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Abstract:
Background:
Under normal conditions, the heart obtains ATP through the oxidation of fatty acids, glucose, and ketones. While fatty acids are the main source of
energy in the heart, under certain conditions, the main source of energy shifts to glucose where pyruvate converts into lactate, to meet the energy
demand. The Warburg effect is the energy shift from oxidative phosphorylation to glycolysis in the presence of oxygen. This effect is observed in
tumors as well as in diseases, including cardiovascular diseases. If glycolysis is more dominant than glucose oxidation, the two pathways uncouple,
contributing to the severity of the heart condition. Recently, several studies have documented changes in metabolism in several cardiovascular
diseases; however, the specific mechanisms remain unclear.
Methods:
This literature review was conducted by an electronic database of Pub Med, Google Scholar, and Scopus published until 2020. Relevant papers are
selected based on inclusion and exclusion criteria.
Results:
A total of 162 potentially relevant articles after the title and abstract screening were screened for full-text. Finally, 135 papers were included for the
review article.
Discussion:
This review discusses the effects of alterations in glucose metabolism, particularly the Warburg effect, on cardiovascular diseases, including heart
failure, atrial fibrillation, and cardiac hypertrophy.
Conclusion:
Reversing the Warburg effect could become a potential treatment option for cardiovascular diseases.
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1. INTRODUCTION
The heart pumps blood throughout the body via the
circulatory system [1]. This process requires energy intake
from carbohydrates, lipids, and proteins. Cardiomyocytes are
heart muscle cells that can convert glucose or ketone bodies
into mechanical energy [2]. While cardiomyocytes
predominantly use fatty acids (FAs) as their energy source,
glucose provides approximately 25% of the total energy
required by the heart [3, 4]. This is different from other cells
where almost 70% of glucose is used as the energy source via
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oxidative phosphorylation; the rest is obtained via glycolysis.
In the human heart, approximately 60-70% of the ATP
produced in the mitochondria is used as an energy source,
whereas the remainder is used for calcium homeostasis, ion
pumping into the sarcoplasmic reticulum via calcium ATPase,
and cell death signaling [5]. The requirement for ATP varies
depending on the cell type, cellular condition, growth status,
and microenvironment [6].
In conditions of impaired myocardial energy, such as
cardiac hypertrophy, a major metabolic shift occurs from FA
oxidation to glucose utilization, affecting glucose uptake and
glycolysis rate [7]. This is accompanied by a decrease in
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cardiac mitochondrial oxidative metabolism and an increase in
glycolysis (pyruvate conversion into lactate) [8]. The energy
produced via mitochondrial glucose oxidation is greater than
that produced via glycolysis [9, 10]. However, cardiac
hypertrophy and Heart Failure (HF) rat models decrease
myocardial glucose oxidation. Several studies have shown that
changes in energy metabolism in the heart increase
cardiovascular disease severity, including cardiac hypertrophy
and HF [11 - 13].
In HF, glucose metabolism increases glucose uptake and
glycolysis, ultimately leading to uncoupling of glycolysis and
glucose oxidation. This may also contribute to the development
of HF by increasing cardiac hypertrophy [14]. In proliferating
cells, such as cancer cells, uncoupling of glycolysis and
glucose oxidation occurs, which plays an important role in
promoting cell growth [6, 15]. In 1920, Otto Warburg reported
an increase in glycolysis and lactate production in cancer cells
compared with normal cells, despite the presence of oxygen.
This is known as the “Warburg effect” [16]. Although
glycolysis only produces two ATP molecules compared with
oxidative phosphorylation, which produces 36 ATP molecules,
glycolysis is a relatively quick process [17], and the total
amount of ATP produced by glycolysis is higher than that by
oxidative phosphorylation in the same amount of time [18, 19].
This “Warburg” phenomenon may also occur in other
conditions, such as cardiac hypertrophy, which can, in turn,
result in HF because increased pyruvate dehydrogenase kinase
(PDK) activity is observed, suggesting an increased rate of
glycolysis [20, 21].
Recent studies have proposed the existence of the Warburg
effect in cardiovascular diseases. The metabolites produced by
glycolysis play an important role in regulating extracellular
matrix formation, cell proliferation, apoptosis, and autophagy
[22]. In addition, glycolytic enzymes are found in many
diseases, including pulmonary fibrosis, hypertension, HF, atrial
fibrillation (AF), and cardiac hypertrophy [23 - 25]. The next
section focuses on the metabolic shift involved in the signaling
pathways and the Warburg effect in cardiovascular disease, and
discusses their potential roles in cardiovascular disease therapy.
2. MATERIALS AND METHODS
Our aim was to review the Warburg effect in
cardiovascular diseases and its molecular interactions as
targeted therapy. We conducted a literature search using
PubMed and Google Scholar for articles published up until
2020. The keywords used were: “cardiovascular disease” or
“cardiac hypertrophy” or “heart failure” or “failing heart” and
“Warburg effect,” “heart metabolism” or “heart failure
metabolism” or “cardiac hypertrophy metabolism” or “atrial
fibrillation metabolism,” and “heart failure treatment” or
“cardiac hypertrophy treatment” or “atrial fibrillation
treatment.” The inclusion criteria were articles published up
until 2020; those focusing on the Warburg effect in
cardiovascular disease; and those regarding metabolism and
treatment in cardiac hypertrophy, heart failure, and AF that
were related to the mechanisms of the Warburg effect.
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3. RESULTS AND DISCUSSION
The initial search found 388 article sources. After
duplicates were removed, 351 records remained. A further 184
records relevant to the inclusion criteria were articles published
up until 2020; those focusing on the Warburg effect in
cardiovascular disease and those regarding metabolism and
treatment in cardiac hypertrophy, heart failure, and AF that
were related to the mechanisms of the Warburg effect. A total
of 162 potentially relevant articles after the title and abstract
screening were screened for full-text. Finally, 135 papers were
included for the review article.
3.1. Energy Metabolism in Cardiomyocytes
The adult heart pumping 10 tons of blood a day requires
approximately 6 kg of ATP. The heart obtains energy from
various metabolites, including glucose, FAs, lactate, and
ketones [26]. Under normal heart conditions, >95% of the ATP
is produced via oxidative phosphorylation; the rest is obtained
via glycolysis. Approximately 50-70% of the ATP is produced
via the oxidation of free FAs [27, 28].
The transport of FAs from the plasma to cardiomyocytes is
facilitated by fatty acid translocase (FAT/CD36), fatty acid
transport protein, plasma membrane fatty acid-binding protein
(FABPpm), and heart-type fatty acid-binding protein [29]. FAs
are esterified to fatty acyl-CoA, which enters the mitochondrial
membrane with the help of carnitine palmitoyltransferase I and
II (CPT I and II). Fatty acyl-CoA is converted to acetyl-CoA,
which then enters the tricarboxylic acid (TCA) cycle to
produce nicotinamide adenine dinucleotide (NADH) and flavin
adenine dinucleotide (FADH2). These cofactors are used in the
electron transport chain to produce ATP [30]. Malonyl-CoA
negatively regulates CPT I activity and is formed via acetylCoA carboxylase (ACC) and degraded by malonyl-CoA
decarboxylase. AMP-activated protein kinase (AMPK)
phosphorylates ACC, which inhibits malonyl-CoA formation
and increases FA oxidation. Under normal heart conditions, FA
oxidation, esterification, and uptake are activated by
peroxisome proliferator-activated receptor coactivator-1α
(PGC1α), which stimulates peroxisome proliferator-activated
receptor α (PPARα). PPARα can modify glucose oxidation by
inhibiting pyruvate dehydrogenase (PDH) via pyruvate
dehydrogenase kinase 4 (PDK4) [31]. PDK is activated by
NADH and acetyl-CoA, which are produced via FA oxidation,
and directly inhibits PDH. PDK is inhibited by pyruvate and
reduced the acetyl-CoA/free CoA and NADH/NAD+ ratios
[32].
The main sources of glucose used by the heart are via the
uptake of exogenously obtained glucose and glycogen stored in
the liver. Glycolysis plays a critical role in cell metabolism and
produces pyruvate, NADH, and ATP. Pyruvate is converted to
lactate by lactate dehydrogenase (LDH) and mostly undergoes
mitochondrial glucose oxidation [33]. Glucose from the
circulation is transported to cells via glucose transporters,
including GLUT1 and GLUT4. In the fetal heart, GLUT1 is the
major glucose transporter, and its level increases in response to
myocardial stress or injury. In contrast, GLUT4 is the
predominant isoform in the adult heart and plays a role in basal
myocardial glucose uptake [34]. The deletion of GLUT4 in
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mice hearts leads to metabolic adaptations [35]. GLUT 4knockout mice (G4H−/−) show changes in glycolysis as a
defense mechanism against ischemic injury [36]. After being
absorbed in the intestine, glucose is phosphorylated to form
glucose-6-phosphate (G6P), which then enters the metabolic
pathway. In the mitochondria, pyruvate is decarboxylated by
pyruvate dehydrogenase to form acetyl-CoA, which then enters
the TCA cycle to produce NADH and FADH2. Pyruvate
oxidation is regulated by PDH. ATP plays an important role in
calcium absorption in the sarcoplasm and relaxation during
diastole [37]. Glucose is catalyzed by glycolysis and
intermediate glycolysis. Glucose is converted to G6P by
hexokinase (HK). G6P then enters the pentose phosphate
pathway (PPP) [38]. PPP produces NADPH, which maintains
levels of reduced glutathione and ribulose 5-phosphate used for
nucleotide biosynthesis or for the generation of intermediates
for glycolysis [39, 40]. The polyol pathway is another
glycolytic pathway in which glucose is converted to sorbitol by
aldose reductase (AR). Sorbitol dehydrogenase then oxidizes
sorbitol to fructose and advanced glycation end-products [41].
A study has reported that AR activity increased in the heart and
kidneys of a hyperglycemic mouse model [42]. The
hexosamine biosynthetic pathway generates the end products
hyaluronan, glycosylphosphatidylinositol anchor, glycolipid,
proteoglycan, N-glycan, and O-linked β-N-acetylglucosamine
(O-GlcNAc), which are derived from uridine diphosphate Nacetylglucosamine [33]. In cardiac hypertrophy, inhibition of
O-GlcNAc can reduce the progression of the development of
hypertrophy [43, 44].
Ketone bodies, such as acetoacetate and βhydroxybutyrate, are energy sources produced via FA βoxidation in the liver [45]. Ketones are oxidized in the heart,
brain, and skeletal muscle [30]. During terminal oxidation,
ketones are converted back to acetyl-CoA in a reaction
catalyzed by succinyl-CoA-3-oxoacid-CoA transferase, βhydroxybutyrate dehydrogenase 1, and acetyl-CoA
acetyltransferase 1-or through the lipogenic pathway via fatty
acid synthase [46]. The heart uses ketones to maintain
myocardial function in HF. In HF, the decrease in FA oxidation
makes ketone bodies an efficient fuel for ATP production [47]
(Fig. 1).
3.2. Warburg Effect in Cardiovascular Diseases
Under normal heart conditions, FAs are the main source of
ATP production. In contrast, under various pathological
conditions, including cardiac hypertrophy, there is a shift in
energy
metabolism
from
mitochondrial
oxidative
phosphorylation and the TCA cycle to glycolysis [48]. The
mass changes in cardiac hypertrophy are associated with
metabolic changes, resulting in switching to more ATP
production from glucose than from FAs. Glycolysis is a
biochemical process that converts glucose to pyruvate and then
to lactate and CO2 to produce ATP. Carbon atoms obtained
from glucose are either derived exogenously or endogenously
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by glycogen breakdown [49]. The change in the rates of
glycolysis and oxidative phosphorylation results in the
uncoupling of glycolysis and glucose oxidation, which
interferes with cardiac function [8]. In HF, there is an increase
in glycolysis with or without a decrease in mitochondrial
oxidation [20, 50]. Impaired myocardial energy metabolism in
cardiac hypertrophy is characterized by increased glucose
demand and decreased FA oxidation. These alterations are
associated with increased glycolysis in cardiac hypertrophy [51
- 54]. Previous studies have shown that an increase in glucose
uptake and the activation of phosphofructokinase (PFK), play a
role in increasing the rate of glycolysis in rats with
hypertrophied hearts. In left ventricular hypertrophy (LVH),
there is an increase in adenosine monophosphate (AMP) and
adenosine diphosphate (ADP), triggering AMPK, which in turn
increases glucose transport and PFK activation [54].
Dahl salt-sensitive rats with HF and preserved ejection
fraction showed decreased FA metabolism and increased
glucose metabolism. Uncoupling between glycolysis and
glucose oxidation, resulting from increased glycolysis, occurs
without changes in glucose oxidation; this results in an acidic
environment that hampers cardiac function [8]. The Warburg
effect is known to occur in cancer cells. These cells have high
proliferation rates and exhibit high glycolysis rates in the
presence of oxygen [55, 56]. In addition to cancer cells, the
Warburg effect may occur in other cells with high energy
demand. This effect has been demonstrated in cardiac
hypertrophy, which causes HF. Inhibition of anaerobic
glycolysis can reduce hypertrophy and increase the flexibility
of cardiac metabolism to maintain the need for cardiac output
to meet the high metabolic demand [57]. HF and hypertrophy
mouse models showed decreased myocardial glucose oxidation
levels. Metabolic changes are believed to increase the severity
of HF [30].
Waleed et al. developed a post-infarction mouse model and
revealed an imbalance in glucose metabolism and increased
proton production, resulting in the deterioration and disruption
in mechanical left ventricular function [14]. Systolic
dysfunction and glucose oxidation damage in HF may be
caused by mitochondrial dysfunction, decrease in the
expression of the genes involved in glucose oxidation, or an
increase in the expression of the PDH complex [11, 58].
Increased oxidative stress may be a cause of mitochondrial
dysfunction in cardiac hypertrophy, HF, and AF. Reactive
oxygen species (ROS) play a role in cardiac remodeling in the
stress response via increased mitochondrial biogenesis,
cardiomyocyte volume, and capillary density [59]. During
chronic stress, ATP demand increases in the heart, leading to
increased activity of the electron transport chain in the
mitochondria and ROS generation. This results in a shift in the
energy metabolism to glycolysis, even in the conditions of
adequate oxygen levels, as compensation for the high energy
demand. This could be the underlying mechanism of the
Warburg effect in cardiovascular diseases, particularly HF.
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Fig. (1). Glucose metabolism in the heart. During glucose metabolism (yellow arrows), glucose enters the cells via the glucose transporters GLUT1
and GLUT4. Glycolysis begins with the conversion of glucose to glucose-6-phosphate, which is, in turn, is converted to pyruvate by pyruvate
dehydrogenase. Pyruvate either enters the tricarboxylic acid (TCA) cycle in the mitochondria to produce ATP via the electron transport chain or is
converted to lactate by lactate dehydrogenase (LDH). In addition to glycolysis, glucose undergoes intermediate glycolysis via the hexosamine
biosynthetic pathway (HBP), pentose phosphate pathway (PPP), and polyol pathway. Circulating fatty acids (FAs) cross the cardiomyocyte
membrane (red arrows) via the transporters fatty acid translocase (FAT/CD36), plasma membrane fatty acid-binding protein (FABPpm), and fatty
acid transport protein (FATP). Fatty acyl-CoA enters the mitochondria via carnitine palmitoyltransferase (CPT) I and CPT II and undergoes βoxidation. Ketones are also converted to acetyl-CoA (blue arrows) by succinyl-CoA: 3-oxoacid-CoA transferase (SCOT) and β-hydroxybutyrate
dehydrogenase 1 (BHD1).

