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Abstract

Diabetes mellitus (DM) is a serious epidemic around the globe, and cardiovascular diseases account for the majority of deaths
in patients with DM. Diabetic cardiomyopathy (DCM) is defined as a cardiac dysfunction derived from DM without the pres-
ence of coronary artery diseases and hypertension. Patients with either type 1 or type 2 DM are at high risk of developing
DCM and even heart failure. Metabolic disorders of obesity and insulin resistance in type 2 diabetic environments result in
dyslipidaemia and subsequent lipid-induced toxicity (lipotoxicity) in organs including the heart. Although various mechanisms
have been proposed underlying DCM, it remains incompletely understood how lipotoxicity alters cardiac function and how DM
induces clinical heart syndrome. With recent progress, we here summarize the latest discoveries on lipid-induced cardiac tox-
icity in diabetic hearts and discuss the underlying therapies and controversies in clinical DCM.
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Introduction

Along with lifestyle changes, diabetes mellitus (DM), which is
characterized by a disproportional increase in blood glucose,
has become a global epidemic with an increased financial bur-
den on individuals, families, and governments. Statistically, the
prevalence of DM has risen to 10% in countries such as China
and India by the year 2019.1 According to theWorld Health Or-
ganization (WHO), there are nearly 1.5 million deaths directly
caused by DM. Defined by the physiological mechanism of glu-
cose increase, DM can be categorized into type 1 (T1DM) and
type 2 (T2DM), with the latter representing themajority. More
importantly, DM is intimately associated with cardiovascular
diseases, which have been documented to be the leading
cause of death among all complications induced by DM.2 Since
Rubler et al. first introduced it in 1972,3 diabetic cardiomyop-
athy (DCM) has been used to define a loss of cardiac function
in diabetic patients, which is independent of coronary artery
disease (CAD), hypertension, or other primary cardiac
diseases.4 According to a survey of over 2000 individuals, the
prevalence of DCM was ~16.9% in diabetic patients and 1.1%
in the community population.5 Considering the population

diversity and the genetic susceptibility among patients, the ep-
idemic prevalence may be higher than estimated. The patho-
genesis and clinical features of DCM differ in types of DM.
For instance, systolic dysfunction is more commonly reported
in T1DM than in T2DM, whereas diastolic dysfunction can be
found in both groups.6 In terms of pathogenesis, both T1DM
and T2DM show metabolic alterations and impaired mito-
chondrial oxidative capacity, whereas genetic type 1 diabetic
mice (Akita mice) do not exhibit cardiac efficiency impairment
or mitochondrial uncoupling.7 In both T1DM and T2DM, a lack
of insulin and insulin resistance prompt a metabolic shift
wherein the fatty acid (FA) metabolism increases to compen-
sate for the inefficient energy production. Because early find-
ings confirmed an increased lipid content in the hearts of
T2DM patients, researchers have developed lipid-induced tox-
icity (lipotoxicity) that impairs cardiac function via a cluster of
metabolic signalling pathways.8,9 The precise relationship
between lipotoxicity and DCM and their underlying molecules
remain controversial. In this review, we summarize the most
recent findings in lipotoxicity and the pathogenesis of DCM
to provide a comprehensive view that could be helpful in sci-
entific research and clinical recognition of DCM.
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Metabolic alterations in diabetic heart

Substrate alterations

Type 2 DM is characterized by elevated blood glucose levels
and insulin resistance. For cardiomyocytes, ~60–70% of their
energy is accounted for by the oxidation of long-chain FAs,
whereas most of the rest derives from glucose metabolism in-
cluding glycolysis and glucose oxidation.10,11 Insulin resis-
tance and the increased plasma FA concentration in DM cause
a shift of metabolic substrate from glucose to FAs, which is as-
sociated with excessive FA oxidation (FAO). Studies found a
52% decrease in glycolysis and an 84% decrease in glucose
oxidation in states of diabetes, compared with a marked in-
crease in FA uptake and palmitate (a saturated FA)
oxidation.12,13 This metabolic inclination to FAs, along with
subsequent compensations such as the accumulation of lipid
droplets (LDs) and increased mitochondrial activity, plays im-
portant role in the lipid-induced toxicity in diabetic hearts.

Glucose metabolism in diabetes mellitus

The glucose transporter (GLUT), a complex expressed tissue,
specifically, was discovered to be the dominant protein
governing glucose entry into cells.14 Of all the GLUT subtypes,
GLUT1 and GLUT4 have been studied more thoroughly than
the others. GLUT1 activation typically exists in a basal condi-
tion, whereas GLUT4 is insulin stimulated, and it expresses in
tissues such as adipose, skeletal muscle, and cardiac
muscle.15,16 In T2DM, the insulin-regulated GLUT4 is ineffi-
cient to redistribute to cell membranes due to insulin
resistance.17 Wright et al. found reduced GLUT content in
mice after only 2 weeks of high-fat diet (HFD),18 and that con-
comitantly impacts the subsequent glucose oxidation and gly-
colysis. However, the residual glucose uptake that is medi-
ated by the GLUT4-independent sodium–glucose-linked
transporter (SGLT) has been confirmed.19 Although the regu-
lation in molecules attempts to maintain glucose homeosta-
sis, un-oxidative glucose was still observed accumulating by
evidence from models, and thus, a deficiency in pyruvate de-
carboxylation was believed to be partially responsible.12,20

