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Abstract
Diabetes and cardiac hypertrophy are closely interconnected, sharing 
overlapping metabolic and cardiovascular pathways. This review aimed 
to investigate the underlying mechanisms that drive this relationship and 
to evaluate current diagnostic and therapeutic strategies with the goal of 
improving clinical outcomes. An extensive review of recent literature was 
undertaken to explore how factors such as insulin resistance, hypergly-
caemia, inflammation, oxidative stress and lipotoxicity contribute to cardi-
ac remodelling and functional decline. Developments in diagnostic modal-
ities, including advanced imaging techniques and emerging biomarkers, 
were examined alongside both lifestyle interventions and pharmacological 
treatments. Diabetes is a significant contributor to the progression of car-
diac hypertrophy, primarily through metabolic dysregulation and persistent 
low-grade inflammation. The importance of early detection—using sophis-
ticated imaging tools and biomarker profiling—has become increasingly 
evident for timely and effective intervention. Therapeutic agents such as 
metformin, sodium glucose cotransporter-2 inhibitors (SGLT2) and glu-
cagon like peptide-1 receptor agonist (GLP-1) have demonstrated bene-
ficial effects in reducing cardiovascular complications in individuals with 
diabetes. Moreover, novel approaches, including chronotherapy and per-
sonalised medicine, are gaining traction as potential means to enhance 
treatment efficacy and patient outcomes. The robust association between 
diabetes and cardiac hypertrophy underscores the necessity for a more 
integrated and nuanced approach to diagnosis and management. Com-
bining early detection with targeted pharmacotherapy and personalised 
care strategies offers a promising route to addressing this complex clinical 
challenge. Continued research is essential to refine these approaches and 
to optimise long-term outcomes for affected patients.

Key words: Diabetes mellitus; Cardiac hypertrophy; Lipotoxicity; Phar-
macology, chrono; Sodium-glucose transporter 2 inhibitors.
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Diabetes mellitus (DM) is a chronic metabolic 
disorder characterised by elevated blood glu-
cose levels (hyperglycaemia), resulting from the 

Introduction

body’s inability to produce, secrete, or effective-
ly utilise adequate amounts of insulin.1 However, 
hyperglycaemia is not the sole concern linked 
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to diabetes; individuals with the condition also 
face a significantly increased risk of developing 
cardiovascular complications, including heart 
failure, stroke and coronary artery disease. Mor-
bidity and mortality in this population are great-
ly increased by these complications. Numerous 
studies have shown that people with diabetes are 
about twice as likely to develop cardiovascular 
disease as people without the disease.2 Cardiac 
hypertrophy or enlargement/ thickening of myo-
cardium/ cardiac muscles referred to a condition 
that may happen as a way for the body to adapt to 
more load on the cardiac system, which can hap-
pen because of either pathological or physiologi-
cal stimuli. Several medical conditions are linked 
to cardiac hypertrophy, the most important of 
which is high blood pressure, which raises corti-
sol levels and makes atherosclerotic coronary ar-
tery disease worse. These changes in the heart’s 
structure and function make congestive heart 
failure worse and raise the risk of death from 
heart disease. So, finding and evaluating cardiac 
hypertrophy early on is important for making a 
diagnosis and taking steps to lower morbidity 
and mortality.3

Cardiovascular diseases (CVDs) still pose a 
threat, to health and longevity among those with 
diabetes.4 Diabetic patients with complications 
like heart attacks or strokes face a significantly 
higher risk of mortality. These conditions can re-
duce life expectancy by up to 12 years and nearly 
double the mortality rate compared to individu-
als without such health issues.5 There is a clear 
and strong connection between diabetes and car-
diovascular disease. Individuals with diabetes 

in this group are at a greater risk of developing 
conditions that are among the leading causes of 
mortality.6 Diabetes impacts both men and wom-
en differently when it comes to CVD, which is a 
major risk factor for mortality in diabetic indi-
viduals. While men with diabetes have a 1 to 3 
times higher risk of CVD-related death compared 
to non-diabetic men, the disparity is even greater 
for women. Diabetic women are three times more 
likely to die from CVD than their non-diabet-
ic counterparts, making their risk significantly 
higher.7 

Becoming more and more widespread and a bur-
den to control the illness of diabetes, the disease 
brings out the importance of proper management 
and treatment. The relation that metabolic dis-
turbances produced after the onset of diabetes 
plus the subsequent cardiac hypertrophy resem-
bles the complexity of cardiovascular health is-
sues. Research indicates that multiple signalling 
pathways, including the PI3K/Akt pathway, along 
with oxidative stress and inflammation, play a 
crucial role in the development of cardiac hyper-
trophy in diabetic patients. Moreover, the pres-
ence of diabetic complications leads to even more 
severe cardiac inefficiency, which in turn causes 
challenges in treatment.8 Regarding treatment, 
targeting these channels could help regulate the 
side effects of diabetic cardiomyopathy. Current 
management strategies, including polymedica-
tion, lifestyle modifications and exercise, have 
proven to be highly effective in controlling blood 
sugar levels. DM, DM type 2 diabetes especial-
ly, is known to cause other diseases like cardiac 
hypertrophy. Diabetes is a primary contributor 

Figure 1: Interlink between diabetes and cardiac hypertrophy
RAAS: Renin-angiotensin-aldosterone system
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Pathophysiology of DM

Diabetes, a condition with diverse causes and 
symptoms, does not always fit neatly into a single 
category, yet its classification remains valuable. 
The categorisation of diabetes largely depends on 
the patient’s health and the diagnosis at the time. 
Currently, classification is based on the underlying 
causes and progression of the disease, aiding in ac-
curate diagnosis and timely treatment (Figure 2).12 
Type 1 diabetes mellitus (T1DM): T1DM, also 
known as insulin-dependent diabetes (IDDM), 
is an immune-mediated disease in which the 
immune system attacks the insulin-producing 
β-cells in the pancreas. In this condition, T cells 
destroy these β-cells, reducing insulin production 
and causing an increase in blood sugar levels.13 
T1DM patients have distinct humoral markers 
including autoregulation bodies. With the help 
of specific autoantibodies, the immune system is 
able to attack and counteract the unusual cells as 
an autoimmune response (Figure 3). A minimum 
of one of these autoantibodies is normally ob-
served as part of the clinical diagnosis, whereas 
85-90 % of the newly diagnosed T1DM patients 
show more than one immune marker.14 

Figure 2: Types of diabetes mellitus

to heart muscle hypertrophy in individuals with 
DM, often progressing to severe complications 
such as high-risk heart attacks and ischaemic 
heart disease (Figure 1).9 This rise in diabetes is 
correct so we see an increase in diabetic cardio-

myopathy, which is a heart disease that is caused 
by cardiac hypertrophy. Many studies have come 
out and shown that people with diabetes are two 
to four times more likely to get heart failure than 
those without diabetes.10, 11

Type 2 diabetes mellitus (T2DM): T2DM, also 
called non-insulin-dependent diabetes, is marked 
by two key issues: the body’s cells develop resis-
tance to insulin and the pancreatic β-cells respon-
sible for insulin production fail to function effec-
tively.15 Insulin (a hormone) acts as a key for the 
body’s cells to enter the bloodstream and store 
power in the form of glycogen. In T2DM, reduced 
insulin sensitivity leads to impaired insulin se-
cretion. Notably, the body’s β-cells must release 
a sufficient amount of insulin to enable proper 
absorption by the liver, which helps regulate high 
blood sugar levels. However, in T2DM, pancre-
atic β-cells fail to produce enough insulin when 
normal levels are inadequate to meet the body’s 
demands (Figure 4). The abiding insulin excess 
could be neutralised by diminishing insulin se-
cretion and mitigating hyperinsulinemia. Such 
as a consequence, the delivery of decreasing lev-
els of resistance insulin, which is the body’s only 
way of self-regulation against high sugar levels, 
would contribute to the change as well. In gener-
al, diabetic ketoacidosis (DKA) can be minimised 
as still enough insulin is produced even with 
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Figure 3: Pathophysiology of type 1 diabetes mellitus (T1DM)