Other studies have shown that FA oxidation stimulation
and oxidative phosphorylation improve HF [11, 14, 60]. We
previously reported that mice with CD36 genetic deletions
showed decreased FA uptake and increased glycolysis flux;
this, in turn, increased the progression from compensated
hypertrophy to HF. This phenomenon was also observed in
mice models of heart pressure overload with a double knockout
of FABP4 and FABP5, with increased glycolysis and
decreased FA uptake, resulting in severe hypertrophy, fibrosis,
and cardiac dysfunction. Furthermore, the use of glucose was
demonstrated not only for catabolic pathways but also for
anabolic pathways to synthesize biomass [61, 62]. CD36
increased the expression of Forkhead Box O1 and PDK4 via
the activation of PPARδ/β to inhibit glucose oxidation [63].
This could support the association between the Warburg effect
and cardiovascular diseases due to increased glycolysis, even
accompanied by glucose oxidation. The increase in glycolysis
in this study [61 - 63] may have involved the Warburg effect,
although it remains unclear. Further research and clinical
studies in humans are needed.
Structural and electrical remodeling also occurs in AF [64].
In acute AF, contraction and electrical activity increase four- to
six-fold compared with normal atrial conditions. Tu et al.
reported the downregulation of FA metabolism in the atria of
permanent AF due to the downregulation of the enzymes
regulating FA oxidation [65]. Tsuboi et al. reported that the
deletion of mitochondrial DNA in patients with AF led to the

disruption of ATP synthesis [66]. Decreased oxidation of
pyruvate and FAs increases glycolysis in AF, leading to the
upregulation of glycolytic enzymes, lactate production, and the
downregulation of the PDH complex [25, 37]. Myocardial
fibrosis and metabolic stress are related to the Warburg effect
and play a role in the development of AF. An increase in PDK4
is associated with an increase in myocardial fibrosis.
The Warburg theory suggests an ATP production shift
from the TCA cycle and oxidative phosphorylation to
glycolysis or lactate production, even in the presence of
oxygen, and is thus termed aerobic glycolysis [55, 67, 68].
Under normal conditions, most of the glucose taken up by cells
is metabolized via glycolysis to pyruvate, which then enters the
TCA cycle and electron transport chain to generate ATP via
oxidative phosphorylation [69]. Studies have shown that the
increase in oxidative phosphorylation in cancer cells can be
achieved by inhibiting glycolysis. Activation of glycolysis in
the proliferative cells supports the cells to grow [15, 70].
Glycolysis can be induced by hypoxia via activation of
hypoxia-inducible transcription factor 1α (HIF-1α). HIF-1 is a
heterodimeric transcription factor that changes hypoxic gene
expression and consists of HIF-1α and HIF-1β subunits. It is
thought to be adaptive for cells exposed to an oxygen-deficient
environment. PDK1 is the target of the HIF-1α gene, which
increases PDK activation and leads to the inhibition of PDH,
which allows pyruvate to enter the mitochondria to perform
oxidative phosphorylation. PDK1 regulates mitochondrial
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function in hypoxic states by inhibiting the entry of pyruvate
into the TCA cycle, indirectly inhibiting PDH [71 - 74].

enzymes in cardiovascular diseases, as seen in cancer cells,
indicate the involvement of the Warburg effect.

