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Abstract
Growing interest has been accumulated in the definition of worsening effects of diabetes in the cardiovascular system. This 
is associated with epidemiological data regarding the high incidence of heart failure (HF) in diabetic patients. To investigate 
the detrimental effects both of hyperglycemia and insulin resistance, a lot of preclinical models were developed. However, 
the evidence of pathogenic and histological alterations of the so-called diabetic cardiomyopathy (DCM) is still poorly under-
stood in humans. Here, we provide a stringent literature analysis to investigate unique data regarding human DCM. This 
approach established that lipotoxic-related events might play a central role in the initiation and progression of human DCM. 
The major limitation in the acquisition of human data is due to the fact of heart specimen availability. Postmortem analysis 
revealed the end stage of the disease; thus, we need to gain knowledge on the pathogenic events from the early stages until 
cardiac fibrosis underlying the end-stage HF.
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Introduction

Cardiovascular disease (CVD) is the leading cause of mor-
tality in patients with type 2 diabetes (T2D), [1]. Notably, 
CVD is directly linked to coronary atherosclerosis [1]. To 
date, dyslipidemia and hypertension are risk factors mainly 
involved in this disease, while it is not well known if dia-
betes could alone evoke molecular changes in the heart 
structure and function [2]. Recently, authors provided that 
diabetic cardiomyopathy (DCM) is an existing form of heart 
disease, which shows a distinctive remodeling pattern com-
pared to other cardiomyopathies [3]. This concept was intro-
duced by Rubler et al. in 1972, [4]. Indeed, these authors 
firstly evidenced DCM, as pathological condition of heart 
dysfunction in patients with healthy coronary arteries [4]. 
This condition was confirmed in 1974 by the Framingham 
Heart Study [5]. This study evidenced a higher rate of heart 

failure (HF) in diabetic women (fivefold) and men (2.4-fold) 
without association with other risk factors, such as age, coro-
nary heart disease (CHD), and hypertension [5]. Accord-
ing to this study [5], more recently the American College 
of Cardiology Foundation [6] and the European Society of 
Cardiology, in collaboration with the European Association 
for the Study of Diabetes [7], described diabetic cardiomyo-
pathy as a clinical condition of heart dysfunction without 
coronary atherosclerotic lesions and hypertension in diabetic 
patients. On other hand, authors defined the cardiomiopathy 
any condition of heart muscle disease with structurally and 
functionally abnormal myocardium in the absence of CHD 
and hypertensive, valvular, or congenital heart disorders [8]. 
In this context, current researches are focused on the detailed 
identification of the pathophysiological mechanisms lead-
ing to DCM in humans. Moreover, here we discuss the cur-
rent knowledge of molecular and pathophysiological altered 
pathways causing DCM in humans.

DCM clinical evaluation

DCM shows symptoms and signs comparable to a dilated 
cardiomyopathy caused by toxic agents or viral myocardi-
tis [9]. Indeed, at clinical level the patients with DCM have 
symptoms and signs not different from those experienced 
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by patients with heart failure with reduced ejection frac-
tion (HFREF). On other hand, recently authors reported 
DCM as a heart disease different from other clinical mani-
festation of other forms of dilated cardiomyopathy [10]. 
Indeed, the patients with DCM are typically affected by 
obesity, T2D, and with a heart dysfunction caused by 
small left ventricular (LV) cavity, normal LV ejection frac-
tion, thick LV walls, elevated LV filling pressures, and 
enlargement of left atrium [11]. By the way, these are the 
diagnostic findings more common seen in restrictive car-
diomyopathy, and not diagnosed in patients with dilated 
cardiomyopathy. Indeed, the currently used definition of 
DMC is that based on evidence of a heart dysfunction 
with a restrictive phenotype [12]. Notably, this is due by 
the evidence of a normal-sized left ventricle with nor-
mal left ventricular ejection fraction (LVEF) in affected 
patients [12]. To date, these patients could be classified 
as patients affected by heart failure with preserved left 
ventricular ejection fraction (HFPEF), [13]. Furthermore, 
DMC patients could be diagnosed as patients with HFPEF 
[13]. Furthermore, this concept has been previously docu-
mented by authors, indicating T2D-related cardiomyopa-
thy as a heart disease with restrictive/HFPEF phenotype 
[11, 14]. In addition, this phenotype could be diagnosed as 
a precursor stage of DCM with dilated/HFREF phenotype 
[11, 14]. These observations fit with the epidemiological 
data suggesting that individuals with T2D are at a high 
risk of developing congestive heart failure (HF), having 
a relative risk at least twice as high as individuals with-
out diabetes, mainly when urinary albumin excretion rate 
(u-AER) is elevated [15]. HF is a severe complication in 
patients with T2D, with a median survival from diagno-
sis of 3.5 years [16] and a 5-year mortality rate of 75% 
[17]. Finally, the prognosis of patients with T2D and HF 
is worse than that of HF patients without diabetes [18].