Pyruvate is transported to mitochondria in aerobic oxida-
tion for the tricarboxylic acid cycle (TCA), and it is later
dehydrogenated into acetyl-CoA by pyruvate dehydrogenase
(PDH) to assist in energy production. The transport of pyru-
vate to mitochondria, which is a rate-limiting factor in pyru-
vate oxidation, is reduced in a diabetic model.21 Moreover,
the suppressed PDH activity consequent to the regulation of
peroxisome proliferator-activated receptor (PPAR) and FAO
also plays a part in the decreased glucose metabolism.22

Aside from the changes mentioned above, glycolysis defi-
ciency caused by high FA concentration further hampers
glucose metabolism.23 Given the importance of glucose me-

tabolisms, one may hypothesize that disrupted glucose utili-
zation is a possible initiator of DCM. And that was evidenced
by impaired GLUT4 translocation and reduced GLUT content
preceding FA changes in HFD-fed mice.18 More research into
glucose metabolism is still required.

Fatty acid utilization increases in diabetic heart

Several mechanisms have been identified that may contrib-
ute to the altered FA metabolism in diabetic hearts. The
PPAR, a transcription factor activated by specific ligands,
was at the centre of investigation. PPAR has been identified
into four subtypes, PPAR-α, PPAR-β, PPAR-γ, and PPAR-δ.
According to a study, when PPAR-α is overexpressed geneti-
cally in mice hearts, metabolic changes are similar to those
of the diabetic heart.24 And the activity of carnitine
palmitoyltransferase-1 (CPT-1), an enzyme responsible for
mitochondrial FAO, was found to be increased in this study.
All of these suggest that PPARs may be strongly associated
with the metabolic alterations in diabetic heart.

For FA uptake, CD36 is believed to be pivotal in guiding FAs
through the cell membrane.25 Researchers found an
up-regulation of cardiac CD36 in HFD mice, and CD36 is be-
lieved to be important in myocardial FA uptake in human.26,27

As a receptor known as FA translocase (FAT), CD36 was orig-
inally thought to be enabled by PPAR-α, but it was later dis-
covered to be PPAR-γ responsible as well.28,29 In fact, PPARs
may be multifunctional in activating elements of FA metabo-
lisms (MCAD and CD36) as well as glucose metabolisms
(GLUT1).30 For example, PPAR-γ accounts for both glucose
uptake and lipid genesis.31 PPAR-δ deficiency impaired FA
metabolism, glucose metabolism, and even cardiac efficiency
by suppressing metabolic proteins and antioxidants.32 Ac-
cording to the findings stated above, it has been suggested
that the imbalanced expression between PPAR-α and PPAR-
γ may be one of the causes of metabolic dysregulation in di-
abetic heart.33 And that remains elucidated as PPARs regulate
inflammatory and vascular homeostasis-related pathways.34

Imbalance of fatty acid metabolism was assumed

In contrast to the metabolic inclination to glucose and the re-
duced FAO in heart failure (HF), diabetic environment up-
regulates oxidation-associated proteins. Robust data now
support the idea that increased FAO is generally associated
with impaired mitochondrial function, increased reactive oxy-
gen species (ROS) synthesis, and even cardiac ineffectiveness
in db/db or ob/ob mice.23,35 Paradoxically, when FAO was
manually promoted by reducing malonyl CoA or deleting
acetyl-CoA carboxylase 2 (ACC2), no cardiac dysfunction was
observed.36,37 Following this, a lengthy debate ensued as to
whether the increased FAO impairs cardiac function.38,39
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Recently, a hypothesis proposed by Shao et al. concerning
the imbalance between FA absorption and FAO has amply ex-
plained such conflicts.36 That theory was similar to a previous
concept of triglyceride (TAG) accumulation resulting from a
mismatch between FA uptake and oxidation, but it was more
detailed.40 In brief, lipolysis in adipose tissue is detected in
the context of insulin resistance and other metabolic disor-
ders in T2DM, and that gives rise to a high level of FAs in cir-
culation. Cardiomyocytes exposed to this dyslipidaemia have
increased FA absorption and FAO following regulations by
PPARs and other molecules.22,41–43 However, the enhanced
uptake of FAs exceeds the ability of the cardiomyocytes to
perform FAO, which accumulates unprocessed FAs and is
considered to be toxic to the cell itself (lipotoxicity).36 From
this, the inadequate settlement of FAs, rather than FAO
alone, is seen as contributing to the weakening of diabetic
heart. That theory may explain some of the proposed contro-
versies, whereas more cellular components in this metabolic
homeostasis, such as LDs and autophagosomes, need to be
taken into account.