Figure 4: Pathophysiology of type 2 diabetes mellitus (T2DM)

decreased insulin levels.16 However, DKA might 
appear under conditions of extreme stress, for 
example from infections or other medical emer-
gencies. Another normal DKA cause by drugs is 
corticosteroids and atypical antipsychotics.17

Gestational diabetes mellitus (GDM): GDM, also 
known as pregnancy-associated hyperglycaemia, 
is a condition characterised by glucose intolerance 
or the onset of diabetes for the first time during 
the second or third trimester of pregnancy. Some 
cases may represent previously undiagnosed 
type 2 diabetes (T2DM) that began before preg-
nancy. Unlike pre-existing diabetes, which may 
persist, GDM typically resolves within 2–3 months 
postpartum.18 Individuals who have experienced 
GDM have a higher risk of developing T2DM later 
in life compared to those without GDM. Regular 
medical check-ups to monitor glucose levels are 
crucial for the early detection of T2DM, making 
consistent doctor visits essential.19 

Secondary DM: Aside from T1DM, T2DM and 
GDM, diabetes can be closely entwined with spe-
cific illnesses and ailments. They include endo-
crine diseases, which extend to affecting the pan-
creas in such a way that the creation of enzymes 
is influenced, which is a diabetes that comes from 
some kind of genetic defect, thus affecting the 
function of the β-cells, defects that modify insu-
lin working and certain other specific conditions. 
These forms differ among other types of diabetes 
whose incidence is indisputable.20

Pathophysiology of cardiac 
hypertrophy

The pathophysiology of cardiac hypertrophy is 
characterised by a complex interaction of me-
chanical, neurohormonal and biochemical fac-
tors, which result in alterations to the heart’s 
structure and function (Figure 5).21 The primary 
mechanisms can be broadly categorised into he-

Joshi et al. Scr Med. 2026 Mar-Apr;57(2):405-19.
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Figure 5: Pathophysiology of cardiac hypertrophy
BP: blood pressure; 

Pathophysiological links
between diabetes and cardiac 
hypertrophy

The pathophysiological relationship between 
diabetes and cardiac hypertrophy is intricate 
and multifactorial, involving a mix of metabol-
ic disturbances, hemodynamic alterations and 
neurohormonal activation. Understanding these 
connections is vital in addressing the increased 
cardiovascular risk faced by individuals with di-
abetes.26 

Insulin resistance and hyperglycaemia: Insu-
lin resistance, a hallmark of T2DM, leads to elevat-

modynamic overload, neurohormonal activation 
and cellular signalling pathways. 

Haemodynamics overload: In many instanc-
es, cardiac hypertrophy occurs as a response to 
an increased workload on the heart. This can be 
caused by:

Pressure overload: Conditions like hyper-
tension result in higher systemic pressure, 
prompting the heart to adapt by thickening its 
walls to pump blood more effectively.

Volume overload: Conditions such as valvular 
heart disease led to increased blood volume in 
the heart chambers, causing dilation and hy-
pertrophy of the myocytes to accommodate 
the extra volume.22

Neurohormonal activation: The neurohormon-
al system is crucial in the development of cardiac 
hypertrophy. Activation of the renin-angioten-
sin-aldosterone system (RAAS) and the sympa-
thetic nervous system (SNS) leads to increased 
levels of hormones like angiotensin II and norepi-
nephrine.23 These substances promote: 

Myocyte hypertrophy: Through growth fac-
tors like transforming growth factor-beta 
(TGF-β) and endothelin-1, which signal path-
ways that influence cell growth and remodel-
ling. 

Fibrosis: Progressive fibrosis contributes to 
stiffness and reduces cardiac compliance, lead-

ing to diastolic dysfunction and worsening heart 
function.24

Cellular signalling pathways: Within the cardi-
ac myocytes, several signalling pathways are ac-
tivated during hypertrophy:

PI3K/Akt pathway: This pathway promotes 
cellular survival and growth, allowing myo-
cytes to adapt to increased stress.
MAPK pathway: The mitogen-activated pro-
tein kinase pathway promotes cellular prolif-
eration and hypertrophy, playing a key role in 
the overall increase in cell size.25

Joshi et al. Scr Med. 2026 Mar-Apr;57(2):405-19.
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ed blood sugar levels that trigger damaging met-
abolic effects in the heart muscle. The measures 
taken by heart muscles in the presence of high 
blood sugar since the hyperglycaemia becomes 
chronic are mainly aimed at enhancing glucose 
uptake. However, hyperglycaemia that is per-
sistent and, therefore, high glucose levels prove 
to be the main factor that leads to the creation 
of harmful metabolites, which are, for instance, 
advanced glycation end-products (AGEs). AGEs, 
in turn, provoke oxidative stress and therefore 
inflammation, which are the principal elements 
of myocardial injury. Diabetes also disrupts the 
use of myocardial substrates, shifting the main 
consumed substrates from fat oxidation into 
glycolysis and the production of lactate. Lasting 
these metabolic changes can cause thickening of 
the vessel walls, the body’s reaction to the high-
er blood pressure, which can promote structural 
idealism and successful adaptation of the myofi-
brils in the heart and, in turn, prove to be bene-
ficial for weak heart function but the diminished 
ability of the ventricle to fill properly might still 
occur.27 

Inflammation and oxidative stress: Diabetes 
promotes oxidative stress through several mech-
anisms, including (a) impaired regulation of the 
mitochondrial electron transport chain, which is 
a primary source of oxidative stress, (b) increased 
activity of the RAAS and nicotinamide adenine 
dinucleotide phosphate (NADPH) oxidase and 

Figure 6: Dyslipidaemia mechanism in diabetic patients
TG: triglycerides; VLDL: very-low-density lipoprotein; LDL: low-density lipoprotein; ApoB: apolipoprotein B;

(c) elevated oxidative stress caused by the inter-
action between AGEs and their receptor, leading 
to the production of reactive oxygen species.28 
The activation of the NLRP3 - nucleotide-bind-
ing oligomerisation domain-like receptor family, 
pyrin domain-containing inflammasome in dia-
betes plays a role in chronic inflammation, which 
subsequently exacerbates the development of di-
abetic cardiomyopathy at its onset.29 The interac-
tion between oxidative stress and inflammation 
is a key factor in increasing the production of re-
active oxygen species and the release of inflam-
matory molecules. This process leads to changes 
and accumulation in heart failure, along with its 
remodelling, which further exacerbates the con-
dition.30 

Lipotoxicity: Lipotoxicity that is caused by ele-
vated free fatty acid (FFA) levels in obesity and 
insulin resistance is detrimental to the heart. 
Therefore, myocyte dysfunction due to lipotoxici-
ty is particularly important. What happens is that 
the excess FFAs are accumulated inside the heart 
cells causing various cell functions to be broken 
and they will also induce oxidative stress which 
in turn can lead to apoptosis or the cell death 
mechanism, necrosis.31 Cellular injury prompts 
compensatory hypertrophic responses while pre-
serving cardiac contractile function, ultimately 
contributing to pathological cardiac remodelling. 
Additionally, lipotoxicity is closely linked to in-
creased levels of inflammatory cytokines, which 
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worsen endothelial dysfunction, promote fibrosis 
and accelerate the process of cardiac hypertro-
phy, thereby increasing the risk of heart failure 
and cardiovascular events (Figure 6).32

Mitochondrial damage: Insulin resistance caus-
es impaired glucose metabolism and decreased 
oxidative capacity, leading to an imbalance in 
uptake and oxidation of fatty acids. Eventually, 
this leads to dysfunction in the mitochondria.33 
Insulin resistance and diabetes and their compli-
cations, are directly related to subcellular level 
of mitochondrial dysfunction.34 Accumulation of 
lipid and enhanced production of reactive oxygen 
species caused by the reduction of mitochondrial 
function in myocardial cells deteriorates diabetic 
cardiomyopathy and worsens cardiac function.35 
The pathway of mitophagy is the elimination of 
defective mitochondria by a kind of autophagy, 

Diagnostic approaches

Screening for cardiovascular risk in diabetic 
patients: The diagnostic processes for cardiac 
hypertrophy in T2DM also comprise multi-mo-
dality assessment strategy, including clinical 
evaluation, imaging and laboratory assessment. 
Early diagnosis of cardiac hypertrophy is very 
important in the regulation of T2DM, as it can 
help to slow down the development of more ad-
vanced cardiac morbidities.