DCM instrumental evaluations

The aging could cause the cardiac remodeling by decreas-
ing LV dimensions and increasing fractional shortening. 
T2D could diminish but it does not reverse this LV remod-
eling pattern [9]. Furthermore, we could say that LV dila-
tation could cause the shifting from asymptomatic stage to 
diagnosed form of HFPEF [19]. Thus, in the early stages, 
diabetic cardiomyopathy is characterized by a subclinical 
period with structural and functional anomalies, includ-
ing left ventricular (LV) hypertrophy and subsequently 
reduced ejection fraction [20]. However, from the litera-
ture the T2D could be the leading cause of structural and 
functional cardiac alterations [21].

Structural changes

The T2D patients as compared to patients without diabetes 
have higher LV mass, wall thickness, arterial stiffness, and 
reduced LVEF [22]. These alterations were independently 
from body mass index and blood pressure values [22]. In 
this setting, the Framingham Heart Study indicated that 
LV mass and wall thickness were principally altered 
among female patients with T2D [23]. Notably, these 
factors linked to the degree of glucose intolerance and 
obesity [23]. Thus, another pattern characteristic in T2D 
patients could be the evidence of concentric remodeling or 
increased regional wall thickness without left ventricular 
hypertrophy [24]. We know that this could have differ-
ent effects on systolic or diastolic heart function [24]. On 
other hand, T2D-associated heart concentric hypertrophy, 
which is diagnosed by abnormal LV mass and wall thick-
ness, could cause diastolic dysfunction [22]. Intriguingly, 
its worsening could lead to eccentric hypertrophy with 
systolic dysfunction [22].

Functional changes

The initial stage of LV diastolic dysfunction in T2D 
patients could be evidenced by cardiac catheterization 
[25]. Indeed, normotensive T2D patients showed fail-
ing heart symptoms in absence of CHD [25]. Notably, 
these patients had increased LV end-diastolic pressure, 
decreased LV end-diastolic volume and a normal ejection 
fraction (EF). In this context, echocardiography with Dop-
pler could be used to evaluate the diastolic herat func-
tion in a non-invasive way [13]. Indeed, the trans-mitral 
inflow, the flow velocities, the flow patterns, the isovolu-
mic relaxation time, and the deceleration time are well-
known indexes of diastolic heart function [13].

Intriguingly, in T2D patients we could have the reduc-
tion of LV ejection time, with increased pre-ejection 
period and ratio of the pre-ejection period to LV ejection 
time [13]. Therefore, the diastolic abnormalities could 
evidence the earliest functional alterations in patients 
with DCM [13]. On other hand, authors observed that 
systolic function parameters were normal in 20 patients 
with type 1 diabetes and in 20 patients with T2D [26]. 
However, they said that diastolic function was worsened in 
diabetic patients without evident CVD than in 12 healthy 
controls [26]. In addition, authors found that in normo-
tensive asymptomatic T2D patients with good glycemic 
control the 47% had diastolic dysfunction [27]. This result 
increased up to the 75% of T2D patients regards the dias-
tolic dysfunction abnormalities [28]. Moreover, nonin-
vasive cardiac performance evaluation in T2D patients 
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without evident heart dysfunction has demonstrated a pro-
longed pre-ejection performance and a shortened ejection 
period, both of which correlate with reduced resting LV 
ejection fraction (LVEF) and diminished systolic func-
tion [29]. Notably, T2D patients showed a lower LVEF 
in response to exercise, suggesting a reduction in cardiac 
reserve [30]. Thus, patients with T2D could evidence an 
early LV systolic dysfunction with normal LVEF [30]. 
This finding has been deeply investigated by more accu-
rate systolic assessment techniques, such as strain, strain 
rate, and myocardial tissue Doppler velocity [28]. Indeed, 
this noninvasive cardiac echographic techniques might find 
preclinical systolic abnormalities in T2D patients with 
diastolic dysfunction [28].

