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Abstract

Heart failure (HF) is increasing at an alarming rate, primary due to the rising in aging, obesity and diabetes. Nota-

bly, individuals with type 1 diabetes (T1D) face a significantly elevated risk of HF, leading to more hospitalizations

and increased case fatality rates. Several risk factors contribute to HF in T1D, including poor glycemic control, female
gender, smoking, hypertension, elevated BMI, and albuminuria. However, early and intensive glycemic control can
mitigate the long-term risk of HF in individuals with T1D. The pathophysiology of diabetes-associated HF is complex
and multifactorial, and the underlying mechanisms in T1D remain incompletely elucidated. In terms of treatment,
much of the evidence comes from type 2 diabetes (T2D) populations, so applying it to T1D requires caution. Sodium-
glucose cotransporter 2 inhibitors have shown benefits in HF outcomes, even in non-diabetic populations. However,
most of the information about HF and the evidence from cardiovascular safety trials related to glucose lowering medi-
cations refer to T2D. Glycemic control is key, but the link between hypoglycemia and HF hospitalization risk requires
further study. Glycemic variability, common in T1D, is an independent HF risk factor. Technological advances offer

the potential to improve glycemic control, including glycemic variability, and may play a role in preventing HF. In sum-
mary, HF in T1D is a complex challenge with unique dimensions. This review focuses on HF in individuals with T1D,
exploring its epidemiology, risk factors, pathophysiology, diagnosis and treatment, which is crucial for developing
tailored prevention and management strategies for this population.
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Introduction

Heart failure (HF) currently represents a global health
problem due to the significant levels of morbid-
ity and mortality associated with it [1, 2]. Although
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manifestation of cardiovascular conditions, overtak-
ing atherosclerotic diseases in this regard [6]. Indeed,
the rising prevalence of DM worldwide and the aging
of the world’s population have led to the emergence of
a significant problem associated with diabetes-related
HF [7, 8]. The relationship between DM and HF is
complex and multifactorial, and several mechanisms
have been implicated. Diabetes increases the risk of HF
regardless of classical cardiovascular risk factors such
as hypertension or coronary heart disease. While the
existence of distinct diabetic cardiomyopathy (DCM)
remains a subject of debate, numerous experimental
and preclinical studies have shown that hyperglycemia
results in structural, functional, metabolic, and hemo-
dynamic alterations in the myocardium [9, 10].

In recent years, there has been growing interest in
HF due to the development of new therapies, including
glucose-lowering medications, such as sodium-glucose
cotransporter 2 inhibitors (SGLT2), which have dem-
onstrated significant cardioprotective effects, leading
to notable improvements in HF symptoms, reduced
hospitalizations rates, and decreased mortality [11].
Nonetheless, most of the knowledge concerning HF
and the evidence from cardiovascular safety trials
involving antidiabetic drugs refer to T2D.

Type 1 diabetes (T1D) is a chronic autoimmune
disorder characterized by the destruction of insulin-
producing beta cells in the pancreas. Similar to what
occurs in T2D, cardiovascular disease, which includes
HF, emerges as a long-term complication in T1D
[12]. Recent epidemiological findings have shown an
increasing prevalence of HF in individuals with T1D,
potentially linked to a growing population of older
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individuals with long-standing T1D. However, HF in
patients with T1D has not been studied as comprehen-
sively as in patients with T2D. Understanding the com-
plex mechanisms that link T1D and HF is crucial for
the development of effective strategies for prevention
and management. In this review, our primary focus
will be on examining the evidence regarding heart
failure in individuals with T1D, with particular atten-
tion paid to aspects such as epidemiology, risk factors,
pathophysiology, and treatment options.

Methodology

We conducted a systematic search on the electronic
database PubMed to look for relevant articles based on
the research question. Papers were selected for inclu-
sion in the present review according to their relevance,
as judged by the authors. As a literature review, no
ethics committee approval was needed.

Epidemiology, risk factors and prognosis

In developed countries, HF affects approximately 1-2%
of the adult population [6, 13], and in elderly individuals,
the prevalence can rise to more than 10% [14]. Data from
observational [15] and systematic studies [16] suggest a
significant increase in the incidence rate of HF in subjects
with T1D (Table 1) and a high risk of hospitalization due
to HF among individuals with T1D, a risk that may quad-
ruple that of the general population [17, 18]. A 10-year
retrospective study by McAllister et al. [17] found 1313
occurrences of HF among patients with T1D of more
than 3.25 million adults without DM, T2D, and T1D. The
crude incidence rate of HF hospitalization in the T1D

Table 1 Studies examining the association between type 1 diabetes mellitus and heart failure

Study/Author Design Follow-up (years) Subjects with T1D* Results

Haji et al. 2023 [17] Meta-analysis From 1-12 61,885 RR 3.4 (95% Cl, 2.71-4.26)

Giménez-Pérez et al. 2023 Retrospective cohort 6 8412 The occurrence of HF

[179] was 14.4%. In women > 65y
HF was the most frequent
event (40.5%)

Chadalavada et al. 2021 [25]  Prospective cohort 8 2626 RR 2.92 (95% Cl, 2.57-3.32)

Avogaro et al. 2020 [16] Meta-analysis 11+£3 160,096 IRR 2.9 (95% Cl, 2.11-3.99)

Cai et al. 2020 [20] Meta-analysis From 4.5-24 166,027 RR 4.3 (95% Cl, 3.54-5.19)

Larsson et al. 2018 [180] Prospective cohort 17 247 RR 2.7 (95% Cl, 1.76-4.09)

McAllister et al. 2018 [18] Retrospective cohort 10 25,610 IRR 2.32 (95% Cl, 2.20-2.45)

Rawshani et al. 2018 [26] Retrospective cohort 10 27,195 IRR 5.39 (95% Cl, 0.46-62.80)

Rosengren et al. 2015 [19] Prospective cohort 7.9 33,402 IRR 4.12 (95% Cl, 3.80-4.47)

Lind etal. 2011 [23] Prospective cohort 9 20,985 IRR 3.48 (95% Cl, 3.17-3.83)

T1D type 1 diabetes, Cl confidence interval, RR relative risk, IRR incidence rate ratio, HF heart failure

" patient-years
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group was 5.6 per 1000 person-years, compared with 2.4
cases in individuals without DM and 12.4 cases in those
with T2D. Patients with T1D had a higher case fatality
rate than people without DM and the difference was big-
ger in men (OR, 1.91; 95% CI, 1.68-2.18) than in women
(OR, 1.31; 95% CI, 1.05-1.65) [17].