Lipid droplets may serve as a compensation

Following incomplete processing, FAs are stored into LDs in
the form of TAGs. Cholesterol ester and ether lipid
monoalkenyl diacylglycerol (DAG) can also be found within
LDs.44

Functions of LDs remain to be elucidated, but recent studies
inclined to the view that they are components to buffer FA
toxicity by avoiding productions of toxic molecules such as
ceramides and ROS. Furthermore, as they include special ele-
ments known as LDs resident proteins, LDs may trigger lipid
synthesis, lipid hydrolysis, and even signal transduction.45 In
addition to these, it has also been found that LDs interact with
mitochondria to facilitate the exchange of FAs, which helps to
maintain the intracellular energy homeostasis.

Moreover, we may notice that these metabolic alterations
in diabetic cardiomyocytes are quite similar to those of the
non-alcoholic fatty liver disease (NAFLD). Acquisition of lipids
in NAFLD occurs when the activities of absorption and lipo-
genesis [including de novo lipogenesis (DNL)] overwhelmed
the ability of disposal by oxidations and exporting.46 Their
major difference with DCM is the limitation for cardiomyo-
cytes to carry out lipogenesis. Although the reason for this
is still unclear, a study found that some of the proteins in-
volved in lipogenesis may play another role in cardiac calcium
control and the corresponding arrhythmia.47

Lipophagy may play a role in lipid accumulation

Autophagy was first described in the 1960s as a process of
degrading cellular components via interaction with lysosomes

to meet physiological demands, and it differs in process and
activation when dealing with different components such as
mitochondria (mitophagy) and LDs (lipophagy).48 By detect-
ing levels of LC3 to assess autophagy flux, a rate of auto-
phagosome formation or degradation, Tong et al. observed
an early-stage rise of LC3, which peaked at about the sixth
week after the start of HFD and returned to baseline at the
second month.49,50 That phenomenon strongly implies that
autophagy may be activated in states of lipid overload to di-
minish certain organelles or complexes in order to support
cellular function.

Lipophagy is majorly investigated in hepatocytes or corre-
sponding liver diseases for lipid metabolism. Scientists found
that suppressing lipophagy in hepatocytes promotes lipid
accumulation, and lipid accumulation further weakens
lipophagy.51,52 However, it remains unknown whether
hallmarkers exist in hepatocytes-related lipophagy and
whether these understandings of lipophagy can be applied
to cardiomyocytes and even HFD-fed diabetic heart.49,52 A re-
search by Mardani et al. suggests that plin2 is involved in
lipophagy and cardiac lipid accumulation, but the specifics
of this regulation need to be further confirmed and
explored.53 Furthermore, a study revealed that lipophagy
and lipases may be complementary and cooperative in the
lipolysis process.54 These findings would allow one to con-
sider the possibility of activating lipophagy to counteract ex-
cessive FAs or LDs in diabetic cardiomyocytes.

The pathogenesis of lipid toxicity in
diabetic cardiomyopathy

Energy production and mitochondrial dysfunction

In aerobic oxidation, cellular glucose undergoes glycolysis
and TCA to produce adenosine triphosphate (ATP), whereas
FAs undergo β-oxidation and TCA. Experts measured a higher
level of oxygen consumption rate (MVO2) in ob/ob mice,
which is accompanied by attenuated cardiac function.23

Due to their differences in molecules, FAs are less efficient
than glucose in energy production, as they consume more
oxygen to produce ATPs. For that reason, substrate alter-
ation occurs in ischaemia to facilitate recovery, as well as
in diabetes.55,56 However, inefficient energy production by
FAs is inadequate to explain the observed failing heart in
diabetes. The role of mitochondria has to be taken into
account.

Mitochondria are vulnerable to disturbances from specific
molecules or medications. Because the absorbed FAs are
transported through the mitochondrial membranes to be ox-
idized, abundant FAs burden mitochondria. This excessive
handling of FAs, along with multifaceted downstream impair-
ments such as detrimental ROS synthesis, toxic lipid interme-
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diates, and mitochondrial uncoupling, constructs the
lipotoxicity network. Before delving into these in detail, it is
worth noting that dynamic mitochondrial fission, mitochon-
drial fusion, and mitophagy are crucial in mitochondrial qual-
ity control.57

Mitochondrial fusion, fission, and remodelling

Fusion is initiated when mitofusin 1 (Mfn1) and mitofusin 2
(Mfn2) facilitate the outer mitochondrial membrane (OMM)
whereas the optic atrophy 1 (Opa1) gene facilitates the inner
mitochondrial membrane (IMM). In a model overexpressing
long-chain acyl-CoA synthetase 1 to mimic lipotoxicity by Tsu-
shima et al., increased mitochondrial fission and decreased
fusion have been confirmed by detecting dynamin-related
protein 1 (Drp1) (fission-associated protein) and Opa1.58 Af-
ter the deletion of fusion and fission-associated regulators,
developed cardiomyopathy has been observed, suggesting
that the dysregulated balance between mitochondrial fission
and fusion is one of the causes of cardiac dysfunction.59,60

The transition from fusion to fission, along with the increased
mitochondrial fragmentation, is also believed to be related to
detrimental ROS synthesis.61,62 From the heart of a diabetic
mouse model, experts found a decrease in the number of
ordered-cristae mitochondria and an imbalance between
the mitochondrial fusion–fission axis, which supports the
aforementioned hypothesis.63 They subsequently suggested
that this kind of imbalance, in concert with stalled mitophagy,
induces mitochondrial remodelling events and functional
changes.