Blood pressure (BP) measurement: Patients 
with stable coronary artery disease (CAD) and 
T2DM may find a target of 140/90 mm Hg rea-
sonable, or they may opt for higher blood pres-
sure targets. For individuals at a greater risk of 
stroke and microvascular complications, lower 
blood pressure targets (< 130/80 mm Hg) can 
be advised.37 If the T2DM patient blood pressure 
measure is greater than  120/80 mm Hg, life-
style intervention should be considered. In preg-

nant women suffering from diabetes and chronic 
high blood pressure, a BP of 110–135/85 mm Hg 
should  be sought to prevent the risk of develop-
ing gestational hypertension.38 

Lipid profile: Patients having diabetes have 
more likely a chance of developing dyslipidaemia. 
An important characteristic of dyslipidaemia is 
an increased level of low-density lipoproteins, or 
ApoB shown in Table 1.39 

Microalbuminuria testing: Macroalbuminuria 
implies greater damage to the kidneys than nor-
mal and has been correlated with cardiovascular 
disease. Patients with macroalbuminuria, due to 
elevated levels of low-density lipoprotein choles-
terol (LDL-C) and reduced levels of high-density 
lipoprotein cholesterol (HDL-C), face a tenfold 
higher risk of cardiovascular disease compared 
to those without the condition.40 These add fur-

which is the crucially maintaining the quality of 
mitochondria. In the diabetic cardiomyopathy 
model, mitophagy acts a stabilising role by tar-
geting dysfunctional mitochondria to eliminate 
them and therefore prevents oxidative stress and 
reduces myocardial apoptosis.33 The electron 
transport chain of the mitochondria has two sites 
that generate reactive oxygen species and it has 
been reported that increased glucose metabolism 
in diabetes also promotes reactive oxygen spe-
cies generation.34 

Activated leukocyte: Insulin resistance and dia-
betes seem to result in an excessive activation of 
the inflammatory response. Inflammation is the 
main driver of leukocytes and the latter contrib-
ute to the oxidative stress associated with diabe-
tes. Reactive oxygen species are also generated by 
activated leukocytes besides the mitochondria.36

Table 1: Lipid profile in diabetic patient

TG: triglycerides; HDL: high-density lipoprotein; VLDL: very-low-density lipoprotein; LDL: low-density lipoprotein; 
IDL: intermediate-density lipoprotein; ApoB: apolipoprotein B;

Type of diabetes Cholesterol panel

Type 1 diabetes mellitus

Type 2 diabetes mellitus

Poor diabetes management

Resembling to those of individuals without DM.40

An increase in apoB levels, as well as cholesterol ester depletion in LDL.41

HDL and LDL cholesterol levels decrease, while IDL, VLDL and
triglycerides increase.42

Joshi et al. Scr Med. 2026 Mar-Apr;57(2):405-19.
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ther risk to cardiovascular disease and mortality. 
Better regulation and control of glucose lead to 
decreased incidence of microalbuminuria.43 The 
presence of albumin in the urine signals early 
kidney damage and is linked to a higher risk of 
cardiovascular disease.

HbA1c testing: Maintaining an HbA1c level below 
7 % in individuals with T2DM lowers the risk of 
microvascular complications and cardiovascular 
diseases. Furthermore, patients with a limited 
life span, critical issues in small and large blood 
vessels, substantial additional health problems, 
or enduring T2DM may have a reduced HbA1c tar-
get, potentially below 8.0 %, customised for their 
particular circumstances.44 

Assessment of lifestyle factor: Reducing heart 
attack and stroke fatalities and mitigating their 
economic effects can be improved by targeting 
at-risk demographics. Preventing or delaying 
cardiac hypertrophy can be achieved by manag-
ing blood sugar, blood pressure and cholesterol, 
alongside lifestyle modifications such as smoking 
cessation, maintaining a healthy diet and engag-
ing in regular physical activity.

Biomarkers and imaging
techniques

Lifestyle modification

Echocardiography: Individuals with diabetes 
have an increased incidence of heart failure, a 
condition that cannot be solely explained by the 
presence of obstructive CAD and other conven-
tional risk factors.45 Sometimes, tiny blood ves-
sels get hurt, leading to changes and making it 
tough for the heart to pump and relax properly.46 
Multitude of studies indicates that there is an as-
sociation between DM with mass and wall thick-
ness of left ventricle along with impaired left ven-
tricular systolic function.47, 48 Regression analysis 
indicated that the degree of ischaemia and left 
ventricular dysfunction while at rest were inde-
pendent predictors of death.49 

Cardiac magnetic resonance imaging (MRI): 
MR, an effective method for evaluating anatom-
ical and physiological features of the myocardial 
tissue. Studies utilising steady-state free preces-
sion sequences have shown significant variations 
in left ventricular muscle mass, volume and 
function among patients with insulin resistance, 

Preventing cardiac hypertrophy in high-risk in-
dividuals can significantly lower mortality rates 
and reduce the financial strain of heart failure 
and other cardiac complications. Effective meta-
bolic control through blood glucose, blood pres-
sure and cholesterol management, combined with 
a healthy diet, smoking cessation and increased 
physical activity, can help prevent or delay the 
onset of cardiac hypertrophy. Secondary pre-
vention is the direct management of the possible 
contributing factors for diabetic patients already 
diagnosed with cardiac hypertrophy. In 1999, the 
AHA endorsed a comprehensive medical inter-
vention as a secondary prevention measure for 
diabetic patients who had clinically established 
cardiac hypertrophy, thereby emphasising ag-

T2DM and T1DM.50, 51 A relatively new technique 
called T1 mapping measures the effect of the in-
creased concentration of gadolinium in the ex-
tracellular space on T1 relaxation times. This 
enables the assessment of myocardial interstitial 
fibrosis: the extracellular volume fraction.52 MR 
spectroscopy, while still being investigated, has 
offered valuable understanding of pathophysiol-
ogy of heart muscle dysfunction due to diabetes. 