Furthermore, a recent meta-analysis investigated the
risk of HF in individuals with T1D compared to those
without DM. They reviewed four studies, with follow-
up periods ranging from 1 to 12 years, and found that
there had been a total of 1378 HF events among individu-
als with T1D, 3993 among those with T2D, and 18,945
among the controls. The incidence rate of HF per 1000
person-years was 5.8 for T1D, 10.0 for T2D, and 2.3 for
controls. T1D patients had a three-fold higher risk of HF
compared to controls (RR 3.4) and this risk was approxi-
mately five times higher in women with T1D (RR 4.9)
compared to men (RR 3.0) [16]. Moreover, a separate sys-
tematic review that analyzed six observational studies,
found that the HF incidence rate in T1D patients was also
three times higher than in healthy controls (p<0.001).
The analysis indicated a correlation between HF risk and
the age of T1D patients, suggesting that careful moni-
toring of HF risk factors is crucial, mainly since early
diabetes onset may be a significant factor in reducing
HF risk in this population. For every 10 years of disease
duration, there was a slight increase of 0.003 in the Inci-
dence Rate (IR) of HF, although this trend did not reach
statistical significance (p value=0.07) [15]. Additionally,
this elevated risk of developing HF for T1D individuals
was found to be even higher, approximately four times
so, in a meta-analysis aimed at investigating the asso-
ciation between T1D and cardiovascular disease (CVD)
(Table 1). The study also noted an elevated risk of HF
among females with T1D [19].

Regarding the different phenotypes based on left ven-
tricular ejection fraction (LVEF) (heart failure with
reduced ejection fraction [HFrEF], heart failure with
mid-range ejection fraction [HFmrEF], heart failure with
preserved ejection fraction [HFpEF], the available data is
very limited. In a 7-year prospective study involving indi-
viduals with long-standing T1D, the overall prevalence of
HF at the end of the follow-up period was 3.7%. Among
the patients with HF, 85% exhibited HFpEF (defined
by LVEF >50%), while the remaining 15% had HFrEF
(defined by LVEF <50%) [20]. Similar to other conditions,
there is a lack of data regarding the prevalence of HFm-
rEF (defined as LVEF 40-49%) because most epidemio-
logical studies, including the aforementioned one, have
categorized HF patients into two groups using an LVEF
cutoff value of 50%. Moreover, a recent study included
154 patients with T1D and myocardial dysfunction from
the Thousand & 1 study as a comparison subgroup.
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Although this study assessed LVEF in individuals with
T1D, it primarily focused on subjects without known
heart disease. Notably, the study only reported the mean
ejection fraction (55.8 +7.58) [21]. The specific analysis of
different phenotypes based on LVEF within the context
of HF and T1D, remains insufficiently documented, pre-
senting an area that warrants further research.

Regarding risk factors, in a study of 33,402 patients
with T1D over a mean follow-up period of 7.9 years,
Rosegren et al. found that, besides female gender, worse
glycemic control and the presence of albuminuria were
associated with an increased risk of HE. Interestingly,
even well-controlled diabetes and normoalbuminu-
ria were linked to an elevated risk of HF, though it was
not as pronounced in those with both well-controlled
diabetes and normoalbuminuria [18]. Furthermore, a
Danish cohort of T1D subjects with either diastolic or
systolic subclinical myocardial dysfunction, when com-
pared to a control group, had a longer history of diabe-
tes (35.1+14.9 vs. 30.1+15.5 years; p=0.005), a higher
body mass index (BMI) (26.1+3.9 vs. 25.0+3.7 kg/
m? p=0.013), higher systolic blood pressure (143 vs.
136 mmHg; p<0.001), and lower kidney function (eGFR
754+26.2 vs. 83.7+21.0 mL/min/1.73m% p=0.003).
Additionally, they were more likely to be on statin
(p=0.039) and antihypertensive medications (p <0.001),
and showed a higher prevalence of advanced retinopathy
and albuminuria stages (p<0.001 for both comparisons)
[21] (Table 2).

The DCCT/EDIC study revealed that glycemic con-
trol, measured by glycated hemoglobin (HbAlc) was the
most significant modifiable risk factor for congestive HF
in 1441 patients with T1D over 29 years. For every 1%
increase in HbAlc, there was a 3.15-fold higher risk of
HE. Early intensive therapy appeared to reduce the long-
term risk of HF five fold compared to conventional treat-
ment; however, the 30-year analysis included relatively
few HF events, preventing a definitive conclusion [22].
In line with these results, Lind et al. found that patients
with elevated HbAlc levels (>10.5%) experienced a > ten-
fold increased risk of morbidity and mortality from CVD,
particularly HF. This risk escalated with age and the dura-
tion of diabetes and was further exacerbated by modifia-
ble factors such as smoking, high systolic blood pressure,
and elevated BMI. Additionally, a history of acute myo-
cardial infarction contributed to an increased risk of
HE. On the other hand, higher levels of HDL cholesterol
(HDL-c) were associated with a reduced risk of HF, while
LDL cholesterol levels showed no significant correlation
[23].

Moreover, in a study of 78 adolescents with a 6-year
history of T1D, despite normal cholesterol and lipid
levels, a significant number had microalbuminuria and
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Table 2 Risk factors for developing heart failure in patients with type 1 diabetes

Non-modifiable risk factors

Potentially modifiable risk factors

Female gender

Age

Longer duration of diabetes
Myocardial infarction
Chronic kidney disease
Hypertension

Poor glycemic control
Increased body mass index
Albuminuria

Lipid profile

Tobacco smoking

diastolic dysfunction. Female patients with diastolic
dysfunction had lower HDL-c levels (OR 0.93; 95% CI
0.88-0.99; p=0.029) and higher total cholesterol (TC)/
HDL-c (OR 2.55; 95% CI 1.9-5.45; p=0.016) and triglyc-
eride (TG)/HDL-c (OR 2.74; 95% CI 1.12-6.71; p=0.028)
ratios, which were linked to diastolic complications. The
cutoff values for predicting diastolic dysfunction were
49 mg/dL for HDL, 3.0 for TC/HDL-c, and 1.85 for TG/
HDL. These findings suggest that these ratios may help
predict diastolic dysfunction in young female patients
with poorly controlled T1D [24].

Regarding mortality, a UK study examined the impact
of DM on mortality and the occurrence of HF, with a
focus on gender differences. Results showed that indi-
viduals with DM had nearly twice the risk of mortality
and HF compared to those without. Notably, women
with DM, especially T1D, had a significantly higher risk
of HF than men with DM, independent of other risk
factors. This gender-diabetes interaction was more pro-
nounced in T1D [25]. Furthermore, in a Swedish study
involving 27,195 individuals with T1D and 135,178
controls with a median follow-up period of 10 years,
924 T1D patients and 1405 controls died. The findings
showed that individuals who developed T1D between 0
and 10 years of age had significantly higher hazard ratios
for various outcomes compared to controls, including a
4.11-fold risk of death, a 7.38-fold risk of cardiovascu-
lar death, an 11.44-fold risk of CVD, a 30.50-fold risk of
coronary heart disease, a 30.95-fold risk of acute myo-
cardial infarction, a 6.45-fold risk of stroke, a 12.90-fold
risk of HF, and a 1.17-fold risk of atrial fibrillation. For
those who developed T1D between the ages of 26 and
30, the risks were lower but still high. The overall inci-
dence rate for all-cause mortality in T1D patients was
1.9 per 100,000 person-years. Developing T1D before
10 years of age resulted in a greater loss of life-years

compared to diagnosis between 26 and 30 years of age,
with women losing 17.7 and men losing 14.2 life-years in
the former group and 10.1 and 9.4 life-years in the latter
group, respectively. The study underscores the substan-
tial impact of age at T1D onset on mortality and cardio-
vascular risks [26].