Mitophagy

In the cardiac domain, mitophagy is more comprehensively
studied than lipophagy. Literally, mitophagy is a process of
eliminating dysfunctional mitochondria by autophagosome
to maintain intracellular homeostasis.64

There are several ways to induce mitophagy:
PTEN-inducible kinase (PINK)/Parkin pathway, FUN14
domain-containing (FUNDC1) pathway, and BCL2/adenovirus
E1B 19 kDa-interacting protein 3 (BNIP3)/NIX pathway, the
first two of which are ubiquitin-dependent.65,66 This process-
ing of mitochondria is believed to disrupt the homeostasis of
ATP synthesis and ROS production. When PINK1 is depleted,
oxidative stress, apoptosis, and fibrosis are promoted.67 The
elevated ROS level in turn triggers mitophagy by mitochon-
drial depolarization, and it damages cellular components
by superoxide anions and other oxidative molecules.65 In
this way, mitophagy is regarded as a protective mechanism
for preserving mitochondrial quality and intracellular
homeostasis.

Using transgenic mice expressing cardiac-specific Mito-
Keima, increased level of mitophagy has been confirmed in
the early stages of a diabetic model, which lasts continuously
even after 2 months of HFD when it begins to decrease.49 Al-
though recently, Tong et al. proposed and confirmed the
existence of an LC3-independent alternative mitophagy medi-
ated by the Ulk1/Rab9 pathway, which culminates at approx-
imately the fifth month of HFD.68 Cardiac function was im-
paired in these diabetic models as well as in transgenic
mice with knockout of mitophagy-associated genes (Parkin
and Ulk1).49,68 We have known that autophagy flux rises in
the fifth week and decreases in the second month, and their
differences with mitophagy have raised questions about how
upstream mechanisms control these alterations and how
these alterations exert an influence on cardiac function.
Moreover, the differences between a periodic activation of
mitophagy and a gradual deterioration of DCM allow one to
hypothesize that the increased mitophagy was inefficient in
restoring mitochondrial quality or that different types of
mitophagy may differ in efficiency. And if mitophagy is not
sufficient to protect cells from lipotoxicity, whether there is
a point at which mitophagy begins to impair cells, known as
lethal mitophagy, should be discussed.

Metabolic intermediates

Ceramide
Quantities of molecules are produced when FAs undergo ox-
idation, including ceramide, DAGs, and acylcarnitine. As a
metabolic intermediate, ceramide can be produced by differ-
ent synthases (ceramide synthase 1–6) and pathways in dif-
ferent locations.69 Those pathways, including the de novo
synthetic pathway in the endoplasmic reticulum (ER), pro-
duce ceramide of different fatty acyl chain lengths and
functions.70 In the heart of a Zucker diabetes fatty (ZDF) rat
and human, a significant rise in the intracellular concentra-
tion of ceramide was detected and that was believed to be
partly responsible for the development of DCM.71

Ceramide, as a toxic intermediate, may induce apoptosis,72

insulin resistance,73 autophagy and mitochondrial dysfunc-
tion. In terms of mitochondrial dysfunction, Di Paola et al. re-
ported an inhibition of electron transport chain (ETC) com-
plex I using C2-ceramide.74 Later, Raichur et al. confirmed
that C16-ceramide may also interrupt ETC while acting on dif-
ferent complexes.75 Nevertheless, these types of inhibition
do not apply to C24-ceramide.76 Recently, some experts
suggested that apoptosis may be involved in this induction
of mitochondrial dysfunction, whereas details should be
confirmed.77

Ceramide has also been shown to play a role in autophagy
and even mitophagy.78 Studies of ceramide-induced autoph-
agy have largely focused on cancer, and that results in cell
death and tumour suppression (lethal autophagy).70 Besides
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lethal autophagy, non-lethal autophagy can also be induced
by ceramide.79 However, it is still unclear whether these dif-
ferences in cellular outcomes are attributed to different types
or levels of ceramides. When it comes to mitophagy, it is
revealed that ceramide, specifically C18-ceramide, targets
autophagosome to mitochondria and then suppresses ATP
production and tumour growth, a process known as lethal
mitophagy.70 Conversely, no conclusions have been drawn
about ceramide-induced pro-survival mitophagy. Given the
correlation between increased ceramide level and functional
deterioration, the effect of ceramide-induced cardiac mitoph-
agy should be further investigated.

Diacylglycerols
Diacylglycerols are metabolic intermediates formed when FAs
are attached to glycerol-3-phosphate in the composition of
TAGs.80 For investigations on the adverse impacts of DAGs,
the DAG–protein kinase C (PKC) pathways are consistently
addressed. PKC, a Ca2+, oxidant, or lipid-activated element,
is believed to be associated with calcium handling, fibrosis,
cardiomyopathy, and even HF.81,82 Also, ceramide may en-
able PKCs independent of DAGs to induce contractility
dysfunction.83 In conclusion, the research on the effects of
ceramides, DAGs, and acylcarnitine will be promising in stud-
ies of DCM.