Progression of pathogenic events in humans

Many hypotheses have been formulated about the mecha-
nisms underlying the etiology of DCM, as insulin resist-
ance and hyperglycemia, with oxidative stress, inflammatory 
components, inappropriate modulation of immune proper-
ties, alteration of subcellular components, endothelial and 
coronary microcirculation abnormalities with apoptosis, 
fibrosis, inflammation, and lipid accumulation [3, 31]. These 

shreds of evidence of diabetic heart derived mainly from 
non-human experimental models. Besides, the data from 
these experimental studies are often conflicting and diffi-
cult to prove in humans. Therefore, we analyzed the current 
knowledge about the mechanisms implicated in the begin-
ning and progression of human diabetic cardiomyopathy. 
Three different stages describe the evolution of diabetic 
cardiomyopathy with different pathophysiological charac-
teristics and clinical outcomes (Fig. 1).

Early stage

In this stage, we do not have significant changes in myo-
cardial structure and systolic function by echocardiographic 
evaluations [32, 33] in the early stage of DCM. However, 
worsened myocardial relaxation can be found by echocar-
diography and MRI [34, 35]. However, the insulin resist-
ance is a main trait of T2D, and whole-body insulin resist-
ance is another aspect of left ventricle dysfunction (LVD) 
and congestive HF [36, 37]. Again, the severity of insulin 
resistance independently predicts mortality [38, 39]. Nota-
bly, the pathophysiology of organ-specific insulin resistance 
was poorly described in humans, but insulin-resistant syn-
dromes influence cardiovascular morbidity and mortality 
in these patients [40]. Indeed, in insulin-resistant patients 

Fig. 1  Role of myocyte lipid accumulation in diabetic cardiomyopathy progression
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the reduced whole-body glucose disposal exhibits abnor-
malities of the skeletal muscle [40]. Thus, the initial defi-
cit underlying myocardial insulin resistance in the diabetic 
heart appears at the level of insulin receptor substrate (IRS)-
1/2 and glucose transport (GLUT4) vesicle trafficking and 
docking diminished insulin-stimulated activity [41]. Nota-
bly, the insulin resistance and hyperglycemia are associated 
with elevated plasma levels of non-esterified fatty acids 
(NEFAs) [42] and ectopic accumulation of triglycerides 
(TG), such as reflected in cardiac steatosis [43]. Further-
more, myocardial lipid accumulation was observed in the 
human heart with preserved ejection fraction from patients 
with insulin resistance and hyperglycemia [44]. However, 
in patients with metabolic syndrome there was a strong cor-
relation between the progression of cardiac dysfunction and 
myocytes lipid accumulation because, with increase of vacu-
olated myocytes and oil red O staining-positive myocytes, 
myocardial performance index increases and EF decreases 
[44]. In this context, patients with metabolic syndrome 
showed increased protein levels of SREBP-1c and PPARγ, 
and lower levels of SERCA2a [44]. However, this could sug-
gest the stimulation of lipogenesis and the impaired calcium 
handling in this class of patients [44]. Intriguingly, authors 
found an association between these abnormalities and the 
degree of left ventricular dysfunction [44]. Furthermore, 
this could suggest an existing link between molecular path-
ways of lipogenesis and abnormal calcium handling with 
ventricular dysfunction [44]. Remarkably, these authors did 
not evidence differences in both total cholesterol and LDL 
cholesterol levels in patients with the presence of increased 
levels of triglycerides and reduced HDL cholesterol [44]. 
Parallelly, in patients with metabolic syndrome the degree 
of insulin resistance is associated with the amount of lipid 
in the human myocardium [44]. Therefore, the current data 
of the molecular mechanisms that affect the onset of cardiac 
dysfunction in diabetic patients may be identified with heart 
insulin resistance and myocardial lipid accumulation, as evi-
denced by imaging studies [45]. Finally, many epigenetic-
sensitive mechanisms are active during diabetes [46, 47]. 
These epigenetic paths are both in circulating CD04/CD08 
cells [48, 49] and in cardiovascular tissues [50], and they 
may be implicated in the pathogenesis of human DCM.