On diabetes onset, a recent study comparing Latent
Autoimmune Diabetes in Adults (LADA) to T2D
revealed similar risks of death (HR 1.44; 95% CI 1.03, 2.02
vs. 1.31,95% CI, 1.03, 1.67) and CVD, including HF (HR
1.22; 95% CI 0.82, 1.62 vs. 1.53, 95% CI, 1.17, 2.00). How-
ever, LADA individuals exhibited a higher risk of diabetic
retinopathy and poorer glycemic control. Two LADA
subgroups emerged based on autoantibody levels: lower
GADA levels were more likely to have CVD at the time
of diagnosis and linked to higher risks of recurrent CVD
and mortality, while higher GADA levels were associated
with poor glycemic control and increased risk of CVD
after diagnosis [27]. The main result of this study aligns
with the findings of the UKPDS and other research stud-
ies [28, 29].

Moreover, a cohort study that evaluated the signifi-
cance of risk factors and previous CVD, HF, and chronic
kidney disease (CKD) for mortality in 36,303 T1D
patients, revealed that older age (>60 years), male gen-
der, high HbAlc (>7.8%), high blood pressure, a history
of CVD, albuminuria, and advanced CKD were all asso-
ciated with an increased risk of death. Subjects with a
combination of CKD, CVD, and HEF, exhibited a markedly
increased risk of dying prematurely. The highest mortal-
ity rates were seen in people with the lowest renal func-
tion (eGFR stages G4—G5), or with a history of CVD, but
especially in those with a history of HF. This underscores
the importance of managing risk factors and addressing
cardiovascular and renal complications in people with
T1D [30].
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Pathophysiology of diabetes-associated HF

The mechanisms responsible for the association between
DM and HF are complex and not fully understood. It is
known that the primary contributors to HF in patients
with DM include coronary artery disease (CAD) as well
as arterial hypertension. However, numerous experimen-
tal and clinical studies have reported a direct harmful
impact of DM on the myocardium. The presence of myo-
cardial dysfunction in the absence of overt clinical CAD,
valvular disease, and other conventional cardiovascular
risk factors such as hypertension has led to the use of the
term diabetic cardiomyopathy (DCM) [10]. The existence
of this specific form of cardiomyopathy was first pro-
posed in 1972 after post-mortem studies [31], based on
the discovery of HF in individuals with DM who showed
no signs of detectable CAD. Further investigations sub-
sequently yielded more conclusive evidence of DCM in
diabetic subjects without CAD [32]. This entity is based
on the concept that diabetes itself is the key factor that
induces structural and/or functional changes leading to
the development of progressive left ventricular (LV) dys-
function. However, the existence of a cardiomyopathy as
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a distinct clinical entity is still uncertain and continues
to be a subject of controversy. Indeed, it is reasonable
to expect that this form of cardiomyopathy may also be
present in diabetics who have concomitant CAD and/or
hypertension. Nevertheless, assessing the specific impact
of DCM on overall ventricular dysfunction in such cases
is a significant challenge.

On the other hand, DCM is frequently an unrecog-
nized pathological process and the exact prevalence
remains uncertain because the disease follows a sub-
clinical and asymptomatic course during its initial stage.
The presence of LV dysfunction in diabetic subjects
is estimated to be around 15-20%, but diastolic dys-
function, an early functional alteration in the diabetic
myocardium, can be detected in up to 25-60% using
conventional and Doppler ultrasound [33]. Although the
concept of DCM is often considered in subjects affected
by T2D, a metabolically-induced cardiomyopathy is also
evident in subjects with T1D. In T1D, the presence of
diastolic dysfunction has been demonstrated even in
adolescents and young adults, as a potential early marker
of HF [18, 34, 35].

DIABETES

Mechanisms common to both types of diabetes: T2D and T1D

Production of AGES
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Fig. 1 Potential mechanisms implicated in the pathophysiology of diabetic cardiomyopathy, and differential features in both types of diabetes. AGE
Advanced glycation end products, 72D, Type 2 diabetes mellitus, T1D Type 1 diabetes mellitus
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DCM is characterized by cardiac hypertrophy, inter-
stitial fibrosis, cardiomyocyte apoptosis and associated
diastolic and/or systolic myocardial dysfunction, and
eventually by clinical HF [36-38]. Pathogenic mecha-
nisms implicated in the development and progression of
DCM are likely to be complex and multifactorial, from
altered myocardial metabolism (hyperglycemia, hyper-
insulinemia, lipotoxicity) to inflammation and oxidative
stress, renin—angiotensin—aldosterone activation, micro-
vascular dysfunction, cardiac autonomic neuropathy, or
cardiac autoimmunity, among other things [39]. Most
of these mechanisms are closely interrelated. Diabetic
cardiomyopathy has been extensively studied in T2D,
while its mechanisms in T1D are not fully understood.
Although T1D and T2D differ in etiology and metabolic
profiles, the two types share many features of cardiomyo-
pathy [37]. However, specific mechanisms have been doc-
umented only in T1D. Figure 1 schematically represents
the common and differential potential pathophysiologi-
cal mechanisms involved in the onset and progression of
DCM in both types of diabetes. Next, we will provide a
concise overview of the main primary pathways associ-
ated with myocardial dysfunction, with a particular focus
on findings related to T1D.

Molecular and cellular mechanisms contributing

to diabetes-associated HF in type 1 diabetes
Hyperglycemia and advanced glycation end products (AGEs)
One of the most well established mechanisms linking
DM, including T1D, to HF is chronic hyperglycemia.
Both preclinical and clinical evidence strongly suggests
that hyperglycemia plays a causal role in diabetes-related
HE, including in T1D [19, 23, 40, 41]. In experimental
models of T1D diabetic cardiomyopathy, the improve-
ment of hyperglycemia mitigates diabetes-associated
diastolic dysfunction [42]. Chronic hyperglycemia results
in the exacerbation of two potentially pathological
molecular processes: non-enzymatic glycation with the
formation of advanced glycation end products (AGEs)
and oxidative stress, both intricately linked. AGEs may
play a pivotal role in the development and progression of
DCM by stimulating collagen expression and accumula-
tion, contributing to myocardial fibrosis and stiffness,
and diastolic dysfunction [43, 44].

Oxidative stress and mitochondrial dysfunction

Additionally, chronic hyperglycemia increases mito-
chondrial activity, promoting the production of reac-
tive oxygen species (ROS) and elevated oxidative stress.
These effects trigger an inflammatory process in the
myocardium, leading to fibrosis and cardiac remodeling,
disruption of calcium homeostasis, endothelial dysfunc-
tion, and ultimately a reduction in cardiac contractility
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and relaxation [36, 39]. In several mouse models of T1D,
therapeutic targeting focused on oxidative stress was
associated with suppressed high glucose-induced super-
oxide generation and enhanced mitochondrial function,
with an effect in preventing cardiac remodeling and dys-
function in a setting of DM [45-47].

Mitochondrial dysfunction plays a pivotal role in DCM
and is usually found in cardiac tissue in T1D [37, 48, 49].
Decreased mitochondrial oxidative capacity is caused by
altered mitochondrial ultrastructure, proteomic remode-
ling, and oxidative damage to proteins and mitochondrial
DNA [47, 50]. Additional mechanisms for mitochon-
drial dysfunction comprise perturbed mitochondrial
Ca2+dynamics, mitochondrial uncoupling in T2D, and
decreased cardiac insulin signaling in T1D [48, 49].