Reactive oxygen species and oxidative stress

Reactive oxygen species are groups of molecules with un-
matched electrons outside the orbit of proton O, which com-
monly exist in the form of H2O2, O2�, or ·OH. Mitochondria
produce the vast majority of ROS, whereas some of the rests
are generated by the xanthine oxidation or the nicotinamide
adenine dinucleotide phosphate (NADPH) oxidation.84

Normally, ~1–2% of the imported electrons leak out of the
ETC, which is one of the mechanisms underlying mitochon-
drial ROS synthesis.85 Hyperglycaemia, palmitate, and
lipotoxicity-related mitochondrial impairments are the most
well-known causes of the rising ROS levels in DCM.86

Due to their short half-lives, ROS are easily driven to dam-
age nearby organelles, even mitochondria themselves.87 Det-
rimental effects of ROS include oxidative damage to proteins
(such as carbonylation), lipid peroxidation product genera-
tions, and deoxyribonucleic acid (DNA) strand breakage.86

Because dysfunctional mitochondria are more likely to pro-
duce ROS, which causes their own morphological alterations
such as swelling, cristae disruption, and fragmentation, a vi-
cious cycle was therefore established.88,89 For functionality,
the tendency of ROS to combine sarcomere proteins in-
creases cellular stiffness and leads to impaired contractility.90

Besides, lipid accumulation may also be exacerbated by the
mitochondrial inadequacy in handling FAs due to ROS impair-
ment. Despite the presence of anti-oxidative components

such as superoxide dismutase (SOD) and reduced glutathione
(GSH), the interference of ROS on mitochondria cannot be
balanced, leading to oxidative stress.91 Given such detri-
ments, therapeutic applications targeting ROS could be prom-
inently efficient.

Mitochondrial uncoupling

In mitochondria, successive electron transfers to oxygen
produce H2O, from which ATPs are produced by cooperating
with an electrochemical gradient. Any decoupling of these
procedures may prevent mitochondria from producing ATPs,
and this is known as mitochondrial uncoupling. Major
mediators of mitochondrial uncoupling are uncoupling
proteins (UCPs), and most research is focused on UCP2 or
UCP3.

According to a previous study, UCPs and plasma FA levels
are favourably correlated, suggesting that UCPs may play a
role in lipid stress and energy deficiency in HF.92 Later, UCPs
were believed to be involved in mitochondrial ROS synthesis
by studies.93 Under these conditions of oxidative stress and
up-regulated PPARs, the expression of UCPs is activated.30

Recent findings in hearts of diabetic animals suggest that
the property of ameliorating ROS damage by UCPs is strongly
correlated with improved cardiac function.94,95 More details
on UCPs should be explored by experiments.

Endoplasmic reticulum stress

Endoplasmic reticulum stress, also known as unfolded protein
response (UPR), has been proposed to be associated with a
variety of metabolic processes or diseases such as diabetes.
Previously, ER stress was found to be correlated with the es-
tablishment of diabetes in studies of β-cell function and insu-
lin signalling.96,97 By palmitate incubation, an altered ER mor-
phology, but not an up-regulated UPR, was observed.98,99

Other research on the hypothalamus and liver still backs up
the role of ER stress in diabetes.97

Endoplasmic reticulum stress may interrupt several meta-
bolic processes by misfolding proteins, for example, PDH
kinase 4 (PDK4) of glucose metabolisms, Parkin and
Beclin1 of mitophagy, and Drp1 of mitochondrial fission.100

Under ER stress conditions, ER–mitochondria contacts to
enhance ATP production can be triggered. And conversely,
depletion of mitochondria-associated ER membranes
(MAMs) affects ER stress by interrupting ER–mitochondria
communication.100,101 These interactive processes between
mitochondria–ER and ER stress provide promising targets
for future DCM research. Specific mechanisms, however, are
still unknown.
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Impaired calcium handling

Calcium handling, including cytosolic calcium handling and
mitochondrial calcium handling, plays a pivotal role in driving
contraction, as well as in the development of cellular dys-
function. The homeostasis of mitochondrial calcium is main-
tained by the dynamic uptake and release of calcium.102 In
a diabetic model, down-regulated mitochondrial calcium han-
dling was detected and was thought to be the consequence
of the permeability transition.103 Later, ceramide and dis-
turbed protein level in mitochondrial calcium uniporter
(MCU) and sarcoplasmic reticulum (SR)–mitochondria micro-
domains were identified as causes of dysregulated mitochon-
drial calcium handling in diabetes.30,102 This dysregulated cal-
cium handling can be rescued by restoring calcium to the
mitochondria, which is followed by improved mitochondrial
activity and energy production. Those improvements provide
a new target for the treatment of DCM.

Lipid droplets–mitochondria interaction

Lipid droplets–mitochondria interaction refers to a process of
lipid trafficking and FA transfer between LDs and mitochon-
dria. Using electronic microscopy, a physical interaction and
even membrane conjunction were seen in vitro and in vivo.104

It has been speculated that this interaction can be distin-
guished into two types: stable contact and dynamic contact,
which differ in conjunctional structures to facilitate transfer
under different conditions.45

Lipid droplets serve to store FAs when mitochondria are in-
efficient at handling excessive FAs. When extra oxidation or
storage of FAs is required, LDs contact mitochondria to trans-
fer the essential FAs.105 This process prevents the production
of toxic intermediates (Figure 1) and may consequently im-
prove mitochondrial functions.