In a monocrotaline-induced model of pulmonary
hypertension, the glycolysis rate of right ventricular
hypertrophy (RVH) was increased compared with that of the
control group, and there was no increase in glucose oxidation.
An increase in GLUT1 was observed as a compensatory
mechanism of low ATP levels. Decreased glucose oxidation is
thought to occur due to PDH phosphorylation [20]. Decreased
glucose oxidation rate in fawn-hooded rats with pulmonary
hypertension and RVH occurs due to increased PDK4 levels.
Therefore, inhibition of PDK can increase PDH activity to
prevent HF [21]. Kato et al. reported metabolic remodeling in
compensated left ventricle hypertrophy and HF and showed an
increase in glycolysis, characterized by an increase in lactate
and a decrease in PDH [11]. Studies have reported that an
increase in LDH, which converts pyruvate to lactate, results in
increased lactic efflux in the hypertrophied heart muscle [75].
PH alteration and increase in protons can impair the sensitivity
of troponin I to calcium, which interferes with cardiac
contractility [76]. The upregulation of glycolysis rates results
in uncoupling between glycolysis and glucose oxidation,
leading to an increase in proton and lactate production [77, 78].
This suggests that an increase in lactate levels is due to a higher
glycolysis rate compared with mitochondrial oxidation and that
increased PDK inhibits the activation of the PDH complex and
the biosynthesis of the precursors, which are needed to be
required for the development of hypertrophy [23, 79].
Decreased oxidation of pyruvate and FAs increases glycolysis
in AF, leading to the upregulation of glycolytic enzymes,
lactate production, and the downregulation of the PDH
complex. The Warburg effect increased glucose use and
fibrosis levels in a canine model of p-AF cardiomyopathy,
which is characterized by the increased expression of PDK1,
PDK4, LDHA, and lactic acid and decreased expression of
isocitrate dehydrogenase and PDH [80]. Increased glycolytic

HIF-1α plays an important role in energy changes from
oxidative phosphorylation to glycolysis. HIF-1α is the main
hallmark and regulator of the Warburg effect in cancer. It is
upregulated under cardiac hypertrophy conditions [79, 81, 82].
Increased HIF-1α expression in AF is an early response of
atrial cardiomyocytes. In AF models, there was a decrease in
PPARα/PGC1α activity that was inhibited by HIF-1α, which
caused a decrease in FA metabolism [81, 83]. HIF-1α plays a
role in metabolic reprogramming in end-stage HF.
Furthermore, it regulates the gene expression of PDK1 and
LDHA, which play a role in reprogramming glucose
metabolism [84]. Interactions between HIF-1α and pyruvate
kinase M2 (PKM2) in the nucleus activate the transcription of
genes involved in glycolysis, such as GLUT 1, LDHA, and
PDK1 [85]. PKM2 is considered the hallmark of the Warburg
effect in cancer cells [86]. HIF-1α activates the conversion of
adult pyruvate kinase M1 (PKM1) to fetal PKM2. PKM1 is
normally expressed continuously in normal cells, whereas
PKM2 is widely expressed in cancer cells [87]. Metabolic
changes that occur in heart diseases cause a metabolic switch
back to fetal metabolism, in which the glycolysis rate exceeds
that of oxidative phosphorylation [88, 89]. The fetal heart uses
glucose as the main energy source. A few days after birth, the
heart switches to using FA oxidation as its main energy source.
In the heart of a newborn rabbit, approximately 44% of the
ATP was derived via glycolysis; however, after 7 days, only
approximately 7% of the ATP was produced via glycolysis [87,
90, 91] In cancer cells, HIF-1 suppresses the TCA cycle via
PDK activation and functions to maintain ATP and ROS
production [72]. The increase of PDK regulation leads to
reduced levels of active PDH via PDH phosphorylation [73].
Suppression of HIF-1α prevents hypertrophy-induced cardiac
dysfunction [92]. The Warburg effect and HIF-1α are thought
to result in the metabolic shift to glycolysis in both cancer cells
and cardiovascular diseases (Table 1).

Table 1. Role of the Warburg effect in cardiovascular diseases.
No.

Disease

Model

Event

Reference

1

LVH

Weanling male Wistar rats

Glycolysis ↑
Lactate ↑

[54]

2

LVH
HF

Inbred male Dahl Salt-sensitive rats

Glycolysis ↑↑
Lactate ↑

[11]

3

LVH

Male Wistar rats

PDH ↓
PDK ↑

[93]

4

HF

Male C57BL/6 mice with coronary artery ligation or sham operation procedure

Glycolysis ↑
Glucose oxidation ↑
Lactate ↑

[14]

5

HF

Male Dahl salt-sensitive rats with induced HfpEF

Glycolysis ↑
Glucose oxidation ↔
FA oxidation ↓
Lactate ↑
Proton ↑

[8]

6

LVH

Mb transgenic mice with transverse aortic constriction surgery

Glycolysis ↑
F-2,6-P2 ↑

[94]

7

RVH

Adult male Sprague–Dawley rats injected monocrotaline

Glycolysis ↑
Glucose oxidation ↔
PDH ↓
PDK ↑

[20]
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No.

Disease

Model

Event

Reference

8

RVH

Fawn-hooded rats

Glycolysis ↑
Glucose oxidation ↓
PDK ↑

-

9

Chronic cardiac
hypertrophy

Mouse transaortic-constriction

Glycolysis ↑
p-PDH ↑

[95]

10

AF

Beagle Canine model of paroxysmal atrial fibrillation

Glycolysis ↑
LDHA↑
PDK1 ↑
PDK4 ↑

[80]

AF, atrial fibrillation; FA, fatty acid; HF, heart failure; F-2,6-P2, fructose 2,6-bisphosphate; HFpEF, heart failure with preserved ejection fraction; LVH, left ventricular
hypertrophy; PDH, pyruvate dehydrogenase; PDK, pyruvate dehydrogenase kinase; RVH, right ventricular hypertrophy

3.3. Warburg Effect:
Cardiovascular Diseases?

Targeted

Treatment

in

In cardiac hypertrophy, cell growth and proliferation are
accompanied by decreased FA β-oxidation, which is
characterized by changes in the expression of enzymes
involved in glycolysis and FA β-oxidation [33]. In HF, ATP is
decreased to 30-40% compared with that in the normal heart
due to a switch to the use of glucose as the primary energy
source instead of FAs. In HF, a decrease in myocardial ATP up
to 60-70% is accompanied by a decrease in mitochondrial
glucose oxidation, increased glycolysis, and decreased creatine
kinase activity [11, 30, 96]. Therefore, promoting the coupling
of glucose oxidation and glycolysis is one approach to treat HF
because it enhances oxidation [97]. Correcting cardiac function
via the reverse Warburg effect can be achieved by stimulating
glucose oxidation [8].
Dichloroacetate
(DCA)
can
induce
oxidative
phosphorylation and the activation of the PDH complex and
has been widely studied. Inhibition of aerobic glycolysis
increases cardiac metabolic flexibility and reduces hypertrophy
via PDH inhibition. In ischemia-reperfusion models, DCA has
a cardioprotective mechanism [98, 99]. In an MCT-RVF, RVH
leads to an increase in PDK activity. The administration of
DCA, a pyruvate dehydrogenase kinase inhibitor, decreased the
expression of PDK in MCT-RVF mice [20]. DCA decreased
LDHA and upregulated superoxide dismutase 2 [100]. In Dahlsensitive rats, the use of DCA treatment prevented the
progression of LVH to HF. DCA was shown to improve
cardiac function and survival in the rat model [11].
Interestingly, DCA treatment in mice with hyperthyroidism
showed an increase in PDH activity and increased myocardial
flexibility and reduced hypertrophy [93]. Clinical data on the
use of DCA remains sparse. A clinical study of 10 patients with
HF (New York Heart Association class III and IV) infused with
DCA intravenously showed improved LV stroke volume and
myocardial oxygen consumption [101]. The effect of DCA
might inhibit the Warburg effect by improving the coupling of
glycolysis to glucose oxidation by inhibiting PDK to activate
PDH, thereby increasing pyruvate oxidation and mechanical
efficiency.
Increased AMPK activity is associated with cardiac
hypertrophy and HF. Targeting AMPK activity as a treatment
in HF models improved cardiac function and reduced
ventricular remodeling [102, 103]. AMPK phosphorylation is
increased in patients with paroxysmal AF as an adaptive
response to metabolic stress in AF for Ca2+ handling and