Radionuclide imaging: One study has differed, 
showing that the characteristics became detect-
able using radionuclide imaging in the case of 
individuals with DM. Positron-emission tomog-
raphy, non-invasive assessment of myocardial 
blood flow reserve is another well-established 
method-cardiac effect of particular lesions, dif-
fused disease and coronary microvasculature 
function are integrated into it.53 

Coronary intima media thickness (CIMT): 
CIMT evaluated for its use as a substitute indi-
cation of atherosclerosis and has been proven to 
have a connection with the development of coro-
nary heart disease.54, 55 CIMT was formerly con-
sidered valid for assessing the earlier European 
Society of Cardiology (ESC) guidelines regarding 
significant cardiovascular risk in relatively low-
risk, asymptomatic adults. However, subsequent 
studies were consolidated under the aegis of the 
2013 the American College of Cardiology and 
American Heart Association (ACC/AHA) guide-
lines and showed that this risk cannot predict 
CHD reliably.56

Joshi et al. Scr Med. 2026 Mar-Apr;57(2):405-19.
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Pharmacological interventions 

Anti-diabetic agents 
Metformin: Multiple observational studies have 
shown that metformin offers a much more ac-
ceptable safety profile in patients with heart fail-
ure than do insulin or sulfonylureas.64 Metformin 
acts as a catalyst by activating AMP-activated 
protein kinase, regulating metabolism through 
multiple mechanisms in organs such as the 
heart, liver and muscles. In mice with ishaemic 
heart failure, metformin enhanced left ventricu-
lar function and improved survival rates.65 Met-
formin is considered one of the effective methods 
for reducing the risk of cardiac hypertrophy in 
patients with T2DM who do not have overt heart 
disease.66 

Sodium glucose cotransporter-2 inhibitors 
(SGLT2): These impair and improve, heart failure 
via two additional ways, which are believed to be 
metabolic and haemodynamic. Metabolic mech-
anisms include lowering glucose, safeguarding 
from lipotoxicity, promoting weight reduction, 
increasing ketone levels of blood glucose and ad-

gressive management in reducing disease pro-
gression and improving patient’s outcome.57 

Lifestyle interventions, like exercise and dietary 
changes, seem to decrease the amount of visceral 
adipose tissue and ectopic fat, subsequently im-
proving the cardiac profile.58–60 Adopting lifestyle 
changes and managing habits can significantly 
lower blood pressure and effectively control hy-
pertension. It is equally important to exercise 
regularly, quit smoking and limit your time spent 
being sedentary as an effective method of blood 
pressure control.61

It has been found that changes in lifestyle can 
provide a means to lower BP, enhance metabol-
ic processes and improve the circulatory system 
in collaboration with antihypertensive medica-
tions. Regular consumption of peanuts, tree nuts 
and grain is useful for lowering cholesterol and 
BP due to their rich contents of unsaturated fat. 
Patients with 5 % body weight loss may then ex-
pect an improvement in lipid profile, glycaemic 
control and insulin resistance. An improvement 
in high BP, triglyceride concentration and HDL-C 
levels can be seen from weight loss.61–63 

dressing insulin resistance. While the other is 
generally evident in being diuretic and lowering 
blood pressure, a more kinetic one is not clear 
yet. By the way, SGLT2 inhibitors can also hinder 
lipid aggregation in visceral fat and promote fat 
burning against lipotoxicity, yet their specific 
action on the myocardium isn’t yet established. 
More studies are required to clarify this proper-
ty.67 

Glucagon like peptide-1 receptor agonist 
(GLP-1): GLP-1 receptor agonists, shows a bene-
ficial effect on cardiac hypertrophy, heart failure 
and renal health and have been shown to reduce 
weight gain, blood pressure, glycosylated haemo-
globin and low-density lipoprotein levels. There-
fore, GLP-1 agonists should be considered for use 
in the context of secondary prevention concern-
ing T2DM and cardiac hypertrophy.68 

Sulfonylureas: Properly designed studies have 
observed a significantly higher risk for heart 
failure in sulfonylureas. A comparison was made 
of various antidiabetic drugs in a retrospective 
study assessing their risk for MI, overall mortal-
ity and for HF.69 Reported findings indicate that 
the use of sulfonylureas alone led to a 24-61 % 
increase in total mortality and an 18-30 % in-
crease in heart failure compared to metformin 
monotherapy. 

Thiazolidine derivatives: Among the thiazo-
lidinediones, pioglitazone has been linked to 
a higher risk of heart failure and is not recom-
mended for patients with existing heart failure.69 
Pioglitazone does not impact heart function di-
rectly. Instead, it works on the collecting duct by 
activating sodium transporters in the proximal 
tubule and epithelial sodium channels, leading to 
increased Na+ reabsorption and fluid retention. 
To avoid the development of heart failure caused 
by retaining fluids, it is preferable to consider us-
ing pioglitazone along with thiazide diuretics or 
mineralocorticoid receptor antagonist.26

Antiplatelet therapy
In the management of cardiac hypertrophy in the 
diabetic populations, use of antiplatelet therapy 
remains crucial. Patients with T2DM has shown 
an increase in the expression of platelet P2Y12, 
which contributes to enhanced platelet activation 
and this amplifies the state of hypercoagulation, 
predisposing to cardiac hypertrophy.70 Aspirin, 
a widely used antiplatelet drug, lowers the oc-
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currence of cardiovascular events by preventing 
platelet aggregation. A meta-analysis revealed 
that aspirin decreased the risk of vascular events 
in patients with a history of vascular conditions 
by approximately 25 %.71 Researchers have found 
that discontinuing aspirin early in patients with 
acute coronary syndrome or undergoing percu-
taneous coronary intervention (PCI) reduces 
bleeding events without adversely affecting car-
diovascular outcomes.72 

Chrono pharmacology and diabetes 
treatment
DM treatment and management are heavily in-
fluenced by chrono pharmacological aspects. 
Specifically, the time of drug administration and 
individual activity have a great impact on blood 
glucose levels.73 Circadian rhythm regulates the 
release of insulin and counterregulatory hor-
mones such as glucagon, cortisol, growth hor-
mone and epinephrine, helping to control blood 
insulin levels based on the body’s needs. At night, 
there is the increased hormone production of 
growth hormone, followed by cortisol leading to 
increased glucose production by the liver. In non-
diabetics, the pancreas produces increased insu-
lin to compensate against a fast rise in glucose, 
stabilising the levels. Nondiabetics with diabe-
tes (Type I or Type II) may show higher glucose 
levels at night to significantly change morning 
levels. Between 4 am and 8 am, there is an in-
crease in blood glucose, which is referred to as 
the “dawn phenomenon.” Circadian disruption 
has been found to elevate insulin resistance and 
impair pancreatic function.74

Emerging research and future 
prospective

Glycaemic control: Maintaining one’s blood glu-
cose levels, glycaemic control, will have great im-
plications in the patient’s health. Glycaemic con-
trol and cardiovascular outcomes are interwoven 
with many variables, varying from broad vascu-
lar complications to narrow vascular complica-
tions. The microvasculature does not simply im-
pose those myriad health conditions due to their 
ability to damage all small blood vessels through-
out the body. These complications see glycaemic 
control related to other conditions such as dia-
betic retinopathy, nephropathy and neuropathy, 

with DCCT one of the more notable studies on 
this subject.75, 76

Personalised medication: Management of dia-
betes wants personalised attention toward the 
attainment of optimal glycaemic control, which 
is an extremely important matter. The establish-
ment of glycaemic goals should be based on age, 
presence of coexisting medical conditions, life ex-
pectancy and risk for hypoglycaemia.77

Smart insulin pen: Affordable smart pens have 
proven methodically useful for people using me-
tered dose inhaler therapy. Demonstrating dos-
age with reminders, calculating insulin boluses 
and proper interval injections determine how 
these aids in diabetes management from CGM 
data. A mobile application can accompany these 
smart pens, which can be programmed either by 
the patient or by the healthcare provider. Pres-
ently, there is only one smart pen that has re-
ceived FDA approval: the InPen from Medtronic in 
Northridge, CA.78, 79

Inhaled insulin (Afreeza): Inhaled insulin rap-
idly mimics the insulin response of healthy in-
dividuals. Technosphere insulin (TI), marketed 
under the brand name Afreeza by Mankind Cor-
poration, is the only available pulmonary insulin 
in the United States. Studies indicate that TI acts 
more quickly but has a shorter duration of action 
compared to traditional rapid-acting insulins like 
Aspart, Lispro or Glulisine.80–82