Advanced stage

In patients with advanced stage of diabetic cardiomyopathy, 
the echocardiography could evidence several modifications 
of diastolic function (initially) and systolic function (later in 
the process), which are the result of increased cardiac fibro-
sis [26]. Thus, the heart biopsies could evidence interstitial 
fibrosis, myocyte hypertrophy, and contractile protein glyco-
sylation increase in diabetics [51]. To date, all these patho-
logical processes could cause reduced diastolic compliance 

and ventricular hypertrophy in diabetic patients [51]. In 
this setting, recently authors reported that accumulation of 
advanced glycation end products (AGEs) and collagen depo-
sition are important features of the increased LV stiffness in 
patients with HF and reduced EF [30]. On other hand, a high 
cardiomyocyte resting tension could be the main determinant 
of increased LV stiffness in patients with heart failure and 
normal EF. In diabetic cardiomyopathy, increased fibrosis 
increased perivascular and intermyofibrillar fibrosis has been 
observed in human myocardial samples in the absence of 
CHD and hypertension [20, 21]. Therefore, the progression 
of myocardial fibrosis in diabetic cardiomyopathy is caused 
by the accumulation of stiff collagen and its crosslinking, 
cardiac interstitial fibrosis [20, 21]. To date, this could cause 
the gradual abolition of muscular fibrils with perivascular 
fibrosis, thickened and sclerotic small coronary vessels, and 
basement membrane thickening, as well as coronary micro-
vascular sclerosis and micro-aneurysms [20, 21]. Neverthe-
less, to date, we do not know whether these alterations are 
effectively related to the diastolic alterations highlighted by 
the echocardiographic evaluation in humans.

Late stage

Changes of the metabolism with abnormal neurohumoral 
activation, and development of myocardial fibrosis could 
promote the coronary microcirculation, then leading to dias-
tolic function and systolic dysfunction in the late stage of the 
human DCM [31, 52, 53]. However, the altered myocardial 
insulin signaling could be responsible for reduced activation 
of endothelial nitric oxide synthase and reduced bioavailable 
nitric oxide levels [31, 52, 53]. Moreover, increased oxida-
tive stress reduces nitric oxide, which increases the destruc-
tion of this molecule [31, 52, 53]. Increases in ROS and 
inflammation and decreases in bioavailable nitric oxide raise 
interstitial collagen deposition and crosslinking, associated 
with interstitial fibrosis and impaired myocardial relaxation 
[31, 52, 53]. Then, the profibrotic TGF-β1–SMAD signaling 
pathway increases myocardial collagen and fibronectin con-
tent and interstitial fibrosis in concert with impaired insulin 
signaling [54–58]. Moreover, in the late stages of human 
diabetic cardiomyopathy authors reported a negative clinical 
impact caused by tight cross-talking between inflammatory 
signals (i.e., A disintegrin and A metalloproteinase 1/TNFα 
signaling) and fibrosis [54–58]. Indeed, the alterations of 
DCM include cardiomyocyte necrosis with muscular fibril 
reduction, and increase formation and deposition of collagen 
in connective tissue [54–58]. However, this could than result 
in interstitial or/and perivascular fibrosis, cellular hypertro-
phy, thickened and sclerotic small coronary vessels, base-
ment membrane thickening, hyaline arteriolar sclerosis, and 
capillary micro-aneurysms [54–58].
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Conclusions

Much advance is now gained in the pathogenesis of human 
DCM. However, we need to establish the precise chain of 
events from the early accumulation of lipotoxicity within the 
myocardium until the stage of advanced HF. A novel study 
model proposed in the transplanted heart has been proposed by 
our group. Long-term studies should be carried in this model, 
and the search for liquid biopsy biomarkers can be integrated 
into the light of precision medicine of human DCM.

Funding Open access funding provided by Università degli Studi della 
Campania Luigi Vanvitelli within the CRUI-CARE Agreement.

Declarations 

Conflict of interest All authors declare that they have no conflict of 
interest.

Ethical approval Ethical approval was not required for the study.