contractility [57]. Furthermore, AMPK increased levels of FA
transport proteins FAT/CD36 and FABPpm [104]. In a mouse
AF model, AMPK was associated with an increase in
FAT/CD36, leading to excess uptake of FAs and decreased
expression of GLUT4 in the membrane. Therefore, AMPK has
cardioprotective functions and prevents the AF progression by
increasing FA oxidation compared with glucose oxidation [51,
105]. Some drugs, such as metformin, statins, and resveratrol,
activate AMPK. Metformin increases AMPK activity by
directly increasing its phosphorylation or binding to AMPK
subunits, thereby increasing the heterotrimeric complex.
Metformin indirectly changes the ratio of AMP or ADP to ATP
[106, 107]. In animal models, metformin phosphorylates
AMPK and increases nitric oxide levels, thereby improving
cardiac function [108]. The use of metformin as an AMPK
activator in a Beagle dog AF model showed an increase in
AMPK, PGC1α, and PPAR1α activity, and a decrease in
HIF1α, GLUT1, PDK, HK, and LDH. Metformin treatment
also revealed that an increase in PDH is the key to the Warburg
effect [109]. A clinical study has shown that the use of
metformin reduces the mortality rate in ambulatory HF patients
with diabetes [110]. AMPK activates FA metabolism via
PGC1α/PPAR1α and inhibits HIF-1α to reverse the Warburg
effect [25]. Resveratrol is a natural polyphenol found in plants,
including peanuts, cranberries, and grapes. It has a
cardioprotective effect via the activation of AMPK/sirtuin 1,
which is involved in signaling and modulating cardiac
metabolism. The beneficial effects of resveratrol in HF have
been shown in ischemic and non-ischemic HF animal models
[111 - 113].
The activation of PPARα and PGC1α increases FA flux in
cells as well as increases the activity of enzymes that play a
role in FA β-oxidation [114]. Mice lacking PPARα were shown
to have increased glycolysis and decreased FA oxidation,
characterized by a decrease in protein transport and in enzymes
playing a role in β-oxidation (such as malonyl-CoA
decarboxylase, which inhibits CPT I) [115]. In mouse HF
models, treatment with fenofibrate, a PPARα agonist, led to
increased FA metabolism [116, 117] as well as the
upregulation of PDH, GLUT4, PPARα, PGC1α, and p-sirtuin 1
and downregulation of PDK4 [118]. In dogs with highfrequency left ventricular pacing, fenofibrate administration
prevented a decrease in FA metabolism and improved cardiac
function [119]. The reverse Warburg effect can be generated by
promoting the coupling of glycolysis and glucose oxidation and
can be achieved by enhancing glucose and FA oxidation.
Metabolic therapy by disrupting the Warburg effect represents
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a potential treatment for cardiovascular diseases, although
more extensive human studies are warranted to demonstrate
this effect as well as the clinical implications of the Warburg
effect on cardiovascular diseases (Fig. 2).
3.4. Dietary and Exercise Modifications in Cardiovascular
Diseases
Behavioral modifications, such as a healthy lifestyle,
including healthy dietary patterns and appropriate exercise, are
important strategies recommended for the prevention of
cardiovascular disease [120]. In recent years, epigenetic studies
have shown that environmental factors, including diet and
physical exercise, may change the epigenome.
Meta-analyses and randomized controlled trials have
shown that a Mediterranean diet consisting of fruits, grains,
vegetables, nuts, fish, unsaturated fats, and legumes reduces
mortality and morbidity in patients with cardiovascular
diseases [121, 122]. This healthy diet pattern should be low in
trans fats, refined grains, red and processed meat, sugary
drinks, and added sugars [123]. Cohort studies have shown an
association between metabolite profiles and high adherence to
dietary recommendations proposed by the Alternative Healthy
Eating Index (AHEI) in patients with cardiovascular diseases
[124]. High levels of monounsaturated and saturated FAs are
associated with a high risk of cardiovascular diseases.
Furthermore, a high ratio of omega-3 polyunsaturated fatty
acids (PUFAs), such as docosahexaenoic acid, to total FAs is
associated with a reduced risk of cardiovascular diseases [124].
A hereditary cardiomyopathy model demonstrated that
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omega-3 PUFAs can reactivate the expression of genes
damaged in cardiomyocytes and also prevent plasma
membrane degradation, which maintains signal transmission
from the membrane surface to the nucleus [125]. Nutrition can
modulate myocardial genes by activating the transcription
factor PPARα [126, 127]. A population-based prospective
cohort study has found that dietary intake of different PUFAs
alters the association between genetic variation in fatty acid
desaturase and high-density lipoprotein and low-density
lipoprotein (LDL) [128]. Reduced risk of cardiovascular
diseases is associated with the intake of polyphenol-rich diets
related to DNA methylation. Polyphenols are present in fruits
and vegetables, including cocoa and green tea. In vitro studies
have shown that cocoa extract can inhibit the expression of
genes
encoding
DNA
methyltransferases
and
methylenetetrahydrofolate reductase, which are found in
several disease conditions, including heart diseases [129, 130].
Cocoa polyphenol is cardioprotective and is associated with
decreased LDL levels. Decreased LDL levels can lead to a
reduced risk of atherosclerosis leading to cardiovascular
disease [131, 132]. Dietary folic acid and vitamin B may
reduce the risk of cardiovascular disease via the methylation of
homocysteine to methionine, and folic acid deficiency increases cardiovascular diseases via DNA methylation [133].
Mouse model studies have shown increased expression of
regulators of lipid metabolism, such as CPT I, PPARα, and
sterol regulatory element-binding protein 1c, and the upregulation of CD36 gene expression [134, 135]. Dietary
modifications and appropriate exercise can contribute to
genetic changes in cardiovascular metabolism via epigenetics.

Fig. (2). Treatment targeting the Warburg effect in cardiovascular diseases. Agents that activate AMPK, such as metformin and resveratrol, inhibit
hypoxia-inducible transcription factor 1α (HIF1α), CD36/FAT, and acetyl-CoA carboxylase (ACC). Other drugs, such as fenofibrate and
dichloroacetate, inhibit the phosphorylation of pyruvate dehydrogenase (p-PDH) via the inhibition of pyruvate dehydrogenase (PDK).
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CONCLUSION
The Warburg effect is an energy shift in glucose
metabolism from oxidative phosphorylation to aerobic
glycolysis that occurs in cancer as well as other non-cancer
conditions, including cardiovascular diseases. The Warburg
effect may also occur in highly proliferative cells involved in
cardiovascular diseases such as cardiac hypertrophy, HF, and
AF. The increased activity of glycolytic enzymes in
cardiovascular diseases, as observed in cancer cells, indicates
the involvement of the Warburg effect. The mechanism of the
Warburg effect in the heart is not completely understood,
although HIF-1α is thought to play a role in its regulation. The
Warburg effect can be used as a therapeutic target for
improving heart conditions by inhibiting the shift of glucose
oxidation to aerobic glycolysis. This can be achieved by
increasing glucose oxidation via glycolysis inhibitors and
increasing FA oxidation. Diet and exercise can also be used to
prevent cardiovascular diseases. Further clinical studies are
warranted to determine the involvement of the Warburg effect
in cardiovascular diseases, identify more therapeutic targets,
and assess the effect of epigenetics on the Warburg effect in
cardiovascular diseases.
CONSENT FOR PUBLICATION

[8]

[9]

[10]

[11]

[12]

[13]

[14]

Not applicable.
FUNDING
This study was funded by the internal research grant of
Universitas Padjadjaran and Universitas Pasundan Indonesia
with grant number 16/Unpas.R/G.1/I/2020.
CONFLICT OF INTEREST
The authors confirm they have no conflicts of interest,
financially or otherwise.
ACKNOWLEDGEMENTS

[15]

[16]

[17]

[18]

This study was supported by Universitas Padjadjaran and
Universitas Pasundan.
REFERENCES
[1]

[2]

[3]

[4]

[5]

[6]

[7]

Taegtmeyer H, Lubrano G. Rethinking cardiac metabolism: metabolic
cycles to refuel and rebuild the failing heart. F1000Prime Rep 2014; 6:
90.
[http://dx.doi.org/10.12703/P6-90] [PMID: 25374668]
Doenst T, Nguyen TD, Abel ED. Cardiac metabolism in heart failure:
implications beyond ATP production. Circ Res 2013; 113(6): 709-24.
[http://dx.doi.org/10.1161/CIRCRESAHA.113.300376]
[PMID:
23989714]
Fukushima A, Lopaschuk GD. Cardiac fatty acid oxidation in heart
failure associated with obesity and diabetes. Biochim Biophys Acta
2016; 1861(10): 1525-34.
[http://dx.doi.org/10.1016/j.bbalip.2016.03.020] [PMID: 26996746]
Szablewski L. Glucose transporters in healthy heart and in cardiac
disease. Int J Cardiol 2017; 230: 70-5.
[http://dx.doi.org/10.1016/j.ijcard.2016.12.083] [PMID: 28034463]
Kolwicz SC Jr, Purohit S, Tian R. Cardiac metabolism and its
interactions with contraction, growth, and survival of cardiomyocytes.
Circ Res 2013; 113(5): 603-16.
[http://dx.doi.org/10.1161/CIRCRESAHA.113.302095]
[PMID:
23948585]
Jang M, Kim SS, Lee J. Cancer cell metabolism: implications for
therapeutic targets. Exp Mol Med 2013; 45(10): e45-8.
[http://dx.doi.org/10.1038/emm.2013.85] [PMID: 24091747]
Kaur M, Tappia PS. Metabolic shifts during cardiac hypertrophy. Clin

[19]

[20]

[21]

[22]

[23]

[24]