Inflammation
On the other hand, chronic inflammation plays a key
role in the pathogenesis of HF in diabetes, especially in
HF with preserved ejection fraction [49, 51-53]. It is well
established that DM is a pro-inflammatory state [54]. This
inflammatory milieu can cause direct damage to cardiac
myocytes, leading to myocardial dysfunction. Additionally,
inflammation contributes to the formation and progres-
sion of atherosclerosis, a key factor in HF development.
Several systemic inflammatory biomarkers have been
described as being associated with CVD, including HF
[55]. In particular, in a study by Puig et al., the systemic
pro-inflammatory molecule GlycA, a novel biomarker of
protein glycan N-acetyl groups, was associated with the
presence of myocardial dysfunction in T1D subjects [21].
In relation to cardiac inflammation, studies using
experimental models of diabetes have identified a criti-
cal role for increased myocardial inflammation in the
progression of DCM [56]. Hearts from T1D mice and
rats showed increased infiltration by leukocytes, such as
macrophages, which raised levels of pro-inflammatory
cytokines (TNFa, IL-1B, IL-6), increased the expression
of vascular cell adhesion molecule-1 and intercellular
adhesion molecule-1, and decreased the activity of the
collagen-degrading matrix metalloproteinase (MMP),
leading to profibrotic responses and cardiac remodeling
[51, 57]. Therapies that target proinflammatory signal-
ing have been shown to attenuate the development of
experimental diabetic cardiomyopathy associated with a
reduction in myocardial inflammation and cardiac fibro-
sis [56—58]. Nevertheless, clinical trials of anti-inflam-
matory and anti-cytokine therapies have shown limited
cardioprotective benefits, in some cases even inducing
adverse effects [52]. Moreover, studies in mouse mod-
els of T1D have detected higher T-cell infiltration in
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the myocardium, and certain efforts to mitigate cardiac
fibrosis by reducing T-cell movement have proven effec-
tive [59, 60].

Lipotoxicity

Lipotoxicity and cardiac lipid accumulation in the heart
have also been implicated in the development of DCM
[61-63]. Studies on myocardial metabolism have dem-
onstrated reduced glucose uptake and increased fatty
acid (FA) uptake in individuals with T1D. In T1D, the
deficiency of insulin promotes the release of FAs from
adipose tissue, leading to a heightened presence of
excess FAs in various tissues, including the myocar-
dium. Under physiological conditions, the myocardium
can utilize fatty acids and glucose as energy substrates,
being able to switch energy sources depending on their
relative availability, a condition known as metabolic
flexibility. When an excessive amount of FAs exceeds
the cell’s oxidative capacity, the FAs will accumulate,
leading to a rise in metabolic stress and a significant
reduction in cardiac efficiency and function. Addition-
ally, the accumulation of FAs stimulates the production
of intermediate products (ceramides, diacylglycerol,
and ROS) which accumulate in the cardiomyocyte’s
cytoplasm and lead to its apoptosis [64—66].

Endothelial and microvascular dysfunction
Microangiopathy has been shown to be present in the
myocardium of diabetic patients. Autopsy samples of
ventricular myocardium analyzed through traditional
histological methods have revealed signs such as cap-
illary basement membrane thickening, arteriole medial
thickening, and perivascular fibrosis [37, 67, 68]. The
possible mechanisms promoting microangiopathy in
DCM are hyperglycemia, hyperlipidemia, and activa-
tion of the neurohormonal system. These factors may
act either independently or synergistically, giving rise
to oxidative stress, alterations in cellular signaling, and
gene transcription. The microvascular changes result
in reduced myocardial perfusion, subsequently com-
promising energy levels and leading to alterations in
calcium handling, apoptosis, and diminished cardiac
contractile strength [69].

Impaired endothelial function is a typical find-
ing in DCM. In subjects with T1D hyperglycemia
and oxidative stress impair endothelial function [70].
This endothelial dysfunction results in reduced bio-
availability of nitric oxide, a molecule responsible
for vasodilation and maintaining blood vessel health.
With compromised endothelial function, there is an
increased risk of hypertension and atherosclerosis,
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both of which are risk factors for HF. In the clinical set-
tings, a link between coronary microvascular dysfunc-
tion and concurrent albuminuria has been reported. In
T1D patients without a known history of heart disease,
both microalbuminuria and macroalbuminuria have
been associated with the presence of subclinical myo-
cardial dysfunction [71].

Neurohormonal dysregulation and cardiovascular
autonomic neuropathy

Activation of the renin—angiotensin—aldosterone system
(RAAS) contributes to myocardial dysfunction [72-74].
Therefore, significantly more impaired cardiac sympa-
thetic nervous system activity has been reported in HF
patients with DM compared with HF patients with-
out [75], and this is associated with adverse outcomes
[76, 77]. Activation of the adrenergic system increases
B-adrenergic expression and signaling, promoting myo-
cyte hypertrophy, interstitial fibrosis, myocyte apoptosis,
and contractile dysfunction [78]. In experimental models
of T1D, an elevation in angiotensin-II receptor density
and synthesis has been observed [57, 79].

On the other hand, although cardiovascular autonomic
neuropathy (CAN) is one of the least understood of all
serious complications of diabetes, cardiac sympathetic
signals play an important role in the perfusion of myo-
cardial injury [80]. CAN is associated with imbalance
between sympathetic and parasympathetic components
of the autonomic nervous system. For instance, height-
ened cardiac sympathetic tone may lead to a decrease in
myocardial vascularity, induce vascular hyperreactivity,
heighten mitochondrial production of reactive oxygen
species, disrupt intracellular signaling, trigger myocar-
dial apoptosis, and encourage myocardial remodeling
[39, 81]. Clinically it is associated with rest tachycardia,
exercise intolerance, orthostatic hypotension and silent
myocardial ischemia.

CAN is known to occur in individuals with T1D, cor-
relating with increased CVD and mortality [79, 80]. It is
suggested that cardiac neuropathy may affect up to 40%
of individuals with T1D [82, 83]. However, CAN is more
commonly associated with T2D, and it has been indepen-
dently associated with LV diastolic dysfunction, even in
asymptomatic T2D patients without any history of CVD
[82]. In the study conducted by Maddaloni et al., it was
observed that the prevalence of CAN is significantly
higher in individuals with T2D compared to those with
autoimmune diabetes (LADA and T1D) (64% vs. 40%
vs. 26%; p<0.001) [84]. Moreover, the study showed that
individuals with LADA are 2.7 times less likely to develop
CAN than those with T2D, even with a similar disease
duration, irrespective of age and gender [84]. Conversely,
after adjusting for pre-specified confounders and age, the
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risk of CAN in LADA was found to be similar to that in
T1D. Long-standing diabetes and poor glycemic control
are considered the main risk factors for the development
of CAN in T1D [81, 85]. Strict glycemic control can pre-
vent the development or delay the progression of CAN
in subjects with T1D [86]. Some observational studies
suggest that the presence of CAN is associated with the
impairment of systolic and diastolic LV function [87].