Informed  consent No infromed consent was required for the study.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Low Wang CC, Hess CN, Hiatt WR, Goldfine AB (2016) Clinical 
update: cardiovascular disease in diabetes mellitus. Atheroscle-
rotic cardiovascular disease and heart failure in type 2 diabetes 
mellitus – mechanisms, management, and clinical considerations. 
Circulation 133(24):2459–502. https:// doi. org/ 10. 1161/ CIRCU 
LATIO NAHA. 116. 022194

 2. Mizamtsidi M, Paschou SA, Grapsa J, Vryonidou A (2016) Dia-
betic cardiomyopathy: a clinical entity or a cluster of molecular 
heart changes? Eur J Clin Invest 46(11):947–953. https:// doi. org/ 
10. 1111/ eci. 12673

 3. Jia G, Hill MA, Sowers JR (2018) Diabetic cardiomyopathy: an 
update of mechanisms contributing to this clinical entity. Circ 
Res 122(4):624–638. https:// doi. org/ 10. 1161/ CIRCR ESAHA. 117. 
311586

 4. Rubler S, Dlugash J, Yuceoglu YZ, Kumral T, Branwood AW, 
Grishman A (1972) New type of cardiomyopathy associated with 
diabetic glomerulosclerosis. Am J Cardiol 30:595–602

 5. Kannel WB, Hjortland M, Castelli WP (1974) Role of diabetes 
in congestive heart failure: the Framingham study. Am J Cardiol 
34:29–34

 6. Yancy CW, Jessup M, Bozkurt B et al (2013) American College of 
Cardiology Foundation; American Heart Association Task Force 
on Practice Guidelines. 2013 ACCF/AHA guideline for the man-
agement of heart failure: a report of the American College of 
Cardiology Foundation/American Heart Association Task Force 
on Practice Guidelines. J Am Coll Cardiol 62:e147–e239. https:// 
doi. org/ 10. 1016/j. jacc. 2013. 05. 019

 7. Ryden L, Grant PJ, Anker SD et al (2013) ESC Guidelines on 
diabetes, pre-diabetes, and cardiovascular diseases developed in 
collaboration with the EASD: the Task Force on diabetes, pre-
diabetes, and cardiovascular diseases of the European Society of 
Cardiology (ESC) and developed in collaboration with the Euro-
pean Association for the Study of Diabetes (EASD). Eur Heart J 
34:3035–3087. https:// doi. org/ 10. 1093/ eurhe artj/ eht108

 8. Marwick TH, Ritchie R, Shaw JE, Kaye D (2018) Implications 
of underlying mechanisms for the recognition and management 
of diabetic cardiomyopathy. J Am Coll Cardiol 71(3):339–351. 
https:// doi. org/ 10. 1016/j. jacc. 2017. 11. 019

 9. Seferović PM, Paulus WJ (2015) Clinical diabetic cardiomyopa-
thy: a two-faced disease with restrictive and dilated phenotypes. 
Eur Heart J 36(27):1718–1727. https:// doi. org/ 10. 1093/ eurhe 
artj/ ehv134

 10. Forbes JM, Cooper ME (2013) Mechanisms of diabetic compli-
cations. Physiol Rev 93:137–188

 11. Fang ZY, Prins JB, Marwick TH (2004) Diabetic cardiomyo-
pathy: evidence, mechanisms, and therapeutic implications. 
Endocrine Rev 25:543–567

 12. European Study Group on Diastolic Heart Failure (1998) How 
to diagnose diastolic heart failure. Eur Heart J 19:990–1003

 13. Ernande L, Audureau E, Jellis CL et al (2017) Clinical implica-
tions of echocardiographic phenotypes of patients with diabetes 
mellitus. J Am Coll Cardiol 70(14):1704–1716. https:// doi. org/ 
10. 1016/j. jacc. 2017. 07. 792

 14. Maisch B, Alter P, Pankuweit S (2011) Diabetic cardiomyopathy 
– fact or fiction? Herz 36:102–115

 15. Dunlay SM, Roger VL, Weston SA, Jiang R, Redfield MM 
(2012) Longitudinal changes in ejection fraction in heart fail-
ure patients with preserved and reduced ejection fraction. Circ 
Heart Fail 5:720–726

 16. Cheng S, Xanthakis V, Sullivan LM et al (2010) Correlates of 
echocardiographic indices of cardiac remodeling over the adult 
life course: longitudinal observations from the Framingham 
Heart Study. Circulation 122:570–578