As a result, the size and quantity of LDs intracellularly may
not be positively correlated with lipid toxicity and may be

Figure 1 Mismatch between fatty acid (FA) and glucose metabolism results in a series of pathophysiological processes, compensations, and finally
dysfunctional mitochondria. FAs and glucose in circulation were absorbed into cells by protein complexes. An increase uptake of FAs followed by
an increase oxidation. Excessive FAs were stored into lipid droplets (LDs) in the form of triglycerides (TAGs), and LDs interact with mitochondria to
exchange FAs when necessary. Elevated FA and glucose metabolism resulted in an elevation of reactive oxygen species (ROS) and toxic intermediates,
and these molecules damage mitochondria when mitophagy, mitochondrial fission, and mitochondrial fusion were not enough to compensate this im-
pairment. The undetermined lipophagy may also be important in lipid stress. The arrows refer to the intracellular signalling and process. The dotted
arrow refers to undetermined elements. FAT, fatty acid translocase; GLUT, glucose transporter; SGLT, sodium–glucose-linked transporter.
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inappropriate for assessing metabolic or functional impair-
ment in diabetic cardiomyocytes. Moreover, detecting cer-
amide and ROS for assessment of lipid toxicity will be insuffi-
ciently specific. In this regard, more research into the precise
evaluation of lipid toxicity should be addressed.

Additional mechanisms underlying diabetic
cardiomyopathy

We have concluded that various mechanisms are responsible
for mitochondrial dysfunction. And dysfunctional mitochon-
dria may also be the reason for these detriments in the path-
ogenesis of DCM (Figure 2). From that perspective, mitochon-
drial dysfunction can be regarded as an indispensable
element of the lipotoxicity network. To better understand mi-
tochondrial dysfunction and lipotoxicity, there should be in-
vestigations on mitochondria-independent detriments.

Finally, even though lipid overload has been confirmed in
diabetic animal models and human heart biopsies, it is still in-
sufficient to induce DCM on its own. Renin–angiotensin sys-
tem (RAS), insulin resistance, advanced glycation products

(AGEs), and more mechanisms should be highlighted.20 And
these mechanisms, including lipotoxicity, appear to have
varying relevance for different DCM phenotypes.106

Clinical implications and underlying
therapies

Clinical diabetic cardiomyopathy

It takes a long time to progress from pathophysiological alter-
ations to pathological alterations and even morphological al-
terations to clinical DCM. The majority of the mechanisms de-
scribed above are manifestations of an accepted model (ZDF
rat, ob/ob mice, db/db mice, or HFD mice), but whether
these models accurately reflect the characteristics of human
DCM is debatable. Confounding factors, such as coronary mi-
crovascular dysfunction (CMVD), may impede the diagnosis
or our recognition of DCM. Moreover, parameters in echocar-
diography may be heterogenetic when they are used to diag-
nose DCM.107 For these reasons, it remains inconclusive

Figure 2 Metabolic alterations and pathophysiological process in diabetic cardiomyopathy (DCM). Metabolic alterations of elevated fatty acid (FA)
metabolism and down-regulated glucose metabolism result in increased mitochondrial activity, generation of lipid intermediates, and accumulation
of lipid droplets. Later, mitochondrial dysfunction happened owing to detrimental reactive oxygen species (ROS) synthesis, dysregulated mitochondrial
fission, mitochondrial fusion, and mitophagy, and lipid intermediates. Besides mitochondrial dysfunction, organelle dysfunction induced by lipid inter-
mediates and ROS also underlies the pathogenesis of DCM. In this process, endoplasmic reticulum (ER) stress and impaired calcium handling are also
believed to be contributing, whereas the role of lipophagy and uncoupling proteins (UCPs) remains undetermined.
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whether DCM is a clinical entity and whether diabetes alone
may ultimately lead to clinical heart syndrome.108

As early as the 1970s, diabetes was considered as a
discrete risk factor for HF in the Framingham study.109

Subsequent trials adjusted for CAD, hypertension, and
even intercurrent myocardial infarction to support that
conclusion.110,111 In recent years, investigations into meta-
bolic syndrome have brought down the boundaries between
metabolic and cardiovascular diseases. Even though these
findings did not confirm the existing entity of DCM, they still
provide critical information for the prevention and manage-
ment of diabetes-related HF. Recently, a clinical update of
DCM held the opinion that there are two independently
evolved phenotypes of DCM, which are the restrictive/HF
with preserved ejection fraction (HFpEF) phenotype and
the dilated/HF with reduced ejection fraction (HFrEF)
phenotype.106 That was in contrast to the conventional view
that the dilated/HFrEF phenotype is the successive stage of
the restrictive/HFpEF phenotype. Although their relationship
is still controversial, these two phenotypes are both aetiol-
ogies of cardiac remodelling. And most importantly, regard-
less of whether diabetes alone or other risk factors lead to
diabetes-related HF, cardioprotective therapies should be ad-
vised aside from glucose-lowering drugs.