Cardiac autoimmunity

A role for autoimmune mechanisms in the development
of DCM is another point of recent interest. In observa-
tional studies, the presence of autoantibodies against
heart muscle proteins is associated with subclinical myo-
cardial dysfunction in subjects with T1D, independent
of traditional CV risks. A study published by Sousa et al.
involving 892 subjects with T1D being followed in the
DCCT observed higher levels of cardiac autoantibodies
in those who had inadequate glycemic control. Subjects
who tested positive for two cardiac autoantibodies were
more likely to have subclinical myocardial dysfunction
and had an increased risk of higher cardiovascular dis-
ease. Using cardiac magnetic resonance indices, subjects
with>2 autoantibodies were shown to have markedly
greater LV end-diastolic volume (EDV), end-systolic vol-
ume (ESV), and LV mass, as well as a lower LVEF [88].
Chronic hyperglycemia causes myocardial damage and
is associated with the release of myocardial proteins into
the circulation. This could potentially result in the expo-
sure of previously sequestered cardiac antigens, including
a-myosin, to the immune system. Previous experimental
studies have shown that the immune system is normally
enriched in autoreactive CD4+T cells specific for car-
diac myosin due to loss of immunological tolerance [89].

Autophagy

A newly identified pathway in the development of DCM
is the concept of autophagy [46]. Autophagy is a highly
conserved cellular process that recycles long-lived pro-
teins and organelles to uphold cellular equilibrium. Dys-
regulated autophagy has been linked to the pathogenesis
of numerous ailments, including infectious diseases, can-
cer, obesity, and various cardiac conditions, such as DCM
[90-92].

Several investigations have explored the potential con-
nection between disrupted autophagy and the onset of
DCM [91]. Within heart tissue, the elimination of dam-
aged mitochondria through autophagy plays a vital role
in preserving the well-being of cardiomyocytes. Dam-
aged mitochondria resulting from cardiac injuries can
generate ROS and release factors that induce cell death,
thereby exacerbating cardiac harm. Nevertheless, exces-
sive or prolonged autophagy can prove detrimental if
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it leads to cardiac atrophy [91]. Research findings in
the context of DCM have yielded contradictory results.
There is sufficient evidence from rodent model stud-
ies to indicate that cardiac autophagy is reduced in T1D
[90, 93-95]. However, the functional consequence of
this reduction in autophagy remains unclear. One sug-
gested hypothesis is that impaired autophagy plays a
role in causing cardiac damage by reducing the removal
of dysfunctional organelles and protein aggregates. It is
believed that enhancing autophagy could potentially mit-
igate damage in the hearts of subjects with T1D. On the
contrary, Xu et al. have proposed that the reduced car-
diac autophagy observed in T1D mice is actually an adap-
tive response aimed at preventing excessive autophagic
degradation of cellular components [90]. However,
autophagy may play a different role in T2D. Results from
experimental T2D studies involving animals are less con-
sistent, showing that cardiac autophagy can be either
unchanged [96], reduced [97, 98], or even increased
[99, 100]. Additional research is required to explore the
underlying mechanisms responsible for the differences in
autophagy observed in T1D compared to T2D.

Diabetes-related comorbidities

T1D often coexists with other metabolic disorders, such
as dyslipidemia and obesity. These comorbidities fur-
ther increase the risk of HF. Dyslipidemia can lead to the
development of atherosclerosis, while obesity contributes
to insulin resistance and exacerbates hyperglycemia, aug-
menting the cardiovascular burden.

T1D patients show significant qualitative and func-
tional abnormalities of lipoproteins that are likely to be
implicated in the development of atherosclerosis and
premature CVD. Subjects with T1D, particularly women
with suboptimal glycemic control, exhibit an altered lipid
profile characterized by elevated triglyceride levels and
reduced HDL concentrations (HDL-c). Improving glyce-
mic control has been shown to normalize most of these
changes, with the exception of HDL-c [101]. In relation
to lipoprotein quality, intensive diabetes therapy has been
linked to potentially beneficial alterations in circulating
LDL-c and HDL-c subclasses in T1D [102].

Relationship between advanced metabolic profile and
atherosclerotic CVD in T1D has been reported [21]. On
the other hand, the presence of diabetic dyslipidemia may
also contribute to diabetic myocardial dysfunction. In
particular because the excess flux of mobilized FAs to the
liver promotes overproduction of TG-rich lipoproteins
(TGRLs) and their remnants. Higher numbers of circu-
lating TGRLs are frequently associated with increased
concentrations of remnant cholesterol and with reduced
HDL-c, and all contribute to the development of ischemic
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heart disease [103]. However, their contribution, if
any, on non-ischemic cardiomyopathy remains poorly
explored. In a recent study involving 1093 T1D subjects
without known heart disease, TGRLs, such as VLDL
(total VLDL particles, large VLDL subclass, and VLDL-
TG content) and IDL were associated with the presence
of subclinical myocardial dysfunction [21].

In summary, numerous mechanisms have been identi-
fied that can contribute to myocardial remodeling and
LV dysfunction in DM, including T1D. Diabetic car-
diomyopathy was initially described as a phenotype of
dilated cardiomyopathy with systolic LV dysfunction
[31]. However, in recent years, the presence of diastolic
dysfunction is regarded as the first manifestation of
DCM. Traditionally, two stages have been identified: an
initial phase characterized by LV hypertrophy, increased
myocardial stiffness, increased atrial filling pressure,
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and altered diastolic function (restrictive phenotype/
HFpEF), and a later stage characterized by increased car-
diac fibrosis, further deterioration in diastolic function,
and the onset of systolic dysfunction (dilated phenotype/
HFrEF) [104, 105]. Nevertheless, there is controversy
regarding whether these two phenotypes are successive
stages or instead independent phenotypes. The evalu-
ation of myocardial dysfunction using more advanced
techniques for assessing systolic/diastolic function in the
preclinical stage of DCM has shown the presence of sys-
tolic dysfunction in the course of normal diastolic func-
tion. Employing these techniques, Seferovic et al., have
recently found evidence favoring the notion of two inde-
pendent clinical phenotypes rather than successive stages
of the same disease [106]. Whereas both phenotypes are
characterized by disparities in structural and functional
aspects, they differ in their underlying pathophysiological

PATIENT WITH DIABETES

Symptoms and/or signs for HF
and/or abnomal ECG

Repeat evaluation

NT-proBNP = 125 pg/mL

xo NP > 35 pg/

B NO proBNP = 35 pg/mL
: YES PN NOT AVAILABLE
Consider other Normal Ecocardiography
causes
HF CONFIRMED
Define HF phenotype
LEVF <40% LEVF 41-49% LEVF >50%

Determine aetiology and start treatment

Fig. 2 Diagnostic and screening algorithm for heart failure in individuals with diabetes. Adapted from the European Society of Cardiology
Guidelines for the management of cardiovascular disease in diabetes 2023 [108]. BNP B-type natriuretic peptide, £ECG electrocardiogram, HF
heart failure, HFmrEF heart failure with mildly reduced ejection fraction, HFpEF heart failure with preserved ejection fraction, HFrEF heart failure
with reduced ejection fraction, LVEF left ventricular ejection fraction; NT-proBNP N-terminal pro-B-type natriuretic peptide, PN natriuretic peptide
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mechanisms. In the restrictive phenotype, hyperglyce-
mia, lipotoxicity, and insulin resistance are the primary
mechanisms that induce left ventricular remodeling with
myocardial and interstitial fibrosis. In the dilated phe-
notype, the loss of cardiomyocytes is a consequence of
oxidative stress generated by microvascular damage and
autoimmune-related inflammatory cells, with a possible
role for hyperglycemia and lipotoxicity as well. Distin-
guishing between these two forms could have important
prognostic and therapeutic implications.