Lipidol 2010; 4(6): 725-9.
[http://dx.doi.org/10.2217/clp.09.73]
Fillmore N, Levasseur JL, Fukushima A, et al. Uncoupling of
glycolysis from glucose oxidation accompanies the development of
heart failure with preserved ejection fraction. Mol Med 2018; 24(1): 3.
[http://dx.doi.org/10.1186/s10020-018-0005-x] [PMID: 30134787]
Zhabyeyev P, Gandhi M, Mori J, et al. Pressure-overload-induced
heart failure induces a selective reduction in glucose oxidation at
physiological afterload. Cardiovasc Res 2013; 97(4): 676-85.
[http://dx.doi.org/10.1093/cvr/cvs424] [PMID: 23257023]
Zhang L, Jaswal JS, Ussher JR, et al. Cardiac insulin-resistance and
decreased mitochondrial energy production precede the development
of systolic heart failure after pressure-overload hypertrophy. Circ
Heart Fail 2013; 6(5): 1039-48.
[http://dx.doi.org/10.1161/CIRCHEARTFAILURE.112.000228]
[PMID: 23861485]
Kato T, Niizuma S, Inuzuka Y, et al. Analysis of metabolic
remodeling in compensated left ventricular hypertrophy and heart
failure. Circ Heart Fail 2010; 3(3): 420-30.
[http://dx.doi.org/10.1161/CIRCHEARTFAILURE.109.888479]
[PMID: 20176713]
Degens H, de Brouwer KF, Gilde AJ, et al. Cardiac fatty acid
metabolism is preserved in the compensated hypertrophic rat heart.
Basic Res Cardiol 2006; 101(1): 17-26.
[http://dx.doi.org/10.1007/s00395-005-0549-0] [PMID: 16136293]
Lei B, Lionetti V, Young ME, et al. Paradoxical downregulation of the
glucose oxidation pathway despite enhanced flux in severe heart
failure. J Mol Cell Cardiol 2004; 36(4): 567-76.
[http://dx.doi.org/10.1016/j.yjmcc.2004.02.004] [PMID: 15081316]
Masoud WGT, Ussher JR, Wang W, et al. Failing mouse hearts utilize
energy inefficiently and benefit from improved coupling of glycolysis
and glucose oxidation. Cardiovasc Res 2014; 101(1): 30-8.
[http://dx.doi.org/10.1093/cvr/cvt216] [PMID: 24048945]
Gill KS, Fernandes P, O’Donovan TR, et al. Glycolysis inhibition as a
cancer treatment and its role in an anti-tumour immune response.
Biochim Biophys Acta 2016; 1866(1): 87-105.
[PMID: 27373814]
Zhang Y, Yang JM. Altered energy metabolism in cancer: a unique
opportunity for therapeutic intervention. Cancer Biol Ther 2013;
14(2): 81-9.
[http://dx.doi.org/10.4161/cbt.22958] [PMID: 23192270]
Yetkin-Arik B, Vogels IMC, Nowak-Sliwinska P, et al. The role of
glycolysis and mitochondrial respiration in the formation and
functioning of endothelial tip cells during angiogenesis. Sci Rep 2019;
9(1): 12608.
[http://dx.doi.org/10.1038/s41598-019-48676-2] [PMID: 31471554]
Epstein T, Gatenby RA, Brown JS. The Warburg effect as an
adaptation of cancer cells to rapid fluctuations in energy demand.
PLoS One 2017; 12(9): e0185085.
[http://dx.doi.org/10.1371/journal.pone.0185085] [PMID: 28922380]
Pfeiffer T, Schuster S, Bonhoeffer S. Cooperation and Competition in
the 568 Evolution of ATP-Producing Pathways. Science 2001;
292(80): 504-7.
Piao L, Fang YH, Cadete VJ, et al. The inhibition of pyruvate
dehydrogenase kinase improves impaired cardiac function and
electrical remodeling in two models of right ventricular hypertrophy:
resuscitating the hibernating right ventricle. J Mol Med (Berl) 2010;
88(1): 47-60.
[http://dx.doi.org/10.1007/s00109-009-0524-6] [PMID: 19949938]
Piao L, Sidhu VK, Fang YH, et al. FOXO1-mediated upregulation of
pyruvate dehydrogenase kinase-4 (PDK4) decreases glucose oxidation
and impairs right ventricular function in pulmonary hypertension:
therapeutic benefits of dichloroacetate. J Mol Med (Berl) 2013; 91(3):
333-46.
[http://dx.doi.org/10.1007/s00109-012-0982-0] [PMID: 23247844]
Lunt SY, Vander Heiden MG. Aerobic glycolysis: meeting the
metabolic requirements of cell proliferation. Annu Rev Cell Dev Biol
2011; 27(1): 441-64.
[http://dx.doi.org/10.1146/annurev-cellbio-092910-154237] [PMID:
21985671]
Davogustto G, Dillon W, Salazar R, Vasquez H, Taegtmeyer H. The
Warburg Effect in the Heart: Increased Glucose Metabolism Drives
Cardiomyocyte Hypertrophy in Response To Adrenergic Stimulation.
J Am Coll Cardiol 2018; 71(11): A802.
[http://dx.doi.org/10.1016/S0735-1097(18)31343-3]
Goodwin J, Choi H, Hsieh MH, et al. Targeting hypoxia-inducible
factor-1a/pyruvate dehydrogenase kinase 1 axis by dichloroacetate

14 The Open Cardiovascular Medicine Journal, 2021, Volume 15

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

suppresses bleomycin-induced pulmonary fibrosis. Am J Respir Cell
Mol Biol 2018; 58(2): 216-31.
[http://dx.doi.org/10.1165/rcmb.2016-0186OC] [PMID: 28915065]
Liu Y, Bai F, Liu N, Ouyang F, Liu Q. The Warburg effect: A new
insight into atrial fibrillation. Clin Chim Acta 2019; 499: 4-12.
[http://dx.doi.org/10.1016/j.cca.2019.08.029] [PMID: 31473195]
Stanley WC, Recchia FA, Lopaschuk GD. Myocardial substrate
metabolism in the normal and failing heart. Physiol Rev 2005; 85(3):
1093-129.
[http://dx.doi.org/10.1152/physrev.00006.2004] [PMID: 15987803]
Diane E. Handy Rita Castro Joseph Loscalzo. Cardiac Metabolism in
Heart Failure - Implications beyond ATP production. Bone 2011;
23(1): 1-7.
Wang ZV, Li DL, Hill JA. Heart failure and loss of metabolic control.
J Cardiovasc Pharmacol 2014; 63(4): 302-13.
[http://dx.doi.org/10.1097/FJC.0000000000000054]
[PMID:
24336014]
van der Vusse GJ, van Bilsen M, Glatz JFC. Cardiac fatty acid uptake
and transport in health and disease. Cardiovasc Res 2000; 45(2):
279-93.
[http://dx.doi.org/10.1016/S0008-6363(99)00263-1]
[PMID:
10728348]
Lopaschuk GD, Ussher JR, Folmes CDL, Jaswal JS, Stanley WC.
Myocardial fatty acid metabolism in health and disease. Physiol Rev
2010; 90(1): 207-58.
[http://dx.doi.org/10.1152/physrev.00015.2009] [PMID: 20086077]
Lionetti V, Stanley WC, Recchia FA. Modulating fatty acid oxidation
in heart failure. Cardiovasc Res 2011; 90(2): 202-9.
[http://dx.doi.org/10.1093/cvr/cvr038] [PMID: 21289012]
Nagoshi T, Yoshimura M, Rosano GM, Lopaschuk GD, Mochizuki S.
Optimization of cardiac metabolism in heart failure. Curr Pharm Des
2011; 17(35): 3846-53.
[http://dx.doi.org/10.2174/138161211798357773] [PMID: 21933140]
Tran DH, Wang ZV. Glucose Metabolism in Cardiac Hypertrophy and
Heart Failure. J Am Heart Assoc 2019; 8(12): e012673.
[http://dx.doi.org/10.1161/JAHA.119.012673] [PMID: 31185774]
Aerni-Flessner L, Abi-Jaoude M, Koenig A, Payne M, Hruz PW.
GLUT4, GLUT1, and GLUT8 are the dominant GLUT transcripts
expressed in the murine left ventricle. Cardiovasc Diabetol 2012;
11(63): 63.
[http://dx.doi.org/10.1186/1475-2840-11-63] [PMID: 22681646]
Abel ED. Glucose transport in the heart. Front Biosci 2004; 9(1):
201-15.
[http://dx.doi.org/10.2741/1216] [PMID: 14766360]
Tian R, Abel ED. Responses of GLUT4-deficient hearts to ischemia
underscore the importance of glycolysis. Circulation 2001; 103(24):
2961-6.
[http://dx.doi.org/10.1161/01.CIR.103.24.2961] [PMID: 11413087]
Azevedo PS, Minicucci MF, Santos PP, Paiva SAR, Zornoff LAM.
Energy metabolism in cardiac remodeling and heart failure. Cardiol
Rev 2013; 21(3): 135-40.
[http://dx.doi.org/10.1097/CRD.0b013e318274956d]
[PMID:
22990373]
Zimmer HG. Regulation of and intervention into the oxidative pentose
phosphate pathway and adenine nucleotide metabolism in the heart.
Mol Cell Biochem 1996; 160-161: 101-9.
[http://dx.doi.org/10.1007/BF00240038] [PMID: 8901462]
Jain M, Brenner DA, Cui L, et al. Glucose-6-phosphate dehydrogenase
modulates cytosolic redox status and contractile phenotype in adult
cardiomyocytes. Circ Res 2003; 93(2): e9-e16.
[http://dx.doi.org/10.1161/01.RES.0000083489.83704.76] [PMID:
12829617]
Wu G, Fang Y-Z, Yang S, Lupton JR, Turner ND. Glutathione
metabolism and its implications for health. J Nutr 2004; 134(3):
489-92.
[http://dx.doi.org/10.1093/jn/134.3.489] [PMID: 14988435]
Srivastava SK, Ramana KV, Bhatnagar A. Role of aldose reductase
and oxidative damage in diabetes and the consequent potential for
therapeutic options. Endocr Rev 2005; 26(3): 380-92.
[http://dx.doi.org/10.1210/er.2004-0028] [PMID: 15814847]
Sharavana G, Joseph GS, Baskaran V. Lutein attenuates oxidative
stress markers and ameliorates glucose homeostasis through polyol
pathway in heart and kidney of STZ-induced hyperglycemic rat model.
Eur J Nutr 2017; 56(8): 2475-85.
[http://dx.doi.org/10.1007/s00394-016-1283-0] [PMID: 27488609]
Banerjee PS, Lagerlöf O, Hart GW. Roles of O-GlcNAc in chronic
diseases of aging. Mol Aspects Med 2016; 51: 1-15.

Kuspriyanti et al.