 17. Lam CS, Roger VL, Rodeheffer RJ et al (2007) Cardiac structure 
and ventricular-vascular function in persons with heart failure 
and preserved ejection fraction from Olmsted County. Circula-
tion 115:1982–1990

 18. Paulus WJ, Tschoepe C (2013) A novel paradigm for heart fail-
ure with preserved ejection fraction: comorbidities drive myo-
cardial dysfunction and remodeling through coronary microvas-
cular endothelial inflammation. J Am Coll Cardiol 62:263–271

 19. Bertoni AG, Tsai A, Kasper EK, Brancati FL (2003) Diabetes 
and idiopathic cardiomyopathy. A nationwide case-control study 
Diabetes Care 26:2791–2795

 20. VanHeerebeek L, Hamdani N, Handoko L et al (2008) Diastolic 
stiffness of the failing diabetic heart: importance of fibrosis, 
advanced glycation endproducts and myocyte resting tension. 
Circulation 117:43–51

 21. Miki T, Yuda S, Kouzu H, Miura T (2013) Diabetic cardiomyo-
pathy: pathophysiology and clinical features. Heart Fail Rev 
18(2):149–166. https:// doi. org/ 10. 1007/ s10741- 012- 9313-3

 22. Devereux RB, Roman MJ, Paranicas M, O’Grady MJ, Lee ET, 
Welty TK (2000) Impact of diabetes on cardiac structure and 
function: the Strong Heart Study. Circulation 101(19):2271–6

 23. Velagaleti RS, Gona P, Chuang ML et al (2010) Relations of 
insulin resistance and glycemic abnormalities to cardiovascular 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1161/CIRCULATIONAHA.116.022194
https://doi.org/10.1161/CIRCULATIONAHA.116.022194
https://doi.org/10.1111/eci.12673
https://doi.org/10.1111/eci.12673
https://doi.org/10.1161/CIRCRESAHA.117.311586
https://doi.org/10.1161/CIRCRESAHA.117.311586
https://doi.org/10.1016/j.jacc.2013.05.019
https://doi.org/10.1016/j.jacc.2013.05.019
https://doi.org/10.1093/eurheartj/eht108
https://doi.org/10.1016/j.jacc.2017.11.019
https://doi.org/10.1093/eurheartj/ehv134
https://doi.org/10.1093/eurheartj/ehv134
https://doi.org/10.1016/j.jacc.2017.07.792
https://doi.org/10.1016/j.jacc.2017.07.792
https://doi.org/10.1007/s10741-012-9313-3


988 Acta Diabetologica (2021) 58:983–988

1 3

magnetic resonance measures of cardiac structure and func-
tion: the Framingham Heart Study. Circ Cardiovasc Imaging 
3(3):257–63. https:// doi. org/ 10. 1161/ CIRCI MAGING. 109. 
911438

 24. De Marco M, de Simone G, Roman MJ, Chinali M, Lee ET, 
Calhoun D et al (2011) Cardiac geometry and function in dia-
betic or prediabetic adolescents and young adults. Diabetes Care 
34(10):2300–2305

 25. Regan TJ, Weisse AB (1992) Diabetic cardiomyopathy. J Am Coll 
Cardiol 19:1165–1166

 26. Patil VC, Patil HV, Shah KB, Vasani JD, Shetty P (2011) Diastolic 
dysfunction in asymptomatic type 2 diabetes mellitus with normal 
systolic function. J Cardiovasc Dis Res 2(4):213–222. https:// doi. 
org/ 10. 4103/ 0975- 3583. 89805

 27. von Bibra H, St John Sutton M (2010) Diastolic dysfunction in 
diabetes and the metabolic syndrome: promising potential for 
diagnosis and prognosis. Diabetologia 53(6):1033–45. https:// 
doi. org/ 10. 1007/ s00125- 010- 1682-3

 28. Aurigemma GP, Zile MR, Gaasch WH (2006) Contractile behav-
ior of the left ventricle in diastolic heart failure: with emphasis on 
regional systolic function. Circulation 113:296–304

 29. Jia G, DeMarco VG, Sowers JR (2016) Insulin resistance and 
hyperinsulinaemia in diabetic cardiomyopathy. Nat Rev Endo-
crinol 12:144–153. https:// doi. org/ 10. 1038/ nrendo. 2015. 216