Future research scopes
Ongoing research is focused on developing new 
treatments for diabetic patients with cardiac hy-
pertrophy. These investigational therapies aim to 
target inflammation, lipid metabolism and oth-
er related pathways. The Canakinumab Anti-in-
flammatory Thrombosis Outcome Study (CAN-
TOS) assessed the effectiveness of canakinumab, 
an anti-inflammatory drug, in reducing cardio-
vascular events.83 The prospect of transforming 
diabetes and cardiac hypertrophy management 
is immense, with the addition of digital health 
solutions. Some applications even allow for re-
mote interaction with healthcare professionals. 
Real-time data from wearables-CGMs and fitness 
trackers-enable individuals to easily supervise 
and maintain their health better. The collection 
and sharing of health information raise issues re-
garding patient privacy and data security. Some 
individuals may face limitations in accessing dig-
ital health solutions as a result of lack of smart-
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phones, computers and stable internet connec-
tions, hindering their effectiveness.84

Multidisciplinary approach: As part of the 
management of cardiac hypertrophy in high-risk 
populations, especially among such populations 
as diabetes, it is crucial to recognise the signifi-
cance of team-based management. Sophisticated 
procedures, considering cardiovascular compli-
cations, imply that one specialist cannot fulfil 
all the roles. All specialists function as a team 
whereby each specialist plays their role based 
on established histories of the patient, current 
health status, lifestyle, preferences and goals of 
the patient. This will provide direction to possi-
bly all risk factors and satisfactory treatment of 
the patients.84

The complex interaction between diabetes 
and cardiac hypertrophy stresses the urgent 
requirement for an integrated approach to the 
management of cardiovascular complications 
in diabetic patients. The current modalities of 
treatment consist of glucose, lipid and blood 
pressure control as all of these factors are as-
sociated with the hypertrophic remodelling 
of the heart. Future studies should explain 
the precise roles of inflammation, oxidative 
stress and metabolic dysregulation in facili-
tating cardiac hypertrophy. Investigating nov-
el therapeutic targets, such as modulation of 
inflammatory pathways (eg IL-1β inhibitors 
like canakinumab) and mitochondrial func-
tion, holds promise toward furthering greater 
therapeutic opportunities. Personalised med-
icine taking into account genetic, metabolic 
and lifestyle parameters might also improve 
treatment outcomes. Furthermore, extensive 
clinical trials are necessary to assess the ef-
ficacy and safety of emerging treatments like 
GLP-1 receptor agonists and SGLT2 inhibitors 
in preventing or reversing cardiac hypertro-
phy in diabetic patients. The integration of 
digital health solutions and multi-disciplinary 
care approaches will also be crucial in improv-
ing patient medication adherence, monitoring 
and cardiovascular health in general.

Conclusion

This study was a secondary analysis based on the 
currently existing data and did not directly involve 
with human participants or experimental animals. 
Therefore, the ethics approval was not required in 
this paper. 

Ethics

We sincerely acknowledge the support, guidance 
and encouragement provided by the academic 
staff from our respective institutions. Their ded-
ication to fostering a productive research envi-
ronment and facilitating access to essential re-
sources has been invaluable in the completion of 
this manuscript.

Acknowledgement

Conflicts of interest

The authors declare that there is no conflict of 
interest.

This research received no specific grant from any 
funding agency in the public, commercial, or not-
for-profit sectors. 

Funding

The data that support the findings of this study 
are available from the corresponding author 
upon reasonable individual request.

Data access

Gaurav Joshi (GJ):
0000-0002-1033-0199
Nishant Goutam (NG):
0000-0002-2732-5230
Shivani (S):
0009-0004-5926-901X

Author ORCID numbers

Joshi et al. Scr Med. 2026 Mar-Apr;57(2):405-19.



416

References

1.	 Rawshani A, Sattar N, Franzén S, Rawshani A, Hatters-
ley AT, Svensson AM, et al. Excess mortality and cardio-
vascular disease in young adults with type 1 diabetes 
in relation to age at onset: a nationwide, register based 
cohort study. Lancet. 2018 Aug;392(10146):477–86. 
doi: 10.1016/S0140-6736(18)31506-X.

2.	 Forbes JM, Cooper ME. Mechanisms of diabetic com-
plications. Physiol Rev. 2013 Jan;93(1):137–88. doi: 
10.1152/physrev.00045.2011.

3.	 Kanzaki A, Kadoya M, Katayama S, Koyama H. Cardiac 
hypertrophy and related dysfunctions in Cushing syn-
drome patients—literature review. J Clin Med. 2022 
Nov 28;11(23):7035. doi: 10.3390/jcm11237035.

4.	 Beckman JA, Paneni F, Cosentino F, Creager MA. Diabetes 
and vascular disease: pathophysiology, clinical conse-
quences, and medical therapy: part II. Eur Heart J. 2013 
Aug 14;34(31):2444–52. doi: 10.1093/eurheartj/eht142.

5.	 Pennells L, Kaptoge S, Wood A, Sweeting M, Zhao X, 
White I, et al. Equalization of four cardiovascular risk 
algorithms after systematic recalibration: individual 
participant meta analysis of 86 prospective studies. 
Eur Heart J. 2019 Feb 14;40(7):621–31. doi: 10.1093/
eurheartj/ehy653.

6.	 Low Wang CC, Hess CN, Hiatt WR, Goldfine AB. Clini-
cal update: cardiovascular disease in diabetes melli-
tus. Circulation. 2016 Jun 14;133(24):2459–502. doi: 
10.1161/CIRCULATIONAHA.116.022194.

7.	 Russo GT, Baggio G, Rossi MC, Kautzky Willer A. Type 2 
diabetes and cardiovascular risk in women. Int J Endo-
crinol. 2015;2015:832484. doi: 10.1155/2015/832484.

8.	 Shou Y, Li X, Fang Q, Xie A, Zhang Y, Fu X, et al. Prog-
ress in the treatment of diabetic cardiomyopathy, a 
systematic review. Pharmacol Res Perspect. 2024 Apr 
26;12(2):e1177. doi: 10.1002/prp2.1177.

Conceptualisation: GJ, NG, S, KK, AS, HK NJ
Formal analysis: GJ, NG, S, KK, AS, HK NJ
Investigation: GJ, NG, S, KK, AS, HK NJ
Data curation: GJ, NG, S, KK, AS, HK NJ
Writing - original draft: GJ
Writing - review and editing: GJ, NG, S, KK, AS, HK NJ
Supervision: NJ.

Author contributions

Kanika Kaushal (KK):
0009-0009-2749-0656
Abhishashi Sharma (AS):
0009-0000-7321-418X
Harmanbir Kaur (HK):
0009-0003-8690-3779
Neeraj Joshi (NJ):
0009-0005-6814-331X

9.	 Einarson TR, Acs A, Ludwig C, Panton UH. Prevalence 
of cardiovascular disease in type 2 diabetes: a system-
atic literature review of scientific evidence from across 
the world in 2007–2017. Cardiovasc Diabetol. 2018 Dec 
8;17(1):83. doi: 10.1186/s12933-018-0728-6.

10.	 Almourani R, Chinnakotla B, Patel R, Kurukulasuriya 
LR, Sowers J. Diabetes and cardiovascular disease: an 
update. Curr Diab Rep. 2019 Dec 11;19(12):161. doi: 
10.1007/s11892-019-1239-x.

11.	 Sharma A, Mittal S, Aggarwal R, Chauhan MK. Dia-
betes and cardiovascular disease: inter relation of 
risk factors and treatment. Futur J Pharm Sci. 2020 
Dec;6(1):xx. doi: 10.1186/s43094-020-00151-w.