Currently, treatment regimens for diabetes include blood
glucose-lowering therapies (insulin stimulating and excretion
stimulating) and appetite-reducing therapies, as well as
lifestyle-improving recommendations. And the development
of glucose-lowering drugs with cardioprotective benefits will
definitely facilitate the prevention of diabetes-related HF. Fi-
nally, for the recognition and prevention of severe HF in dia-
betic patients, the staging system described by Maisch et al.
is clinically applicable,112 and treatment for the two pheno-
types of DCM (dilated or restricted) should be respectively
considered.

Promising approaches to detect diabetic
cardiomyopathy

Echocardiography, including conventional Doppler, tissue
Doppler, and intravenous contrast echocardiography, is the
first choice for measuring cardiac function in clinical diagnosis
and trial enrolment. Decreased E/A, increased E/E′, or de-
creased integrated backscatter (IB) can be reported in differ-
ent phenotypes or phases of DCM.113 Additionally, magnetic
resonance (MR) imaging (MRI) and nuclear imaging are occa-
sionally used. Despite the widespread application of these
techniques, they still have a cluster of drawbacks, including
a lack of specificity and an inability to identify cardiac metab-
olism, TAG content, and corresponding lipotoxicity. From
these, Rijzewijk et al. described a technique for measuring
myocardial TAG content using 1H-MR spectroscopy
(MRS).114 They subsequently found that increased TAGs in

the heart tissue of T2DM patients are correlated with im-
paired left ventricular diastolic function as measured by
MRI. Later, in a study using 13C MRS to measure cardiac me-
tabolism (PDH, lactate dehydrogenase, and alanine transami-
nase) and 31P MRS to assess cardiac energy, Rider et al. dis-
covered a down-regulation of metabolic flux and an
impairment of myocardial energetics in T2DM patients.115

These methods, along with T1 mapping to assess cardiac fi-
brosis, may provide promising approaches for the precise de-
tection of DCM and lipotoxicity in the future.

Peroxisome proliferator-activated receptors

Drugs that target PPARs to normalize glucose include single
PPAR agonists, dual agonists, and pan agonists, with fibrates
and thiazolidinediones (TZDs) being the most well known
and widely used. Fibrates are single PPAR-α agonists that
benefit patients by stabilizing serum triacylglycerol levels
and inhibiting excessive lipid metabolism. However, the in-
creased creatine level after prescribing fibrates has cast
doubt on the possibility of deteriorating renal function,
whereas subsequent evidence has challenged that
viewpoint.116 Aside from fibrates, there are TZDs targeting
PPAR-γ, which act as insulin sensitizers. TZDs were initially
proven to be beneficial, offering long-term glycaemic control
and preventing the progression of pre-diabetes, whereas
their limited efficiency compared with fibrates and the ad-
verse effects (mild oedema, body weight gain, fatigue, and
fracture) constrained their wide application.117,118 However,
further evidence revealed that the glucose-lowering benefits
of TZDs were independent of PPAR-γ, which is the cause of
side effects.119 As a result, the drug MSDC-0602 and its sub-
types were developed, with low intimation for PPAR-γ and
similar effect of improving diabetes.118 Most importantly, by
fixing the imbalanced activities of osteoclasts and osteo-
blasts, no evidence of fracture was documented.118 Although
the molecular mechanisms of TZDs or MSDC-0602 remain un-
certain, drugs targeting PPARs would be promising in diabetic
treatment.

Sodium–glucose-linked transporter

Sodium–glucose-linked transporter inhibitors are well known
for their efficiency in the treatment of diabetes and a low risk
of hypoglycaemia.120 SGLT1 and SGLT2 vary by organ, with
the former facilitating the intestinal glucose absorption and
the latter assisting reabsorption of glucose filtered by the kid-
ney. Text above suggested that SGLT is responsible for the re-
sidual glucose uptake in insulin resistance. This function is
different from the mechanisms of the currently available
SGLT2 inhibitors, which target glucose absorptions and excre-
tions, thereby alleviating ‘glucotoxicity’.
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A growing body of clinical evidence supports the cardiovas-
cular benefit of SGLT2 inhibitors. The CANVAS Program and
the EMPA-REG OUTCOME trial demonstrated the cardiopro-
tective effect of two SGLT2 inhibitors: canagliflozin and
empagliflozin.121,122 Both of them showed a lower incidence
of cardiovascular events, including deaths from cardiovascu-
lar causes, stroke, and cardiac infarction. Additionally, SGLT2
inhibitors benefit those at risk of atherosclerotic cardiovascu-
lar disease (the DECLARE–TIMI 58 trial).123 Regarding HF, nu-
merous trials have been conducted recently. For HFrEF, both
the DAPA-HF trial and the EMPEROR-Reduced trial reported
lower cardiovascular death by taking SGLT2 inhibitors.124,125

For HFpEF, the EMPEROR-Preserved trial found that the com-
bined risk of cardiovascular death or hospitalization for HF
is reduced, even in those without diabetes.126 And the
PRESERVED-HF trial in HFpEF patients demonstrated that
dapagliflozin improve patient-reported symptoms and physi-
cal limitations.127 Furthermore, cardioprotective conclusions
are supported even in patients with decompensated HF (the
SOLOIST-WHF trial).128