 30. Lindman BR, Dávila-Román VG, Mann DL et al (2014) Cardio-
vascular phenotype in HFpEF patients with or without diabetes: 
a RELAX trial ancillary study. J Am Coll Cardiol 64(6):541–9. 
https:// doi. org/ 10. 1016/j. jacc. 2014. 05. 030

 31. Bugger H, Abel ED (2014) Molecular mechanisms of diabetic 
cardiomyopathy. Diabetologia 57(4):660–671. https:// doi. org/ 10. 
1007/ s00125- 014- 3171-6

 32. Isfort M, Stevens SC, Schaffer S, Jong CJ, Wold LE (2014) Met-
abolic dysfunction in diabetic cardiomyopathy. Heart Fail Rev 
19:35–48

 33. Adeghate E, Singh J (2014) Structural changes in the myocar-
dium during diabetes-induced cardiomyopathy. Heart Fail Rev 
19:15–23

 34. Khouri SJ, Maly GT, Suh DD, Walsh TE (2004) A practical 
approach to the echocardiographic evaluation of diastolic func-
tion. J Am Soc Echocardiogr 17:290–297

 35. Gottlieb I, Macedo R, Bluemke DA, Lima JA (2006) Magnetic 
resonance imaging in the evaluation of non-ischemic cardiomyo-
pathies: current applications and future perspectives. Heart Fail 
Rev 11:313–323

 36. Reaven GM (1988) Role of insulin resistance in human disease. 
Diabetes 1988(37):1595–1607

 37. Paternostro G, Camici PG, Lammerstma AA et al (1996) Cardiac 
and skeletal muscle insulin resistance in patients with coronary 
heart disease - a study with positron emission tomography. J Clin 
Invest 98:2094–2099

 38. Doehner W, Rauchhaus M, Ponikowski P et al (2005) Impaired 
insulin sensitivity as an independent risk factor for mortality 
in patients with stable chronic heart failure. J Am Coll Cardiol 
46:1019–1026

 39. Ingelsson E, Sundstrom J, Arnlov J, Zethelius B, Lind L (2005) 
Insulin resistance and risk of congestive heart failure. JAMA 
294:334–341

 40. Bjornholm M, Kawano Y, Lehtihet M, Zierath JR (1997) Insulin 
receptor substrate-1 phosphorylation and phosphatidylinositol 
3-kinase activity in skeletal muscle from NIDDM subjects after 
in vivo insulin stimulation. Diabetes 46:524–527

 41. Cook SA, Varela-Carver A, Mongillo M et al (2010) Abnormal 
myocardial insulin signalling in type 2 diabetes and left-ventric-
ular dysfunction. Eur Heart J 31(1):100–11. https:// doi. org/ 10. 
1093/ eurhe artj/ ehp396

 42. Carpentier AC, Bourbonnais A, Frisch F, Giacca A, Lewis GF 
(2010) Plasma nonesterified fatty acid intolerance and hypergly-
cemia are associated with intravenous lipid-induced impairment of 
insulin sensitivity and disposition index. J Clin Endocrinol Metab 
95(3):1256–1264. https:// doi. org/ 10. 1210/ jc. 2009- 1932

 43. Nyman K, Granér M, Pentikäinen MO et al (2013) Cardiac stea-
tosis and left ventricular function in men with metabolic syn-
drome. J Cardiovasc Magn Reson 15:103. https:// doi. org/ 10. 1186/ 
1532- 429X- 15- 103

 44. Marfella R, Di Filippo C, Portoghese M et al (2009) Myocardial 
lipid accumulation in patients with pressure-overloaded heart and 
metabolic syndrome. J Lipid Res 50(11):2314–23. https:// doi. org/ 
10. 1194/ jlr. P9000 32- JLR200

 45. McGavock JM, Lingvay I, Zib I et al (2007) Cardiac steatosis in 
diabetes mellitus: a 1H-magnetic resonance spectroscopy study. 
Circulation 116:1170–1175

 46. Sommese L, Zullo A, Mancini FP, Fabbricini R, Soricelli A, 
Napoli C (2017) Clinical relevance of epigenetics in the onset and 
management of type 2 diabetes mellitus. Epigenetics 12:401–415