12.	 American Diabetes Association. Classification and di-
agnosis of diabetes: Standards of Medical Care in Dia-
betes—2018. Diabetes Care. 2018 Jan;41(Suppl 1):S13–
27. doi: 10.2337/dc18-S002.

13.	 Knip M, Siljander H. Autoimmune mechanisms in type 
1 diabetes. Autoimmun Rev. 2008 Jul;7(7):550–7. doi: 
10.1016/j.autrev.2008.04.008.

14.	 Taplin CE, Barker JM. Autoantibodies in type 1 di-
abetes. Autoimmunity. 2008 Jan;41(1):11–8. doi: 
10.1080/08916930701619169.

15.	 Leahy JL. Pathogenesis of type 2 diabetes mellitus. 
Arch Med Res. 2005 May;36(3):197–209. doi: 10.1016/j.
arcmed.2005.01.003.

16.	 Muoio DM, Newgard CB. Molecular and metabol-
ic mechanisms of insulin resistance and β cell fail-
ure in type 2 diabetes. Nat Rev Mol Cell Biol. 2008 
Mar;9(3):193–205. doi: 10.1038/nrm2327.

17.	 Umpierrez G, Korytkowski M. Diabetic emergen-
cies — ketoacidosis, hyperglycaemic hyperosmolar 
state and hypoglycaemia. Nat Rev Endocrinol. 2016 
Apr;12(4):222–32. doi: 10.1038/nrendo.2016.15.

18.	 Lawrence JM, Contreras R, Chen W, Sacks DA. Trends in 
the prevalence of preexisting diabetes and gestational di-
abetes mellitus among a racially/ethnically diverse pop-
ulation of pregnant women, 1999–2005. Diabetes Care. 
2008 May;31(5):899–904. doi: 10.2337/dc07-2345.

19.	 Aroda VR, Christophi CA, Edelstein SL, Zhang P, Her-
man WH, Barrett Connor E, et al. The effect of lifestyle 
intervention and metformin on preventing or delaying 
diabetes among women with and without gestational 
diabetes: the Diabetes Prevention Program Outcomes 
Study 10 year follow up. J Clin Endocrinol Metab. 2015 
Apr;100(4):1646–53. doi: 10.1210/jc.2014-3761.

20.	 Banday MZ, Sameer AS, Nissar S. Pathophysiolo-
gy of diabetes: an overview. Avicenna J Med. 2020 
Oct;10(4):174–88. doi: 10.4103/ajm.ajm_53_20.

21.	 Tham YK, Bernardo BC, Ooi JYY, Weeks KL, McMul-
len JR. Pathophysiology of cardiac hypertrophy and 
heart failure: signaling pathways and novel therapeu-
tic targets. Arch Toxicol. 2015 Sep;89(9):1401–38. doi: 
10.1007/s00204-015-1477-x.

22.	 Thodeti CK, Adapala RK, Katari V, Ohanyan VA, Paru-
churi SM. Abstract P2028: uncoupling endothelial 
TRPV4 mechanotransduction attenuates pressure 
overload induced cardiac hypertrophy via Rho/YAP/
VEGFR2 mediated coronary angiogenesis. Circ Res. 
2023 Aug;133(Suppl 1):P2028. doi: 10.1161/RES.133.
SUPPL_1.P2028.

23.	 Stansfield WE, Ranek M, Pendse A, Schisler JC, Wang S, 
Pulinilkunnil T, et al. The pathophysiology of cardiac hy-
pertrophy and heart failure. In: Cellular and Molecular 
Pathobiology of Cardiovascular Disease. Elsevier; 2014. 
p.51–78. doi: 10.1016/B978-0-12-405206-2.00004-1.

Joshi et al. Scr Med. 2026 Mar-Apr;57(2):405-19.



417

24.	 Dostal DE, Rothblum KN, Conrad KM, Cooper GR, Bak-
er KM. Detection of angiotensin I and II in cultured rat 
cardiac myocytes and fibroblasts. Am J Physiol Cell 
Physiol. 1992 Oct;263(4):C851–63. doi: 10.1152/ajp-
cell.1992.263.4.C851.

25.	 Gallo S, Vitacolonna A, Bonzano A, Comoglio P, Crepaldi 
T. ERK: a key player in the pathophysiology of cardiac 
hypertrophy. Int J Mol Sci. 2019 May 1;20(9):2164. doi: 
10.3390/ijms20092164.

26.	 Nakamura K, Miyoshi T, Yoshida M, Akagi S, Saito Y, Eji-
ri K, et al. Pathophysiology and treatment of diabetic 
cardiomyopathy and heart failure in patients with di-
abetes mellitus. Int J Mol Sci. 2022 Mar 25;23(7):3587. 
doi: 10.3390/ijms23073587.

27.	 Galicia Garcia U, Benito Vicente A, Jebari S, Larrea Sebal 
A, Siddiqi H, Uribe KB, et al. Pathophysiology of type 2 
diabetes mellitus. Int J Mol Sci. 2020 Sep 1;21(17):6275. 
doi: 10.3390/ijms21176275.

28.	 Jia G, Hill MA, Sowers JR. Diabetic cardiomyopathy. Circ 
Res. 2018 Feb 16;122(4):624–38. doi: 10.1161/CIRCRE-
SAHA.117.311586.

29.	 Pal PB, Sonowal H, Shukla K, Srivastava SK, Ramana 
KV. Aldose reductase mediates NLRP3 inflammasome 
initiated innate immune response in hyperglycemia 
induced THP 1 monocytes and male mice. Endocrinol-
ogy. 2017 Oct;158(10):3661–75. doi: 10.1210/en.2017-
00294.

30.	 Gong W, Zhang S, Chen Y, Shen J, Zheng Y, Liu X, et al. 
Protective role of hydrogen sulfide against diabetic 
cardiomyopathy via alleviating necroptosis. Free Rad-
ic Biol Med. 2022 Mar;181:29–42. doi: 10.1016/j.fre-
eradbiomed.2022.01.028.

31.	 Pham TK, Nguyen THT, Yi JM, Kim GS, Yun HR, Kim HK, 
et al. Evogliptin, a DPP 4 inhibitor, prevents diabetic 
cardiomyopathy by alleviating cardiac lipotoxicity in 
db/db mice. Exp Mol Med. 2023 Apr 3;55(4):767–78. 
doi: 10.1038/s12276-023-00958-6.

32.	 Zuo A, Zhao X, Li T, Li J, Lei S, Chen J, et al. CTRP9 knock-
out exaggerates lipotoxicity in cardiac myocytes and 
high fat diet induced cardiac hypertrophy through in-
hibiting the LKB1/AMPK pathway. J Cell Mol Med. 2020 
Feb;24(4):2635–47. doi: 10.1111/jcmm.14982.

33.	 Zheng H, Zhu H, Liu X, Huang X, Huang A, Huang Y. Mi-
tophagy in diabetic cardiomyopathy: roles and mecha-
nisms. Front Cell Dev Biol. 2021 Sep 27;9:750382. doi: 
10.3389/fcell.2021.750382.

34.	 Nishikawa T, Araki E. Impact of mitochondrial ROS 
production in the pathogenesis of diabetes mellitus 
and its complications. Antioxid Redox Signal. 2007 
Mar;9(3):343–53. doi: 10.1089/ars.2006.1458.

35.	 Volpe CMO, Villar Delfino PH, dos Anjos PMF, Noguei-
ra Machado JA. Cellular death, reactive oxygen species 
(ROS) and diabetic complications. Cell Death Dis. 2018 
Jan 25;9(2):119. doi: 10.1038/s41419-017-0135-z.

36.	 Hokama JY, Ritter LS, Davis Gorman G, Cimetta AD, Co-
peland JG, McDonagh PF. Diabetes enhances leukocyte 
accumulation in the coronary microcirculation early 
in reperfusion following ischemia. J Diabetes Compli-
cations. 2000 Mar;14(2):96–107. doi: 10.1016/S1056-
8727(00)00068-4.