Screening and diagnosis of HF

The diagnosis of HF requires the presence of symptoms
and/or signs of HF and objective evidence of cardiac dys-
function [107]. According to the recent recommenda-
tions of the 2023 ESC Guidelines for the management of
CVD in diabetes, in order to identify the shift from being
at risk of HF to actually developing it, healthcare provid-
ers should routinely assess for HF symptoms in clinical
practice [108]. There are no specific recommendations
regarding the diagnosis and screening of HF in patients
with T1D. If one or more of the symptoms or signs is
present and/or the patient has an abnormal electrocar-
diogram, HF can be suspected, and the measurement of
natriuretic peptides (NPs; BNP, B-type natriuretic pep-
tide; NT-proBNP, N-terminal pro-B-type natriuretic pep-
tide) is recommended. A value of NT-proBNP or BNP
below the cut-off point has a high negative predictive
value and indicates a low probability of HE. On the other
hand, elevated levels of NPs support a diagnosis of HF,
and echocardiography is then recommended to assess
cardiac function and markers of diastolic dysfunction
(Fig. 2) [107, 108].

Screening for HF is a priority in individuals with DM
since, as we have noted, HF constitutes an early, highly
prevalent, and often undiagnosed complication. As we
have seen in this review, a non-negligible proportion of
patients with DM, including adolescents or young adults
with T1D, have subclinical diastolic dysfunction. There-
fore, these individuals are at higher risk of developing
symptomatic HF. The 2022 AHA/ACC/HFSA guidelines
classify DM as a preclinical state of HF and recommend
the periodic measurement of NPs, even in individuals
who have not developed symptoms. The use of NPs to
rule out HF in DM is well validated [109]. A recent study
found that elevated NT-ProBNP levels were indepen-
dently linked to HF in a cohort of 664 individuals with
T1D [HR 1.7 (95% CI 1.1-2.4), p=0.01] [110].

On the other hand, the best approach to the diagno-
sis of DCM is the detection of functional and structural
changes in the LV and the exclusion of other heart dis-
eases [37]. For diastolic dysfunction in young individu-
als with T1D, the general guidelines provided by the
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American Society of Echocardiography and the European
Association of Cardiovascular Imaging recommend using
various indices such as pulse Doppler transmitral inflow
velocities (E and A waves), tissue Doppler early and late
mitral annular diastolic velocities (e0 and a0), measuring
atrial size, and evaluating pulmonary venous flow [111].
Recent advances in ultrasound techniques have allowed
for the detection of subtle cardiac abnormalities that con-
ventional methods may miss, such as ventricular defor-
mation and desynchrony indices. Other techniques such
as cardiac magnetic resonance can increase the detection
of subclinical myocardial dysfunction [112]. In a recent
study, Kaushik et al., identified preclinical ventricular
dysfunction with echocardiographic abnormalities in
individuals with T1D [113]. Specifically, they observed
lower LV strain indices in children and adolescents with
T1D compared to non-diabetic controls, even though
these individuals did not display overt HF and had nor-
mal LVEFs. These myocardial abnormalities were found
to be correlated with HbAlc levels. Although LV dias-
tolic dysfunction is the earliest sign of HF in individu-
als with DM, recent research has highlighted the role of
left atrial dysfunction as a contributing factor. A study by
Ifuku et al. observed left atrial dysfunction, particularly
left atrial phasic strain, in adolescents and young peo-
ple with T1D but not in non-diabetic controls [35]. The
authors suggest that this could serve as an early and sen-
sitive marker of diastolic dysfunction in T1D. Therefore,
identifying cardiac dysfunction in asymptomatic indi-
viduals with T1D may support the development of effec-
tive therapeutic approaches for diabetic cardiomyopathy.
This could enhance treatment for these patients and ulti-
mately improve their prognosis.

Therapeutic strategies for type 1
diabetes-associated HF

The optimal management of HF involves utilizing
pharmacological and device-based treatments but also
implementing lifestyle changes. The current pharma-
cological treatment of HF is based on the use of drugs
that have been demonstrated scientifically to reduce
the risk of hospitalization for HF and cardiovascular
mortality. It is important to note that, except in the
case of SGLT?2 inhibitors, clinical trials in HF have not
been conducted exclusively in patients with DM, so the
available evidence is derived from subanalyses of mixed
populations. The occurrence of DM among study par-
ticipants ranged from 20% to nearly 50%, with most
of them having T2D. Overall, all pharmacological and
device-based therapies available for HF were similarly
effective, regardless of the presence of DM [114]. Cur-
rent guidelines for the treatment of acute and chronic
HF published by the ESC (2021), AHA/ACC/HESA
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Table 3 Pharmacological and non-pharmacological treatment of heart failure in patients with diabetes

Non-pharmacological - Cardio-healthy diet low in salt (< 3 g per day)

- Regular physical exercise (combination of aerobic and muscle strength)
« Smoking cessation and reduced alcohol consumption
+ Management of cardiovascular and non-cardiovascular comorbidities (hypertension, obesity, kidney disease, lipid disorders,

etc.)
- Cardiac rehabilitation for eligible patients

« Avoiding medications that may lead to decompensating (NSAIDs, COX-2 inhibitors, etc.)
- Vaccination (influenza, pneumonia, COVID-19, tetanus)
« Monitoring of weight and blood pressure, preferably daily

- Patient and/or caregiver education
« Prevention of hypoglycemia

HFrEF (<40%)

HFmrEF
(41-49%)

HFpEF (> 50%)

ACEl/sacubitril/ valsartan
B-blockers

MRAs

SGLT2i*

Pharmacological

ACEl/sacubitril/ valsartan Comorbidities treatment + SGLT2i*
B-blockers
MRAs

SGLT2i*

" No randomized clinical trials have evaluated the effect of treatment with SGLT2i in HF and DM1

NSAIDs Nonsteroidal Anti-Inflammatory Drugs, Cox-2 inhibitors cyclooxygenase-2, HF heart failure; HFrEF heart failure with reduced ejection fraction, HFmrEF
heart failure with mildly reduced ejection fraction, HFpEF heart failure with preserved ejection fraction, ACEIl angiotensin-converting enzyme inhibitors, MRAs
mineralocorticoid receptor antagonists, SGLT2i sodium-glucose cotransporter 2 inhibitors

(2022) and, more recently, ESC Guidelines for the man-
agement of CVD in diabetes (2023), do not recommend
specific treatment approaches for patients with DM
and HF, and treatments vary depending on LVEF [107,
108, 115]. Pharmacological and non-pharmacological
treatments for HF according to LVEF are summarized
in Table 3. The main goals of medical treatment for
patients with HF include preventing recurrent hospital-
ization due to worsening heart failure, reducing mor-
tality, and improving the quality of life and functional
capacity [107, 108, 116].