All these trials highlight the urgent need for understanding
the cardioprotective mechanisms of SGLT2 inhibitors.129 First
of all, as a mild diuretic drug facilitating glucose excretion, a
blood pressure-lowering effect can be expected by taking
SGLT2 inhibitors, and these drugs have low risks of develop-
ing hypotension.130 Some researchers reported an ameliora-
tion of oxidative stress in the heart tissue and diabetic
models.131 Besides, attenuated cardiac fibrosis, improved car-
diac metabolisms, ameliorated inflammation, and autophagy
may be contributing.132–134 However, whether these mecha-
nisms underlie the benefits on DCM should be thereafter
discussed.

Glucagon-like peptide-1

Glucagon-like peptide-1 (GLP-1) receptor agonist (GLP-1 RA),
an anti-diabetes drug that stimulates insulin secretion while
suppressing glucagon release, was found to be efficient in di-
abetic patients with cardiovascular events. As one eats, the
gastrointestinal tract is activated to secret incretin, a hor-
mone that favours releasing insulin and reducing appetite,
to help digest food. And GLP-1 is one particular form of
incretin.

The clinical effects of GLP-1 RA are partially beneficial.
The LEADER trial and the SUSTAIN-6 trial confirmed the
efficiency of liraglutide and semaglutide in reducing the
incidence of cardiovascular death, nonfatal cardiac infarc-
tion, and stroke.135,136 However, neither the ELIXA trial
nor the EXSCEL trial reported a reduction of major cardio-
vascular events when compared with the placebo.137,138

Recently, liraglutide have been shown to protect the
heart by promoting glucose oxidation and PDH activity.139

Furthermore, some studies reported that GLP-1 RA may

be a renal-beneficial drug because it reduces sodium ab-
sorption and was followed by a diuretic effect.140 Improve-
ments in diastolic dysfunction were also demonstrated by
assessing E/E′ or E/A.139 Other benefits of GLP-1 RA, includ-
ing the ability to inhibit apoptosis and alleviate oxidative
stress, have also been reported.141,142 These benefits and
trials on cardiovascular diseases cannot be applied specifi-
cally to DCM, but they do suggest a possibility of ameliorat-
ing DCM. Clinical follow-up and trials on DCM are still
required.

Dipeptidyl peptidase-4

An active form of GLP-1 is degraded by dipeptidyl peptidase-4
(DPP-4), which was previously identified as CD26 in the im-
munological system. DPP-4 is speculated to be associated
with cardiovascular diseases in different researches.143,144

Trials of DPP-4 inhibitors in diabetic patients with cardiovas-
cular diseases showed conflicting results.145,146 For instance,
the TECOS trial in older patients identified sitagliptin as hav-
ing a neutral effect on cardiovascular risks.147 The
SAVOR-TIMI 53 trial, however, reported an increased rate of
HF hospitalization in those with saxagliptin, even though
the overall cardiovascular safety is supported.148

These conflicts raise questions about its molecular mech-
anisms. DPP-4 was found to act through either a GLP-1-
dependent or a GLP-1-independent pathway. The GLP-1-
dependent pathway stimulates insulin secretion while
reducing glucagon secretion, and the GLP-1-independent
pathway favours peptide generation.145 Ameliorations in
macrovascular or microvascular endothelial damage by
targeting inflammatory responses have been reported.149

In addition to research on mechanisms, White et al. specu-
lated that the adverse effects of increased HF in the
SAVOR-TIMI 53 trial may be independent of the drug-class
effect of DPP-4 inhibitors.150 Anyway, the role of DPP-4 in-
hibitors in cardiovascular diseases is not fully understood
by now.

Novel therapies and biomarkers

Numerous targets have been proposed that may contribute
to the development of novel therapies. A recent investigation
showed that recombinant human neuregulin-1 (rhNRG-1) can
improve cardiac function and reverse cardiac remodelling in
DCM rats.151 Huynh et al. administered coenzyme Q10 to dia-
betic mice and found that it improved both levels of
pro-inflammatory markers and diastolic function.152 Further-
more, microRNA-based treatment and modulation of oxida-
tive stress may be promising in future research.153,154
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Conclusions

In conclusion, a variety of mechanisms have been proposed
that underlie lipotoxicity or DCM, whereas some of them re-
main controversial. Despite all the uncertainties, research
into mechanisms advances our understanding of whether
DCM exists as a clinical entity. And we may realize that the
stagnation in clinical awareness has not kept pace with its ad-
vancing exploration of molecules. One of the reasons for this
is that there are no approaches specifically for detecting
DCM. Sophisticated techniques, such as 1H-MRS for measur-
ing lipid content in the heart, could be beneficial for re-
searchers studying lipotoxicity and DCM in biomedicine or
for physicians looking to administer therapies to diabetic pa-
tients. In light of all the above, the giant number of diabetic
patients around the globe entails efficient cardioprotective
therapy and precise medicine for DCM. And we believed

that with more clinical trials and biomedical research,
lipotoxicity would be addressed in developing effective
DCM medications.
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