37.	 Arnold SV, Bhatt DL, Barsness GW, Beatty AL, Deedwa-
nia PC, Inzucchi SE, et al. Clinical management of stable 
coronary artery disease in patients with type 2 diabetes 
mellitus: a scientific statement from the American Heart 
Association. Circulation. 2020 May 12;141(19):eXXX. 
doi: 10.1161/CIR.0000000000000766.

38.	 American Diabetes Association. Cardiovascular dis-
ease and risk management: Standards of Medical Care 
in Diabetes—2022. Diabetes Care. 2022 Jan;45(Suppl 
1):S144–74. doi: 10.2337/dc22-S010.

39.	 Abd Allha E, Hassan B, Abduo M, Omar S, Sliem H. Small 
dense low density lipoprotein as a potential risk fac-
tor of nephropathy in type 2 diabetes mellitus. Indian 
J Endocrinol Metab. 2014;18(1):94. doi: 10.4103/2230-
8210.126585.

40.	 de Ferranti SD, de Boer IH, Fonseca V, Fox CS, Golden 
SH, Lavie CJ, et al. Type 1 diabetes mellitus and car-
diovascular disease: a scientific statement from the 
American Heart Association and American Diabetes 
Association. Diabetes Care. 2014 Oct;37(10):2843–63. 
doi: 10.2337/dc14-1720.

41.	 Brunzell JD, Ayyobi AF. Dyslipidemia in the meta-
bolic syndrome and type 2 diabetes mellitus. Am J 
Med. 2003 Dec;115(8A):24S–28S. doi: 10.1016/j.am-
jmed.2003.08.011.

42.	 Wu L, Parhofer KG. Diabetic dyslipidemia. Metabo-
lism. 2014 Dec;63(12):1469–79. doi: 10.1016/j.me-
tabol.2014.08.010.

43.	 Hovind P, Tarnow L, Rossing P, Graae M, Torp I, Binder 
C, et al. Predictors for the development of microalbu-
minuria and macroalbuminuria in patients with type 
1 diabetes: inception cohort study. BMJ. 2004 May 
8;328(7448):1105. doi: 10.1136/bmj.38070.450891.
FE.

44.	 American Diabetes Association. Glycemic targets: 
Standards of Medical Care in Diabetes—2022. Diabe-
tes Care. 2022 Jan;45(Suppl 1):S83–96. doi: 10.2337/
dc22-S006.

45.	 Boudina S, Abel ED. Diabetic cardiomyopathy revis-
ited. Circulation. 2007 Jun 26;115(25):3213–23. doi: 
10.1161/CIRCULATIONAHA.106.679597.

46.	 Galderisi M. Diastolic dysfunction and diabetic cardio-
myopathy. J Am Coll Cardiol. 2006 Oct;48(8):1548–51. 
doi: 10.1016/j.jacc.2006.07.033.

47.	 Galderisi M, Anderson KM, Wilson PWF, Levy D. 
Echocardiographic evidence for the existence of a 
distinct diabetic cardiomyopathy (The Framingham 
Heart Study). Am J Cardiol. 1991 Jul;68(1):85–9. doi: 
10.1016/0002-9149(91)90716-X.

48.	 Devereux RB, Roman MJ, Paranicas M, O’Grady MJ, 
Lee ET, Welty TK, et al. Impact of diabetes on car-
diac structure and function. Circulation. 2000 May 
16;101(19):2271–6. doi: 10.1161/01.CIR.101.19.2271.

49.	 Marwick TH, Case C, Sawada S, Vasey C, Short L, Lau-
er M. Use of stress echocardiography to predict mor-
tality in patients with diabetes and known or sus-
pected coronary artery disease. Diabetes Care. 2002 
Jun;25(6):1042–8. doi: 10.2337/diacare.25.6.1042.

50.	 Turkbey EB, Backlund JYC, Genuth S, Jain A, Miao C, 
Cleary PA, et al. Myocardial structure, function, and 
scar in patients with type 1 diabetes mellitus. Circula-
tion. 2011 Oct 18;124(16):1737–46. doi: 10.1161/CIR-
CULATIONAHA.111.022327.

51.	 Velagaleti RS, Gona P, Chuang ML, Salton CJ, Fox CS, 
Blease SJ, et al. Relations of insulin resistance and gly-
cemic abnormalities to cardiovascular magnetic res-
onance measures of cardiac structure and function. 
Circ Cardiovasc Imaging. 2010 May;3(3):257–63. doi: 
10.1161/CIRCIMAGING.109.911438.

52.	 Wong TC, Piehler K, Meier CG, Testa SM, Klock AM, 
Aneizi AA, et al. Association between extracellular ma-

Joshi et al. Scr Med. 2026 Mar-Apr;57(2):405-19.



418

trix expansion quantified by cardiovascular magnetic 
resonance and short term mortality. Circulation. 2012 
Sep 4;126(10):1206–16. doi: 10.1161/CIRCULATIONA-
HA.111.089409.

53.	 Murthy VL, Naya M, Foster CR, Gaber M, Hainer J, 
Klein J, et al. Association between coronary vascular 
dysfunction and cardiac mortality in patients with 
and without diabetes mellitus. Circulation. 2012 Oct 
9;126(15):1858–68. doi: 10.1161/CIRCULATIONA-
HA.112.120402.

54.	 Chambless LE, Heiss G, Folsom AR, Rosamond W, Szklo 
M, Sharrett AR, et al. Association of coronary heart dis-
ease incidence with carotid arterial wall thickness and 
major risk factors: the Atherosclerosis Risk in Commu-
nities (ARIC) Study, 1987–1993. Am J Epidemiol. 1997 
Sep 15;146(6):483–94. doi: 10.1093/oxfordjournals.
aje.a009302.

55.	 Chambless LE. Risk factors for progression of common 
carotid atherosclerosis: the Atherosclerosis Risk in 
Communities Study, 1987–1998. Am J Epidemiol. 2002 
Jan 1;155(1):38–47. doi: 10.1093/aje/155.1.38.

56.	 Perk J, De Backer G, Gohlke H, Graham I, Reiner Z, Ver-
schuren M, et al. European guidelines on cardiovas-
cular disease prevention in clinical practice (version 
2012). Eur Heart J. 2012 Jul 1;33(13):1635–701. doi: 
10.1093/eurheartj/ehs092.

57.	 Grundy SM, Benjamin IJ, Burke GL, Chait A, Eckel RH, 
Howard BV, et al. Diabetes and cardiovascular dis-
ease. Circulation. 1999 Sep 7;100(10):1134–46. doi: 
10.1161/01.CIR.100.10.1134.

58.	 Blüher M, Laufs U. New concepts for body shape related 
cardiovascular risk: role of fat distribution and adipose 
tissue function. Eur Heart J. 2019 Sep 7;40(34):2856–8. 
doi: 10.1093/eurheartj/ehz411.

59.	 Neeland IJ, Ross R, Després JP, Matsuzawa Y, Yamashita 
S, Shai I, et al. Visceral and ectopic fat, atherosclerosis, 
and cardiometabolic disease: a position statement. 
Lancet Diabetes Endocrinol. 2019 Sep;7(9):715–25. doi: 
10.1016/S2213-8587(19)30084-1.

60.	 Horsfield K, Cumming G. Morphology of the bronchial 
tree in man. J Appl Physiol. 1968 Mar;24(3):373–83. 
doi: 10.1152/jappl.1968.24.3.373.

61.	 American Diabetes Association. Diabetes care in the 
hospital: Standards of Medical Care in Diabetes—2019. 
Diabetes Care. 2019 Jan;42(Suppl 1):S173–81. doi: 
10.2337/dc19-S015.