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[http://dx.doi.org/10.1016/j.mam.2016.05.005] [PMID: 27259471]
Lunde IG, Aronsen JM, Kvaløy H, et al. Cardiac O-GlcNAc signaling
is increased in hypertrophy and heart failure. Physiol Genomics 2012;
44(2): 162-72.
[http://dx.doi.org/10.1152/physiolgenomics.00016.2011]
[PMID:
22128088]
Cotter DG, Schugar RC, Crawford PA. Ketone body metabolism and
cardiovascular disease. Am J Physiol - Hear Circ Physiol 2013;
304(8): 1060-76.
[http://dx.doi.org/10.1152/ajpheart.00646.2012]
Mohan M, Al-Talabany S, McKinnie A, et al. A randomized
controlled trial of metformin on left ventricular hypertrophy in patients
with coronary artery disease without diabetes: the MET-REMODEL
trial. Eur Heart J 2019; 40(41): 3409-17.
[http://dx.doi.org/10.1093/eurheartj/ehz203] [PMID: 30993313]
Janardhan A, Chen J, Crawford PA. Altered systemic ketone body
metabolism in advanced heart failure. Tex Heart Inst J 2011; 38(5):
533-8.
[PMID: 22163128]
Chen Z, Liu M, Li L, Chen L. Involvement of the Warburg effect in
non-tumor diseases processes. J Cell Physiol 2018; 233(4): 2839-49.
[http://dx.doi.org/10.1002/jcp.25998] [PMID: 28488732]
Depré C, Rider MH, Hue L. Mechanisms of control of heart
glycolysis. Eur J Biochem 1998; 258(2): 277-90.
[http://dx.doi.org/10.1046/j.1432-1327.1998.2580277.x]
[PMID:
9874192]
Leong HS, Grist M, Parsons H, Wambolt RB, Lopaschuk GD,
Brownsey R, et al. Accelerated rates of glycolysis in the hypertrophied
heart: Are they 657 a methodological artifact? Am J Physiol Endocrinol Metab 2002; 282(545-5): 1039-45.
Toyama EQ, Herzig S, Courchet J, Jr TLL, Kranias EG, Prevention C.
AMPK in Cardiovascular Diseases. Science (80- ) 2016; 107(6270):
275-82.
John P, Konhilas YL. AMP-Activated Protein Kinase Signalling in
Cancer and Cardiac Hypertrophy. Cardiovasc Pharmacol Open Access
2015; 04(03)
Frey N, Olson EN. Cardiac hypertrophy: the good, the bad, and the
ugly. Annu Rev Physiol 2003; 65(1): 45-79.
[http://dx.doi.org/10.1146/annurev.physiol.65.092101.142243] [PMID:
12524460]
Nascimben L, Ingwall JS, Lorell BH, et al. Mechanisms for increased
glycolysis in the hypertrophied rat heart. Hypertension 2004; 44(5):
662-7.
[http://dx.doi.org/10.1161/01.HYP.0000144292.69599.0c] [PMID:
15466668]
Warburg O. On the origin of cancer cells. Science (80- ) 1956;
123(3191): 309-14.
[http://dx.doi.org/10.1126/science.123.3191.309]
Hodge CJ, Apkarian AV. Understanding the Warburg Effect: The
Metabolic Requirements of Cell Proliferation. Science (80- ) 2009;
5(4): 363-97.
Harada M, Tadevosyan A, Qi X, et al. Atrial Fibrillation Activates
AMP-Dependent Protein Kinase and its Regulation of Cellular
Calcium Handling: Potential Role in Metabolic Adaptation and
Prevention of Progression. J Am Coll Cardiol 2015; 66(1): 47-58.
[http://dx.doi.org/10.1016/j.jacc.2015.04.056] [PMID: 26139058]
Dai DF, Hsieh EJ, Liu Y, et al. Mitochondrial proteome remodelling
in pressure overload-induced heart failure: the role of mitochondrial
oxidative stress. Cardiovasc Res 2012; 93(1): 79-88.
[http://dx.doi.org/10.1093/cvr/cvr274] [PMID: 22012956]
Ozcan C, Li Z, Kim G, Jeevanandam V, Uriel N. Molecular
Mechanism of the Association Between Atrial Fibrillation and Heart
Failure Includes Energy Metabolic Dysregulation Due to
Mitochondrial Dysfunction. J Card Fail 2019; 25(11): 911-20.
[http://dx.doi.org/10.1016/j.cardfail.2019.08.005] [PMID: 31415862]
Ussher JR, Koves TR, Jaswal JS, et al. Insulin-stimulated cardiac
glucose oxidation is increased in high-fat diet-induced obese mice
lacking malonyl CoA decarboxylase. Diabetes 2009; 58(8): 1766-75.
[http://dx.doi.org/10.2337/db09-0011] [PMID: 19478144]
Umbarawan Y, Syamsunarno MRAA, Koitabashi N, et al. Myocardial
fatty acid uptake through CD36 is indispensable for sufficient
bioenergetic metabolism to prevent progression of pressure overloadinduced heart failure. Sci Rep 2018; 8(1): 12035.
[http://dx.doi.org/10.1038/s41598-018-30616-1] [PMID: 30104639]
Umbarawan Y, Syamsunarno MRAA, Koitabashi N, et al. Glucose is
preferentially utilized for biomass synthesis in pressure-overloaded
hearts: evidence from fatty acid-binding protein-4 and -5 knockout

Role of Warburg Effect in Cardiovascular Diseases

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

mice. Cardiovasc Res 2018; 114(8): 1132-44.
[http://dx.doi.org/10.1093/cvr/cvy063] [PMID: 29554241]
Nahlé Z, Hsieh M, Pietka T, et al. CD36-dependent regulation of
muscle FoxO1 and PDK4 in the PPAR δ/β-mediated adaptation to
metabolic stress. J Biol Chem 2008; 283(21): 14317-26.
[http://dx.doi.org/10.1074/jbc.M706478200] [PMID: 18308721]
Wakili R, Voigt N, Kääb S, Dobrev D, Nattel S. Recent advances in
the molecular pathophysiology of atrial fibrillation. J Clin Invest 2011;
121(8): 2955-68.
[http://dx.doi.org/10.1172/JCI46315] [PMID: 21804195]
Tu T, Zhou S, Liu Z, Li X, Liu Q. Quantitative proteomics of changes
in energy metabolism-related proteins in atrial tissue from valvular
disease patients with permanent atrial fibrillation. Circ J 2014; 78(4):
993-1001.
[http://dx.doi.org/10.1253/circj.CJ-13-1365] [PMID: 24553264]
Tsuboi M, Hisatome I, Morisaki T, et al. Mitochondrial DNA deletion
associated with the reduction of adenine nucleotides in human atrium
and atrial fibrillation. Eur J Clin Invest 2001; 31(6): 489-96.
[http://dx.doi.org/10.1046/j.1365-2362.2001.00844.x]
[PMID:
11422398]
Woolf EC, Scheck AC. The Ketogenic Diet for the Adjuvant
Treatment of Malignant Brain Tumors.Bioactive Nutraceuticals and
Dietary Supplements in Neurological and Brain Disease: Prevention
and Therapy. Elsevier Inc. 2015; pp. 125-35.
[http://dx.doi.org/10.1016/B978-0-12-411462-3.00013-8]
Vazquez A, Liu J, Zhou Y, Oltvai ZN. Catabolic efficiency of aerobic
glycolysis: the Warburg effect revisited. BMC Syst Biol 2010; 4: 58.
[http://dx.doi.org/10.1186/1752-0509-4-58] [PMID: 20459610]
Vazquez A, Kamphorst JJ, Markert EK, Schug ZT, Tardito S, Gottlieb
E. Cancer metabolism at a glance. J Cell Sci 2016; 129(18): 3367-73.
[http://dx.doi.org/10.1242/jcs.181016] [PMID: 27635066]
Fantin VR, St-Pierre J, Leder P. Attenuation of LDH-A expression
uncovers a link between glycolysis, mitochondrial physiology, and
tumor maintenance. Cancer Cell 2006; 9(6): 425-34.
[http://dx.doi.org/10.1016/j.ccr.2006.04.023] [PMID: 16766262]
Papandreou I, Cairns RA, Fontana L, Lim AL, Denko NC. HIF-1
mediates adaptation to hypoxia by actively downregulating
mitochondrial oxygen consumption. Cell Metab 2006; 3(3): 187-97.
[http://dx.doi.org/10.1016/j.cmet.2006.01.012] [PMID: 16517406]
Kim JW, Tchernyshyov I, Semenza GL, Dang CV. HIF-1-mediated
expression of pyruvate dehydrogenase kinase: a metabolic switch
required for cellular adaptation to hypoxia. Cell Metab 2006; 3(3):
177-85.
[http://dx.doi.org/10.1016/j.cmet.2006.02.002] [PMID: 16517405]
Holness MJ, Sugden MC. Regulation of pyruvate dehydrogenase
complex activity by reversible phosphorylation. Biochem Soc Trans
2003; 31(Pt 6): 1143-51.
[http://dx.doi.org/10.1042/bst0311143] [PMID: 14641014]
Elstrom RL, Bauer DE, Buzzai M, et al. Akt stimulates aerobic
glycolysis in cancer cells. Cancer Res 2004; 64(11): 3892-9.
[http://dx.doi.org/10.1158/0008-5472.CAN-03-2904]
[PMID:
15172999]
Kolwicz SC Jr, Tian R. Glucose metabolism and cardiac hypertrophy.
Cardiovasc Res 2011; 90(2): 194-201.
[http://dx.doi.org/10.1093/cvr/cvr071] [PMID: 21502371]
Morimoto S, Goto T. Role of troponin I isoform switching in
determining the pH sensitivity of Ca(2+) regulation in developing
rabbit cardiac muscle. Biochem Biophys Res Commun 2000; 267(3):
912-7.
[http://dx.doi.org/10.1006/bbrc.1999.2068] [PMID: 10673390]
Sansbury BE, Riggs DW, Brainard RE, Salabei JK, Jones SP, Hill BG.
Responses of hypertrophied myocytes to reactive species: implications
for glycolysis and electrophile metabolism. Biochem J 2011; 435(2):
519-28.
[http://dx.doi.org/10.1042/BJ20101390] [PMID: 21275902]
Jaswal JS, Keung W, Wang W, Ussher JR, Lopaschuk GD. Targeting
fatty acid and carbohydrate oxidation--a novel therapeutic intervention
in the ischemic and failing heart. Biochim Biophys Acta 2011;
1813(7): 1333-50.
[http://dx.doi.org/10.1016/j.bbamcr.2011.01.015] [PMID: 21256164]
Bauer DE, Harris MH, Plas DR, et al. Cytokine stimulation of aerobic
glycolysis in hematopoietic cells exceeds proliferative demand.
FASEB J 2004; 18(11): 1303-5.
[http://dx.doi.org/10.1096/fj.03-1001fje] [PMID: 15180958]
Hu HJ, Zhang C, Tang ZH, Qu SL, Jiang ZS. Regulating the Warburg
effect on metabolic stress and myocardial fibrosis remodeling and
atrial intracardiac waveform activity induced by atrial fibrillation.

