocardial fatty acid uptake and energy path-
way activation [116]. Similarly, Zhang et al. provided 
evidence that liraglutide alleviated diabetic myocardium 
injury by promoting AMPK-dependent autophagy in the 
vivo and in the vitro models [117]. Moreover, sitagliptin 
attenuated diabetes-induced cardiac injury by reduc-
ing nitroxidative stress and promoting autophagy [118]. 
Recently, Xie et al.  investigated that dulaglutide pre-
vented diabetic HF and myocardial metabolic remodeling 
by impeding mitochondria fragmentation [119]. In short, 

these findings underscored that increased autophagy and 
improved mitochondrial dysfunction was involved in 
the cardioprotective effects of novel antidiabetic drugs 
(Fig. 3).

In addition to the above related mechanisms, several 
other relevant mechanisms were also considered. Du 
et al. suggested that canagliflozin  inhibited ferroptosis 
by balancing cardiac iron homeostasis  and activating 
Xc−/GSH/GPX4 axis in diabetic cardiomyopathy [61]. 
Another interesting study implied that dapagliflozin miti-
gated myocardial fibrosis and diabetic cardiomyopathy 
by suppressing fibroblast activation and endothelial-to-
mesenchymal transition via AMPKα-mediated inhibition 
of TGF-β/Smad signaling [120].

Conclusion and future perspectives
It is unequivocal that the risk and burden of HFpEF is 
increasing due to aging of population, the global epi-
demic of obesity and T2DM. Current evidence supports 
that the novel antidiabetic drugs exert cardioprotective 
effects and reduce the comorbidity in DM patients with 
HFpEF.

In spite of increasing overall prevalence of conditions 
that contributed to the pathophysiology of HFpEF, there 
was considerable international variation in the preva-
lence of HFpEF and its contributing factors. It should also 
be pointed out that the combination of the new hypogly-
cemic drugs and other drugs alleviated the clinical symp-
toms of patients, causing the NT-proBNP value to return 
to normal, thereby providing additional cardiovascular 

Fig. 2  The mechanisms of novel antidiabetic drugs in diabetic HFpEF via inflammation, oxidative stress and lipotoxicity. Novel antidiabetic drugs could 
reduce inflammation, oxidative stress, apoptosis and lipotoxicity, by activating several signaling pathways, including AMPK/mTOR, AMPK/PGC-1α, Sirt1/
AMPK, or by inhibiting certain signaling pathways, such as JAK/STAT, RhoA/ROCK, mTOR/HIF-1α and ROCK/PPARα pathway, ultimately improving diabetic 
HFpEF
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event protection for HFpEF, without new safety signals 
found [121, 122]. The possible mechanism might be the 
interference of those drugs with sodium retention and 
cardiac inflammation, microvascular sparseness and 
fibrosis [123].

Naturally, the mechanisms in which the novel antidia-
betic drugs were involved in diabetic HFpEF were mul-
tifactorial. Moreover, several novel antidiabetic drugs, 
such as DPP4i and SGLT2i, remained complex and some-
what contentious in providing the cardiovascular ben-
efits in diabetic HFpEF. For example, the pooled analysis 
of EMPEROR-Reduced and EMPEROR-Preserved trial 
demonstrated that the use of empagliflozin in patients 
with LVEF ≥ 65% was also controversial [124]. The Food 
and Drugs Administration of the United States has 
pointed out that it is not recommended to use SGLT2i 
for patients with eGFR < 45  mL/min/1.73 m2. One pos-
sible cause for such controversy might be the substance-
specific effects of saxagliptin, which could be attributed 
to off-target side effects of DPP4 enzyme, resulting in 
unexpected alterations of other bioactive substrates in 
the body. Another explanation could be the differences in 
the study population and the distinct baseline character-
istics of potential diseases. Therefore, larger and longer 

durations of randomized controlled trials, along with 
well-designed mechanistic studies, are needed to com-
prehensively unlock the exact roles and mechanisms of 
novel antidiabetic drugs in diabetic HFpEF in the future.
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Fig. 3  The relevant mechanisms of the novel antidiabetic drugs in diabetic HFpEF through mitochondrial dysfunction, autophagy and ferroptosis. Novel 
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