Lifestyle interventions

Lifestyle changes play a crucial role in the management
of heart failure and diabetes, and are listed in Table 3.
Regular medical follow-up, preferably within multidisci-
plinary units, patient education, and active participation
in disease self-management are key aspects for improving
clinical outcomes and patients’ quality of life.

Pharmacological treatment of HF

Type 2 diabetes mellitus

Pharmacological treatment is the cornerstone of HF
management and should be implemented concurrently
with other non-pharmacological interventions. Classi-
cally, therapies in HF focused on the renin—angiotensin
and sympathetic nervous system. Regarding HFrEF, large
well-designed randomized controlled clinical trials have
shown that angiotensin-converting enzyme inhibitors
(ACEI) [117], angiotensin II receptor blockers (ARBs)
[118], B-blockers [119, 120], mineralocorticoid receptor

antagonists (MRAs) [121, 122], and, more recently sacu-
bitril/valsartan (a neprilysin inhibitor/ARBs) [123] and
ivabradine [124] have all resulted in significant reductions
in CV events in terms of mortality and hospitalizations.
A significant breakthrough in contemporary manage-
ment of HF was the finding that treatment with SGLT2
inhibitors was associated with a lower risk of HF hospi-
talization in patients with T2D and CV disease or at high
risk thereof. A meta-analysis of six CV and renal outcome
trials of four SGLT?2 inhibitors (empagliflozin [125], cana-
gliflozin [126], dapagliflozin [127] and ertugliflozin [128])
in patients with T2D (EMPA-REG OUTCOME, CAN-
VAS Programme, DECLARE-TIMI-58, CREDENCE,
VERTIS CV) demonstrated a 32% reduction in HF hospi-
talization [129]. These results indicated a potential benefit
of SGLT2 inhibitors in treating individuals with estab-
lished HEF, although it should be noted that HF-related
outcomes were not the primary focus of the study. Tak-
ing into account these findings, recent randomized clini-
cal trials (RCTs) have been conducted involving patients
with HFrEF (DAPA-HF [130] and EMPEROR-Reduced
trials [131]) and HFpEF (EMPEROR-Preserved and
DELIVER trials [130, 132]), in which HF outcomes were
the primary objective, and including patients both with
and without DM (almost 50% had T2D). In these large
trials, treatment with SGLT2 inhibitors in combination
with optimal medical therapy (ACEI/ARNI, B-blockers,
and MRAs) in patients with symptomatic chronic HF is
associated with a reduction in the risk of hospitalization
for HF and cardiovascular mortality, regardless of the
presence of DM and across all LVEF. Furthermore, there
have also been reported improvements in symptoms and
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quality of life among patients with HF. Recent trials with
SGLT2 inhibitors have also shown benefits concerning
HF-related hospitalization and CV mortality in subjects
admitted to the hospital due to acute decompensated
HF (SOLOIST-WHE trial: sotagliflozin and EMPULSE
trial: empagliflozin) [133, 134]. This positive effect was
also observed regardless of LVEF or the presence of DM.
Thus, based on strong evidence, the SGLT2 inhibitors
dapagliflozin, empagliflozin, and more recently sotagli-
flozin (currently approved for the treatment of HF in the
United States but not in the European Union) are recom-
mended as first line therapy in patients with T2D and HF
to reduce CV death and HF hospitalization [108].
Another pharmacological group of interest in terms
of cardioprotective effects is the glucagon-like pep-
tide 1 agonists (GLP1-RAs). Despite positive outcomes
in reducing major cardiovascular events, studies have
shown most GLP-RAs having a neutral effect on the risk
of HF hospitalization in patients with T2D who had, or
were at high risk of, CVD [135, 136]. Future studies are
needed to investigate the effects of GLP1-RAs in HF and
T2D as primary outcomes and as well as its benefits in
certain populations such as non-diabetic or T1D sub-
jects. Recently, treatment with a GLP1-RA (semaglutide)
was associated with improved symptoms and exercise
capacity in patients with HFpEF and obesity [137]. More-
over, in patients with preexisting cardiovascular disease
and overweight or obesity, treatment with semaglutide
resulted in a 20% reduction in the risk of a composite of
death from cardiovascular causes, nonfatal myocardial
infarction, or nonfatal stroke (HR 0.80; 95% CI, 0.72 to
0.90). Noteworthy, an 18% reduction for the HF compos-
ite endpoint (HR 0.82; 95% CI, 0.71 to 0.96) and a 21%
reduction in hospitalization or urgent medical visit for
HF (HR 0.79; 95% CI, 0.60 to 1.03) were observed [138].

Type 1 diabetes mellitus

In relation to T1D, it is worth noting that most large-scale
trials involving medications (ACEI, ARBS, [-blockers,
MRASs and sacubitril/valsartan) and medical devices for
HF have had limited participation from individuals with
T1D, often excluding them or lacking detailed informa-
tion about this specific subgroup. As a result, the choice
of treatment for individuals with T1D is primarily extrap-
olation from results observed in individuals with T2D.
Thus, though the therapies employed for preventing and
managing HF in T1D are similar, there is no strong evi-
dence to support this approach [4, 114].

Moreover, it is important to note that in all of the large
RCTs with SGLT?2 inhibitors, patients with HF and T1D
were consistently excluded. To our knowledge, there are
no studies that have assessed the effects of SGLT2 inhibi-
tor treatment in patients with T1D and HEF resulting
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in a lack of evidence and specific recommendations for
this subgroup. In experimental models of T1D, treat-
ment with dapagliflozin prevents intimal thickening,
cardiac inflammation, and fibrosis [139]. Regarding gly-
cemic control, several clinical trials have evaluated the
efficacy and safety of the use of SGLT2 inhibitors in T1D
[140-143]. Treatment with SGLT2 inhibitors added to
adjunctive therapy with basal-bolus regimen insulin
have demonstrated reduced HbAlc and lower glucose
variability with increased time in optimal glucose range
as well as additional benefits in terms of reductions in
weight and insulin dose without increasing the incidence
of hypoglycemia. Based on these positive results, dapagli-
flozin was the first SGLT?2 inhibitor to have its marketing
authorization extended to T1D with a BMI>27 kg/m?
However, ‘euglycemic ketoacidosis’ has been reported
in 2-3% of patients with T1D taking SGLT2 inhibitors.
The careful selection of individuals with T1D for SGLT2
inhibitor treatment is crucial for minimizing the risk of
diabetic ketoacidosis (DKA). This treatment may be con-
sidered for subjects between the ages of 18 and 74 who
are overweight or obese, have been on stable and opti-
mized insulin therapy (not recently diagnosed), require
a high dose of insulin (i.e.,>0.5 units/kg per day), pres-
entation with ketone levels<0.6 nmol/L, and have dem-
onstrated adherence to their insulin regimen as well as
the ability to understand and apply relevant education
regarding the risk of DKA [140]. In our opinion, when
weighing the use of SGLT2 inhibitors in T1D for the
treatment of asymptomatic HF, it is essential to estab-
lish strategies to reduce the risk of DKA, ideally with
the involvement of specialized multidisciplinary units.
This entails providing comprehensive education to both
individuals with T1D and healthcare professionals about
the potential risk of DKA and, if it arises, the methods by
which it can be mitigated. It is crucial to closely monitor
ketone levels and consider recommendations for tempo-
rary suspension in specific circumstances (such as during
fasting, vigorous physical activity, concurrent medical ill-
ness, recurrent vomiting, alcoholism, etc.).