The Open Cardiovascular Medicine Journal, 2021, Volume 15 15

[81]

[82]

[83]

[84]

[85]

[86]
[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

Biochem Biophys Res Commun 2019; 516(3): 653-60.
[http://dx.doi.org/10.1016/j.bbrc.2019.06.055] [PMID: 31242971]
Lopaschuk GD, Jaswal JS. Energy metabolic phenotype of the
cardiomyocyte during development, differentiation, and postnatal
maturation. J Cardiovasc Pharmacol 2010; 56(2): 130-40.
[http://dx.doi.org/10.1097/FJC.0b013e3181e74a14]
[PMID:
20505524]
Balamurugan K. HIF-1 at the crossroads of hypoxia, inflammation,
and cancer. Int J Cancer 2016; 138(5): 1058-66.
[http://dx.doi.org/10.1002/ijc.29519] [PMID: 25784597]
Liu Y, Shi Q, Ma Y, Liu Q. The role of immune cells in atrial
fibrillation. J Mol Cell Cardiol 2018; 123: 198-208.
[http://dx.doi.org/10.1016/j.yjmcc.2018.09.007] [PMID: 30267749]
Semenza GL. Hypoxia-inducible factor 1 and cardiovascular disease.
Annu Rev Physiol 2014; 76(1): 39-56.
[http://dx.doi.org/10.1146/annurev-physiol-021113-170322] [PMID:
23988176]
Das C. Hansen KC and Tyler JK LMS. PKM2 Regulates the Warburg
Effect and Promotes HMGB1 Release in Sepsis. Nat Commun 2017;
176(3): 139-48.
Li Y huan, Li X feng, Liu J tao, Wang H, Fan L lu, Li J, et al. PKM2,
a potential target for regulating cancer. Gene 2018; 668(2017): 48-53.
Rees ML, Subramaniam J, Li Y, Hamilton DJ, Frazier OH,
Taegtmeyer H. A PKM2 signature in the failing heart. Biochem
Biophys Res Commun 2015; 459(3): 430-6.
[http://dx.doi.org/10.1016/j.bbrc.2015.02.122] [PMID: 25735978]
Fillmore N, Mori J, Lopaschuk GD. Mitochondrial fatty acid oxidation
alterations in heart failure, ischaemic heart disease and diabetic
cardiomyopathy. Br J Pharmacol 2014; 171(8): 2080-90.
[http://dx.doi.org/10.1111/bph.12475] [PMID: 24147975]
Taegtmeyer H, Sen S, Vela D. Return to the fetal gene program: a
suggested metabolic link to gene expression in the heart. Ann N Y
Acad Sci 2010; 1188: 191-8.
[http://dx.doi.org/10.1111/j.1749-6632.2009.05100.x]
[PMID:
20201903]
Lopaschuk GD, Spafford MA. Energy substrate utilization by isolated
working hearts from newborn rabbits. Am J Physiol - Hear Circ
Physiol 1990; 258(5): H1275-80.
[http://dx.doi.org/10.1152/ajpheart.1990.258.5.H1274]
Lopaschuk GD, Spafford MA, Marsh DR. Glycolysis is predominant
source of myocardial ATP production immediately after birth. Am J
Physiol - Hear Circ Physiol 1991; 261(6 30-6): 1698-705.
[http://dx.doi.org/10.1152/ajpheart.1991.261.6.H1698]
Krishnan J, Suter M, Windak R, et al. Activation of a HIF1αPPARgamma axis underlies the integration of glycolytic and lipid
anabolic pathways in pathologic cardiac hypertrophy. Cell Metab
2009; 9(6): 512-24.
[http://dx.doi.org/10.1016/j.cmet.2009.05.005] [PMID: 19490906]
Atherton HJ, Dodd MS, Heather LC, et al. Role of pyruvate
dehydrogenase inhibition in the development of hypertrophy in the
hyperthyroid rat heart: a combined magnetic resonance imaging and
hyperpolarized magnetic resonance spectroscopy study. Circulation
2011; 123(22): 2552-61.
[http://dx.doi.org/10.1161/CIRCULATIONAHA.110.011387] [PMID:
21606392]
Wang J, Xu J, Wang Q, et al. Reduced cardiac fructose 2,6
bisphosphate increases hypertrophy and decreases glycolysis following
aortic constriction. PLoS One 2013; 8(1): e53951.
[http://dx.doi.org/10.1371/journal.pone.0053951] [PMID: 23308291]
Zhu H-L, Gu C-H, Tao C, Xiong H-Y, Sun G-C. The role of
“glycolysis- uncoupling of glucose oxidation” in the progression of
chronic cardiac hypertrophy Med J Chin PLA 2013; 38
Beer M, Seyfarth T, Sandstede J, et al. Absolute concentrations of
high-energy phosphate metabolites in normal, hypertrophied, and
failing human myocardium measured noninvasively with (31)PSLOOP magnetic resonance spectroscopy. J Am Coll Cardiol 2002;
40(7): 1267-74.
[http://dx.doi.org/10.1016/S0735-1097(02)02160-5]
[PMID:
12383574]
Sankaralingam S, Lopaschuk GD. Cardiac energy metabolic
alterations in pressure overload-induced left and right heart failure
(2013 Grover Conference Series). Pulm Circ 2015; 5(1): 15-28.
[http://dx.doi.org/10.1086/679608] [PMID: 25992268]
Liu Q, Docherty JC, Rendell JCT, Clanachan AS, Lopaschuk GD.
High levels of fatty acids delay the recovery of intracellular pH and
cardiac efficiency in post-ischemic hearts by inhibiting glucose
oxidation. J Am Coll Cardiol 2002; 39(4): 718-25.

16 The Open Cardiovascular Medicine Journal, 2021, Volume 15

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[http://dx.doi.org/10.1016/S0735-1097(01)01803-4]
[PMID:
11849874]
Ussher JR, Wang W, Gandhi M, et al. Stimulation of glucose
oxidation protects against acute myocardial infarction and reperfusion
injury. Cardiovasc Res 2012; 94(2): 359-69.
[http://dx.doi.org/10.1093/cvr/cvs129] [PMID: 22436846]
Sun XQ, Zhang R, Zhang HD, et al. Reversal of right ventricular
remodeling by dichloroacetate is related to inhibition of mitochondriadependent apoptosis. Hypertens Res 2016; 39(5): 302-11.
[http://dx.doi.org/10.1038/hr.2015.153] [PMID: 26763846]
Bersin RM, Wolfe C, Kwasman M, et al. Improved hemodynamic
function and mechanical efficiency in congestive heart failure with
sodium dichloroacetate. J Am Coll Cardiol 1994; 23(7): 1617-24.
[http://dx.doi.org/10.1016/0735-1097(94)90665-3] [PMID: 8195522]
Beauloye C, Bertrand L, Horman S, Hue L. AMPK activation, a
preventive therapeutic target in the transition from cardiac injury to
heart failure. Cardiovasc Res 2011; 90(2): 224-33.
[http://dx.doi.org/10.1093/cvr/cvr034] [PMID: 21285292]
Gundewar S, Calvert JW, Jha S, et al. Activation of AMP-activated
protein kinase by metformin improves left ventricular function and
survival in heart failure. Circ Res 2009; 104(3): 403-11.
[http://dx.doi.org/10.1161/CIRCRESAHA.108.190918]
[PMID:
19096023]
Arad M, Seidman CE, Seidman JG. AMP-activated protein kinase in
the heart: role during health and disease. Circ Res 2007; 100(4):
474-88.
[http://dx.doi.org/10.1161/01.RES.0000258446.23525.37] [PMID:
17332438]
Maria Z, Campolo AR, Lacombe VA. Diabetes alters the expression
and translocation of the insulin-sensitive glucose transporters 4 and 8
in the atria. PLoS One 2015; 10(12)e0146033
[http://dx.doi.org/10.1371/journal.pone.0146033] [PMID: 26720696]
Owen MR, Doran E, Halestrap AP. Evidence that metformin exerts its
anti-diabetic effects through inhibition of complex 1 of the
mitochondrial respiratory chain. Biochem J 2000; 348(Pt 3): 607-14.
[http://dx.doi.org/10.1042/bj3480607] [PMID: 10839993]
Hawley SA, Gadalla AE, Olsen GS, Hardie DG. The antidiabetic drug
metformin activates the AMP-activated protein kinase cascade via an
adenine nucleotide-independent mechanism. Diabetes 2002; 51(8):
2420-5.
[http://dx.doi.org/10.2337/diabetes.51.8.2420] [PMID: 12145153]
Sasaki H, Asanuma H, Fujita M, et al. Metformin prevents progression
of heart failure in dogs: role of AMP-activated protein kinase.
Circulation 2009; 119(19): 2568-77.
[http://dx.doi.org/10.1161/CIRCULATIONAHA.108.798561] [PMID:
19414638]
Liu Y, Bai F, Liu N, et al. Metformin improves lipid metabolism and
reverses the Warburg effect in a canine model of chronic atrial
fibrillation. BMC Cardiovasc Disord 2020; 20(1): 50.
[http://dx.doi.org/10.1186/s12872-020-01359-7] [PMID: 32013885]
Aguilar D, Chan W, Bozkurt B, Ramasubbu K, Deswal A. Metformin
Use and Mortality in Ambulatory Patients With Diabetes and Heart
Failure. J Card Fail 2010; 16(8): S83-4.
[http://dx.doi.org/10.1016/j.cardfail.2010.06.292] [PMID: 20952583]
Kanamori H, Takemura G, Goto K, et al. Resveratrol reverses
remodeling in hearts with large, old myocardial infarctions through
enhanced autophagy-activating AMP kinase pathway. Am J Pathol
2013; 182(3): 701-13.
[http://dx.doi.org/10.1016/j.ajpath.2012.11.009] [PMID: 23274061]
Baczko I, Liknes D, Yang W, et al. Characterization of a novel
multifunctional resveratrol derivative for the treatment of atrial
fibrillation. Br J Pharmacol 2014; 171(1): 92-106.
[http://dx.doi.org/10.1111/bph.12409] [PMID: 24102184]
Raj P, Louis XL, Thandapilly SJ, Movahed A, Zieroth S, Netticadan
T. Potential of resveratrol in the treatment of heart failure. Life Sci
2014; 95(2): 63-71.
[http://dx.doi.org/10.1016/j.lfs.2013.12.011] [PMID: 24361400]
Sarma S, Ardehali H, Gheorghiade M. Enhancing the metabolic
substrate: PPAR-alpha agonists in heart failure. Heart Fail Rev 2012;
17(1): 35-43.
[http://dx.doi.org/10.1007/s10741-010-9208-0] [PMID: 21104312]
Campbell FM, Kozak R, Wagner A, Altarejos JY, Dyck JRB, Belke
DD, et al. A role for peroxisome proliferator-activated receptor α
(PPARα) in the control of cardiac malonyl-CoA levels: Reduced fatty
acid oxidation rates and increased glucose oxidation rates in the hearts
of mice lacking PPARα are associated with higher concentra. J Biol
Chem 2002; 277(6): 4098-103.