 47. Napoli C, Benincasa G, Schiano C, Salvatore M (2020) Differen-
tial epigenetic factors in the prediction of cardiovascular risk in 
diabetic patients. Eur Heart J Cardiovasc Pharmacother 6:239–247

 48. Benincasa G, Franzese M, Schiano C et al (2020) DNA meth-
ylation profiling of CD04+/CD08+ T cells reveals pathogenic 
mechanisms in increasing hyperglycemia: PIRAMIDE pilot study. 
Ann Med Surg (Lond) 60:218–226

 49. Giugliano D, Marfella R, Verrazzo G et al (1997) L-arginine for 
testing endothelium-dependent vascular functions in health and 
disease. Am J Physiol 273(3 Pt 1):E606-12

 50. Scisciola L, Rizzo MR, Cataldo V et al (2020) Incretin drugs 
effect on epigenetic machinery: new potential therapeutic impli-
cations in preventing vascular diabetic complications. FASEB J 
34:16489–16503

 51. Ignarro LJ, Napoli C, Loscalzo J (2002) Nitric oxide donors and 
cardiovascular agents modulating the bioactivity of nitric oxide: 
an overview. Circ Res 90:21–28

 52. Dugani SB, Moorthy MV, Li C et  al (2021) Association of 
lipid, inflammatory, and metabolic biomarkers with age at onset 
for incident coronary heart disease in women. JAMA Cardiol 
20:e207073. https:// doi. org/ 10. 1001/ jamac ardio. 2020. 7073

 53. Balestrieri ML, Servillo L, Esposito A et al (2013) Poor glycaemic 
control in type 2 diabetes patients reduces endothelial progenitor 
cell number by influencing SIRT1 signalling via platelet-activat-
ing factor receptor activation. Diabetologia 56:162–72

 54. Messmann R, Dietl A, Wagner S et al (2020) Alterations of the 
renin angiotensin system in human end-stage heart failure before 
and after mechanical cardiac unloading by LVAD support. Mol 
Cell Biochem 472:79–94

 55. Menghini R, Fiorentino L, Casagrande V, Lauro R, Federici M 
(2013) The role of ADAM17 in metabolic inflammation. Athero-
sclerosis 228:12–17

 56. Carnevale D, Cifelli G, Mascio G et al (2011) Placental growth 
factor regulates cardiac inflammation through the tissue inhibi-
tor of metalloproteinases-3/tumor necrosis factor-α-converting 
enzyme axis: crucial role for adaptive cardiac remodeling during 
cardiac pressure overload. Circulation 124:1337–50

 57. Fedak PW, Moravec CS, McCarthy PM et al (2006) Altered 
expression of disintegrin metalloproteinases and their inhibitor 
in human dilated cardiomyopathy. Circulation 113:238–45

 58. Paolisso P, Foà A, Bergamaschi L et al (2021) Hyperglycemia, 
inflammatory response and infarct size in obstructive acute myo-
cardial infarction and MINOCA. Cardiovasc Diabetol 20(1):33

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1161/CIRCIMAGING.109.911438
https://doi.org/10.1161/CIRCIMAGING.109.911438
https://doi.org/10.4103/0975-3583.89805
https://doi.org/10.4103/0975-3583.89805
https://doi.org/10.1007/s00125-010-1682-3
https://doi.org/10.1007/s00125-010-1682-3
https://doi.org/10.1038/nrendo.2015.216
https://doi.org/10.1016/j.jacc.2014.05.030
https://doi.org/10.1007/s00125-014-3171-6
https://doi.org/10.1007/s00125-014-3171-6
https://doi.org/10.1093/eurheartj/ehp396
https://doi.org/10.1093/eurheartj/ehp396
https://doi.org/10.1210/jc.2009-1932
https://doi.org/10.1186/1532-429X-15-103
https://doi.org/10.1186/1532-429X-15-103
https://doi.org/10.1194/jlr.P900032-JLR200
https://doi.org/10.1194/jlr.P900032-JLR200
https://doi.org/10.1001/jamacardio.2020.7073

	Evidence for human diabetic cardiomyopathy
	Abstract
	Introduction
	DCM clinical evaluation
	DCM instrumental evaluations
	Structural changes
	Functional changes

	Progression of pathogenic events in humans
	Early stage
	Advanced stage
	Late stage

	Conclusions
	References