Stage-based treatment of HF

According to the severity of symptoms and the presence
of structural heart disease, the ACC/AHA/HFSA classi-
fied HF into four distinct stages. Stage A includes individ-
uals at high risk of developing HF, such as patients with
diabetes, and focuses on preventive measures, including
lifestyle changes and management of risk factors. Stage
B targets patients with structural heart disease but no
symptoms, utilizing medications such as ACEL, ARBs and
B-blockers to delay the onset of HF symptoms. In Stage
C, for patients with structural disease and symptoms,
medications include diuretics, ACEI or ARBs, -blockers,
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MRAs, sacubitril/valsartan, ivabradine, implantable car-
dioverter-defibrillators, and cardiac resynchronization
therapy-defibrillators, to manage symptoms and improve
quality of life. Stage D, the most advanced stage, focuses
on managing symptoms and prolonging life in patients
with refractory HEF, utilizing specialized interventions
such as mechanical circulatory support devices, and, in
some cases, heart transplantation. For patients with dia-
betes, SGLT?2 inhibitors are recommended from stage B,
but thiazolidinediones and DPP4i saxagliptin, should be
avoided due to the increased risk of HF admission linked
to their use [117, 144].

Glycemic control

In addition to the monitoring of blood pressure and body
weight as well as lipid control, a holistic approach to HF
management in subjects with DM should also include
glycemic control. The effect of chronic hyperglycemia on
micro and macrovascular complications has been firmly
established in longitudinal studies involving both subjects
with T2D and subjects with T1D [145-147]. It is also
known that reducing HbAlc decreases microvascular
complications [148]. However, the influence of glycemic
optimization on the risk of cardiovascular events is more
complex, and its impact in HF has not been clearly estab-
lished. In T2D, more intensive glycemic control reduces
the risk of microvascular disease but has not been proven
to reduce the risk of macrovascular complications [149—
152]. A meta-analysis that included 8 randomized trials
(37,229 subjects) showed that more intensive glycemic
control in patients with T2D did not reduce the occur-
rence of HF events [153]. Moreover, findings regarding
optimization of glycemic control and its effects on dias-
tolic dysfunction in patients with T2D have been con-
flicting [154, 155]. A large prospective study to assess
long-term LVEF trajectory (up to 15 years) in T2D and
HD did not find a significant relationship between the
degree of glycemic control and recurrent HF admissions
[156]. In contrast to what occurs in T2D, achieving near-
normal HbAlc levels has demonstrated long-term ben-
eficial effects on the incidence of CVD in T1D [22, 147,
149]. In the 30-year follow-up of the DCCT/EDIC trial,
intensive glucose control led to a 30% reduction in the
incidence of overall CVD, including CV death. Although
HF was uncommon in this trial, the group that received
intensive treatment showed a notable long-term reduc-
tion in the risk of HFE.

The usual treatment for T1D is basal-bolus insulin
therapy, and, as demonstrated, early intensive therapy
seems to be crucial for reducing the long-term risk of HE.
However, intensive diabetes therapy is associated with an
increased risk of hypoglycemia. This adverse effect con-
tinues to be a significant challenge for subjects with T1D
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throughout their life span [147]. On the other hand, it
is well established that hypoglycemia is associated with
an increased risk of vascular events, especially in those
with high CV risk. Evidence linking hypoglycemia to
CVD comes predominantly from studies involving T2D
patients. Severe hypoglycemia was associated with higher
HF hospitalization in most of these studies. Although
severe hypoglycemic events were associated with higher
HF hospitalization [157-160], recent analyses have
revealed a bi-directional association between hypoglyce-
mia and CV outcomes, including HF. This suggests that
causality is not straightforward, and hypoglycemia may
be indicative of underlying frailty, or vice versa [157, 158].
Several observational studies have found a U-shaped
relationship between HbAlc and all-cause mortal-
ity in patients with T2D and chronic HE. Consequently,
patients with either very low or very high HbAlc levels
were at a higher risk [161]. The lowest risk was found in
those with modest glycemic control (HbAlc 7.1-8.0%)
[162]. In T1D, despite the even greater risk of hypoglyce-
mia, very few studies have investigated whether hypogly-
cemia may also increase the risk of CVD or death in this
population. In most studies, severe hypoglycemic events
have been associated with an increased risk of CVD and
all-cause mortality, but data regarding HFoutcomes has
not usually been reported [163-167].

In addition to hypoglycemia, glycemic variability (GV),
measured as glucose oscillations intra- and interday,
is emerging as an independent risk factor and predic-
tor of worse CV outcomes. Recent clinical data indicate
that GV is associated with increased risk of hypoglyce-
mia, microvascular and macrovascular complications,
and mortality in patients with DM, independently of
HbAlc level [168-171]. Interestingly, greater GV has
been observed in individuals with T1D compared to
those with T2D. While some studies have associated GV
with the risk of CAN in T1D, the substantial heterogene-
ity in the methodologies employed across various stud-
ies hinders any assertion of a causal relationship [172].
Experimental studies suggest that GV may contribute to
CV complications through mechanisms such as oxidative
stress, increased [170, 173]. Nevertheless, there remains
a lack of substantial evidence supporting the beneficial
impact of treating high GV to improve CV outcomes.

The technology applied to T1D has advanced signifi-
cantly in recent years. Improvements in technological
devices for diabetes management, such as continuous and
intermittent glucose monitoring and hybrid closed-loop
systems have improved glycemic control and resulted
in overall decreases in the rates of hypoglycemia and as
well as improved GV [116, 174]. Thus, device use may
be associated with long-term prevention of T1D com-
plications. However, there is still limited research on the
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direct effects of these devices on chronic complications
in T1D [175]. Longitudinal studies indicate that using
insulin pumps may help offset CV risk factors like hyper-
tension and dyslipidemia [176, 177]. Additionally, pump
users have been shown to have less arterial stiffness and
better myocardial function. Data derived from registries
and case—control studies have established an association
between insulin pump use and a decreased incidence of
CV events, including HF, and overall mortality rates [177,
178].

Conclusion

Individuals with T1D face a significantly elevated risk
of HF compared to those without DM. Despite the clear
association between T1D and HF, the exact mechanisms
are still not fully understood. Studies are needed to eluci-
date the underlying processes, pinpoint specific risk fac-
tors, and establish precise diagnostic biomarkers. On the
other hand, evaluating comprehensive cardioprotection
strategies and exploring adjunctive therapies are crucial.
While certain therapeutic groups, such as SGLT?2 inhibi-
tors in T2D, show promise, their effectiveness and safety
in T1D patients with HF remain uncertain and require
further investigation.
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