Kuspriyanti et al.

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[http://dx.doi.org/10.1074/jbc.M106054200] [PMID: 11734553]
Hafstad AD, Khalid AM, Hagve M, et al. Cardiac peroxisome
proliferator-activated receptor-α activation causes increased fatty acid
oxidation, reducing efficiency and post-ischaemic functional loss.
Cardiovasc Res 2009; 83(3): 519-26.
[http://dx.doi.org/10.1093/cvr/cvp132] [PMID: 19398469]
Li P, Luo S, Pan C, Cheng X. Modulation of fatty acid metabolism is
involved in the alleviation of isoproterenol-induced rat heart failure by
fenofibrate. Mol Med Rep 2015; 12(6): 7899-906.
[http://dx.doi.org/10.3892/mmr.2015.4466] [PMID: 26497978]
Liu GZ, Hou TT, Yuan Y, et al. Fenofibrate inhibits atrial metabolic
remodelling in atrial fibrillation through PPAR-α/sirtuin 1/PGC-1α
pathway. Br J Pharmacol 2016; 173(6): 1095-109.
[http://dx.doi.org/10.1111/bph.13438] [PMID: 26787506]
Labinskyy V, Bellomo M, Chandler MP, et al. Chronic activation of
peroxisome proliferator-activated receptor-α with fenofibrate prevents
alterations in cardiac metabolic phenotype without changing the onset
of decompensation in pacing-induced heart failure. J Pharmacol Exp
Ther 2007; 321(1): 165-71.
[http://dx.doi.org/10.1124/jpet.106.116871] [PMID: 17215446]
Arnett DK, Blumenthal RS, Albert MA, Buroker AB, Goldberger ZD,
Hahn EJ, et al. 2019 ACC/AHA Guideline on the Primary Prevention
of Cardiovascular DiseaseA Report of the American College of
Cardiology/American Heart Association Task Force on Clinical
Practice Guidelines. 2019; 140: pp. Circulation.. 596-646.
Estruch R, Ros E, Salas-Salvadó J, et al. Primary prevention of
cardiovascular disease with a Mediterranean diet. N Engl J Med 2013;
368(14): 1279-90.
[http://dx.doi.org/10.1056/NEJMoa1200303] [PMID: 23432189]
Estruch R, Martínez-González MA, Corella D, et al. Effects of a
Mediterranean-style diet on cardiovascular risk factors: a randomized
trial. Ann Intern Med 2006; 145(1): 1-11.
[http://dx.doi.org/10.7326/0003-4819-145-1-200607040-00004]
[PMID: 16818923]
Yu E, Malik VS, Hu FB. Cardiovascular Disease Prevention by
Diet Modification: JACC Health Promotion Series. J Am Coll Cardiol
2018; 72(8): 914-26.
[http://dx.doi.org/10.1016/j.jacc.2018.02.085] [PMID: 30115231]
Akbaraly T, Würtz P, Singh-Manoux A, et al. Association of
circulating metabolites with healthy diet and risk of cardiovascular
disease: analysis of two cohort studies. Sci Rep 2018; 8(1): 8620.
[http://dx.doi.org/10.1038/s41598-018-26441-1] [PMID: 29872056]
Fiaccavento R, Carotenuto F, Minieri M, et al. Alpha-linolenic acidenriched diet prevents myocardial damage and expands longevity in
cardiomyopathic hamsters. Am J Pathol 2006; 169(6): 1913-24.
[http://dx.doi.org/10.2353/ajpath.2006.051320] [PMID: 17148657]
Ordovas JM. Nutrigenetics, plasma lipids, and cardiovascular risk. J
Am Diet Assoc 2006; 106(7): 1074-81.
[http://dx.doi.org/10.1016/j.jada.2006.04.016] [PMID: 16815124]
Haro D, Marrero PF, Relat J. Nutritional regulation of gene
expression: Carbohydrate-, fat-and amino acid-dependent modulation
of transcriptional activity. Int J Mol Sci 2019; 20(6): E1386.
[http://dx.doi.org/10.3390/ijms20061386] [PMID: 30893897]
Hellstrand S, Sonestedt E, Ericson U, et al. Intake levels of dietary
long-chain PUFAs modify the association between genetic variation in
FADS and LDL-C. J Lipid Res 2012; 53(6): 1183-9.
[http://dx.doi.org/10.1194/jlr.P023721] [PMID: 22451038]
Crescenti A, Solà R, Valls RM, et al. Cocoa Consumption Alters the
Global DNA Methylation of Peripheral Leukocytes in Humans with
Cardiovascular Disease Risk Factors: A Randomized Controlled Trial.
PLoS One 2013; 8(6)e65744
[http://dx.doi.org/10.1371/journal.pone.0065744] [PMID: 23840361]
Feil R, Fraga MF. Epigenetics and the environment: emerging patterns
and implications. Nat Rev Genet 2012; 13(2): 97-109.
[http://dx.doi.org/10.1038/nrg3142] [PMID: 22215131]
Khan N, Monagas M, Andres-Lacueva C, et al. Regular consumption
of cocoa powder with milk increases HDL cholesterol and reduces
oxidized LDL levels in subjects at high-risk of cardiovascular disease.
Nutr Metab Cardiovasc Dis 2012; 22(12): 1046-53.
[http://dx.doi.org/10.1016/j.numecd.2011.02.001] [PMID: 21550218]
Sarriá B, Martínez-López S, Sierra-Cinos JL, García-Diz L, Mateos R,
Bravo L. Regular consumption of a cocoa product improves the
cardiometabolic
profile
in
healthy
and
moderately
hypercholesterolaemic adults. Br J Nutr 2014; 111(1): 122-34.
[http://dx.doi.org/10.1017/S000711451300202X] [PMID: 23823716]
Yang HT, Lee M, Hong KS, Ovbiagele B, Saver JL. Efficacy of folic
acid supplementation in cardiovascular disease prevention: an updated

Role of Warburg Effect in Cardiovascular Diseases

[134]

meta-analysis of randomized controlled trials. Eur J Intern Med 2012;
23(8): 745-54.
[http://dx.doi.org/10.1016/j.ejim.2012.07.004] [PMID: 22884409]
Dobrzyn P, Pyrkowska A, Duda MK, et al. Expression of lipogenic
genes is upregulated in the heart with exercise training-induced but not
pressure overload-induced left ventricular hypertrophy. Am J Physiol
Endocrinol Metab 2013; 304(12): E1348-58.

The Open Cardiovascular Medicine Journal, 2021, Volume 15 17

[135]

[http://dx.doi.org/10.1152/ajpendo.00603.2012] [PMID: 23632628]
Strøm CC, Aplin M, Ploug T, et al. Expression profiling reveals
differences in metabolic gene expression between exercise-induced
cardiac effects and maladaptive cardiac hypertrophy. FEBS J 2005;
272(11): 2684-95.
[http://dx.doi.org/10.1111/j.1742-4658.2005.04684.x]
[PMID:
15943803]

© 2021 Kuspriyanti et al.
This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 International Public License (CC-BY 4.0), a copy of which is
available at: https://creativecommons.org/licenses/by/4.0/legalcode. This license permits unrestricted use, distribution, and reproduction in any medium, provided the
original author and source are credited.