62.	 Jialal I, Vikram N. Nutrition therapy for diabetes: impli-
cations for decreasing cardiovascular complications. J 
Diabetes Complications. 2017 Oct;31(10):1477–80. doi: 
10.1016/j.jdiacomp.2017.07.008.

63.	 Wu L, Piotrowski K, Rau T, Waldmann E, Broedl UC, 
Demmelmair H, et al. Walnut enriched diet reduces fast-
ing non HDL cholesterol and apolipoprotein B in healthy 
Caucasian subjects: a randomized controlled cross over 
clinical trial. Metabolism. 2014 Mar;63(3):382–91. doi: 
10.1016/j.metabol.2013.11.005.

64.	 Eurich DT, Weir DL, Majumdar SR, Tsuyuki RT, Johnson 
JA, Tjosvold L, et al. Comparative safety and effective-
ness of metformin in patients with diabetes mellitus 
and heart failure. Circ Heart Fail. 2013 May;6(3):395–
402. doi: 10.1161/CIRCHEARTFAILURE.112.000162.

65.	 Gundewar S, Calvert JW, Jha S, Toedt Pingel I, Yong Ji 
S, Núñez D, et al. Activation of AMP activated pro-
tein kinase by metformin improves left ventricu-

lar function and survival in heart failure. Circ Res. 
2009 Feb 13;104(3):403–11. doi: 10.1161/CIRCRESA-
HA.108.190918.

66.	 Hong J, Zhang Y, Lai S, Lv A, Su Q, Dong Y, et al. Effects 
of metformin versus glipizide on cardiovascular out-
comes in patients with type 2 diabetes and coronary 
artery disease. Diabetes Care. 2013 May 1;36(5):1304–
11. doi: 10.2337/dc12-0719.

67.	 Kimura T, Nakamura K, Miyoshi T, Yoshida M, Akaza-
wa K, Saito Y, et al. Inhibitory effects of tofogliflozin 
on cardiac hypertrophy in Dahl salt sensitive and salt 
resistant rats fed a high fat diet. Int Heart J. 2019 May 
30;60(3):728–35. doi: 10.1536/ihj.18-392.

68.	 Ma CX, Ma XN, Guan CH, Li YD, Mauricio D, Fu SB. Car-
diovascular disease in type 2 diabetes mellitus: prog-
ress toward personalized management. Cardiovasc 
Diabetol. 2022 Dec 14;21(1):74. doi: 10.1186/s12933-
022-01516-6.

69.	 Tzoulaki I, Molokhia M, Curcin V, Little MP, Millett CJ, 
Ng A, et al. Risk of cardiovascular disease and all cause 
mortality among patients with type 2 diabetes pre-
scribed oral antidiabetes drugs: retrospective cohort 
study using UK general practice research database. 
BMJ. 2009 Dec 3;339:b4731. doi: 10.1136/bmj.b4731.

70.	 Pretorius L, Thomson GJA, Adams RCM, Nell TA, Laub-
scher WA, Pretorius E. Platelet activity and hypercoag-
ulation in type 2 diabetes. Cardiovasc Diabetol. 2018 
Dec 2;17(1):141. doi: 10.1186/s12933-018-0783-z.

71.	 Htay T, Soe K, Lopez Perez A, Doan AH, Romagosa 
MA, Aung K. Mortality and cardiovascular disease in 
type 1 and type 2 diabetes. Curr Cardiol Rep. 2019 Jun 
22;21(6):45. doi: 10.1007/s11886-019-1133-9.

72.	 Guedney P, Mesnier J, Sorrentino S, Abcha F, Zeitouni M, 
Lattuca B, et al. Early aspirin discontinuation following 
acute coronary syndrome or percutaneous coronary 
intervention: a systematic review and meta analysis 
of randomized controlled trials. J Clin Med. 2020 Mar 
3;9(3):680. doi: 10.3390/jcm9030680.

73.	 Karlsson B, Knutsson A, Lindahl B. Is there an associ-
ation between shift work and having a metabolic syn-
drome? Results from a population based study of 27,485 
people. Occup Environ Med. 2001 Nov;58(11):747–52. 
doi: 10.1136/oem.58.11.747.

74.	 Carroll MF, Hardy KJ, Burge MR, Schade DS. Fre-
quency of the dawn phenomenon in type 2 dia-
betes: implications for diabetes therapy. Diabe-
tes Technol Ther. 2002 Oct;4(5):595–605. doi: 
10.1089/152091502320798213.

75.	 Yun JS, Ko SH. Current trends in epidemiology of cardio-
vascular disease and cardiovascular risk management 
in type 2 diabetes. Metabolism. 2021 Oct;123:154838. 
doi: 10.1016/j.metabol.2021.154838.

76.	 Xie F, Chan JC, Ma RC. Precision medicine in diabetes 
prevention, classification and management. J Diabetes 
Investig. 2018 Sep 25;9(5):998–1015. doi: 10.1111/
jdi.12830.

77.	 Yang S, Li Y, Liu C, Wu Y, Wan Z, Shen D. Pathogenesis 
and treatment of wound healing in patients with dia-
betes after tooth extraction. Front Endocrinol (Lau-
sanne). 2022 Sep 23;13:949535. doi: 10.3389/fen-
do.2022.949535.

78.	 Gildon BW. InPen Smart Insulin Pen System: product 
review and user experience. Diabetes Spectrum. 2018 
Nov 1;31(4):354–8. doi: 10.2337/ds18-0011.

Joshi et al. Scr Med. 2026 Mar-Apr;57(2):405-19.



419

79.	 Kompala T, Neinstein AB. Smart insulin pens: advanc-
ing digital transformation and a connected diabe-
tes care ecosystem. J Diabetes Sci Technol. 2022 May 
12;16(3):596–604. doi: 10.1177/1932296820984490.

80.	 Akturk HK, Snell Bergeon JK, Rewers A, Klaff LJ, Bode 
BW, Peters AL, et al. Improved postprandial glucose 
with inhaled Technosphere insulin compared with 
insulin aspart in patients with type 1 diabetes on 
multiple daily injections: the STAT study. Diabetes 
Technol Ther. 2018 Oct;20(10):639–47. doi: 10.1089/
dia.2018.0200.

81.	 Rave K, Potocka E, Boss AH, Marino M, Costello D, 
Chen R. Pharmacokinetics and linear exposure of 
AFREZZA™ compared with the subcutaneous in-
jection of regular human insulin. Diabetes Obes 
Metab. 2009 Jul;11(7):715–20. doi: 10.1111/j.1463-
1326.2009.01039.x.

82.	 Rave K, Heise T, Heinemann L, Boss AH. Inhaled 
Technosphere® insulin in comparison to subcuta-
neous regular human insulin: time action profile 
and variability in subjects with type 2 diabetes. J 
Diabetes Sci Technol. 2008 Mar;2(2):205–12. doi: 
10.1177/193229680800200206.

83.	 Dulull N, Kwa F, Osman N, Rai U, Shaikh B, Thrimawith-
ana TR. Recent advances in the management of diabetic 
retinopathy. Drug Discov Today. 2019 Aug;24(8):1499–
509. doi: 10.1016/j.drudis.2019.03.028.

84.	 Jyotsna F, Ahmed A, Kumar K, Kaur P, Chaudhary MH, 
Kumar S, et al. Exploring the complex connection be-
tween diabetes and cardiovascular disease: analyz-
ing approaches to mitigate cardiovascular risk in pa-
tients with diabetes. Cureus. 2023 Aug 21;e43882. doi: 
10.7759/cureus.43882.

Joshi et al. Scr Med. 2026 Mar-Apr;57(2):405-19.


