®

Check for
updates

Metabolic Intersection of Cancer
and Cardiovascular Diseases:
Opportunities for Cancer Therapy

Giang Hoang, Kiet Nguyen, and Anne Le

Keywords

Glutamine metabolism - Fatty acid oxidation
- Tryptophan catabolism - Pyruvate dehydro-
genase complex - Cancer - Cardiovascular
diseases

Abbreviations

3-KAT
AHR
ATP

3-Ketoacyl-CoA thiolase
Aryl hydrocarbon receptor
Adenosine triphosphate

The original version of this chapter was revised.
The correction to this chapter is available at
https://doi.org/10.1007/978-3-030-65768-0_19

G. Hoang
Department of Pathology, Johns Hopkins University
School of Medicine, Baltimore, MD, USA

Department of Biomedical Engineering, Johns
Hopkins University Whiting School of Engineering,
Baltimore, MD, USA

K. Nguyen
Department of Chemistry and Biology, Emory
University, Atlanta, GA, USA

A. Le (<)

Department of Pathology and Oncology, Johns
Hopkins University School of Medicine,
Baltimore, MD, USA

Department of Chemical and Biomolecular
Engineering, Johns Hopkins University Whiting
School of Engineering, Baltimore, MD, USA
e-mail: annele @jhmi.edu

© The Author(s) 2021, Corrected Publication 2021

BMI Body mass index

BPTES Bis-2-(5-phenylacetamido-1,2,4-
thiadiazol-2-yl)ethyl sulfide

CD36 Cluster of differentiation 36

CLL Chronic lymphocytic leukemia

CPT Carnitine palmitoyltransferase

DCA Dichloroacetate

ECM Extracellular matrix

FA Fatty acid

FAO Fatty acid oxidation

FASN  Fatty acid synthase

GLS Glutaminase

GS Glutamine synthetase

GSH Glutathione

HDL High-density lipoproteins

IDO Indoleamine 2,3-dioxygenase

KTR Kynurenine/tryptophan ratio

LDL Low-density lipoproteins

PAH Pulmonary arterial hypertension

PDHC  Pyruvate dehydrogenase complex

PDK Pyruvate dehydrogenase kinase

siRNA  Small interfering RNA

TCA Tricarboxylic acid

TDO Tryptophan 2,3-dioxygenase

TFP Trifunctional protein

Key Points

e Similarities in metabolic dysregulations
between cardiovascular diseases and cancer
lead to the identification of common treatment
targets.
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e Alteration in circulating glutamine and gluta-
mate levels is indicative of both cancer prolif-
eration and cardiometabolic diseases.

e Glutaminolysis is upregulated in cancer and
pulmonary arterial hypertension.

* Glutaminase is a treatment target for cancer,
hypertension, and hyperglycemia.

e Glutamine supplementation is implemented in
the treatment of cancer to support immuno-
regulation and the treatment of many cardio-
vascular diseases.

¢ Pharmacological inhibition of fatty acid oxi-
dation is proven effective in slowing cancer
progression and treating some cardiovascular
diseases.

e Inhibition of fatty acid synthesis is proven
both effective in cancer treatment and protec-
tive against pulmonary hypertension.

e Upregulated tryptophan catabolism has been
linked to the progression of cardiovascular
diseases and enhanced immune system eva-
sion in cancer.

e Pyruvate dehydrogenase complex downregu-
lation is associated with many cardiovascular
diseases and chemoresistance in cancer.

1 Introduction

According to data from the World Health
Organization, cardiovascular diseases and can-
cer are the two leading causes of mortality in the
world [1]. Despite the immense effort to study
these diseases and the constant innovation in
treatment modalities, the number of deaths asso-
ciated with cardiovascular diseases and cancer is
predicted to increase in the coming decades [1].
From 2008 to 2030, due to population growth
and population aging in many parts of the world,
the number of deaths caused by cancer globally
is projected to increase by 45%, corresponding
to an annual increase of around four million peo-
ple [1]. For cardiovascular diseases, this number
is six million people [1]. In the United States,
treatments for these two diseases are among the
most costly and result in a disproportionate

impact on low- and middle-income people. As
the fight against these fatal diseases continues, it
is crucial that we continue our investigation and
broaden our understanding of cancer and cardio-
vascular diseases to innovate our prognostic and
treatment approaches. Even though cardiovascu-
lar diseases and cancer are usually studied inde-
pendently [2-12], there are some striking
overlaps between their metabolic behaviors and
therapeutic targets, suggesting the potential
application of cardiovascular disease treatments
for cancer therapy. More specifically, both can-
cer and many cardiovascular diseases have an
upregulated glutaminolysis pathway, resulting in
low glutamine and high glutamate circulating
levels. Similar treatment modalities, such as glu-
taminase (GLS) inhibition and glutamine sup-
plementation, have been identified to target
glutamine metabolism in both cancer and some
cardiovascular diseases. Studies have also found
similarities in lipid metabolism, specifically
fatty acid oxidation (FAO) and synthesis.
Pharmacological inhibition of FAO and fatty
acid synthesis have proven effective against
many cancer types as well as specific cardiovas-
cular conditions. Many of these treatments have
been tested in clinical trials, and some have been
medically prescribed to patients to treat certain
diseases, such as angina pectoris [13, 14]. Other
metabolic pathways, such as tryptophan catabo-
lism and pyruvate metabolism, were also dys-
regulated in both diseases, making them
promising treatment targets. Understanding the
overlapping traits exhibited by both cancer
metabolism and cardiovascular disease metabo-
lism can give us a more holistic view of how
important metabolic dysregulation is in the pro-
gression of diseases. Using established links
between these illnesses, researchers can take
advantage of the discoveries from one field and
potentially apply them to the other. In this chap-
ter, we highlight some promising therapeutic
discoveries that can support our fight against
cancer, based on common metabolic traits dis-
played in both cancer and cardiovascular
diseases.
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2 Glutamine Metabolism
as a Prognostic
and Therapeutic Target
in Cancer and Cardiovascular
Diseases (Fig. 1)
2.1 Alterations in Circulating
Glutamine and Glutamate
Levels Are Indicative of Both
Cancer Proliferation
and Cardiometabolic Diseases

Glutamine metabolism in cancer has been exten-
sively studied [15, 16], in which glutamine
addiction has been highlighted as a signature
cancer behavior. This rapid consumption of glu-
tamine by tumors eventually results in glutamine
depletion in the patient’s body and can serve as
an indicator of cancer proliferation [17].
However, glutamine depletion is not always an
immediate result of cancer onset. The presence
of a tumor alters the host’s glutamine metabo-
lism and creates a net flux of glutamine from

other tissues and organs towards the tumor [12].
Specifically, as described in a review paper by
Medina et al., glutamine synthesis is upregulated
in the liver and skeletal muscles of carcinoma-
bearing animals, reflected by an increase in the
glutamine synthetase (GS)/glutaminase (GLS)
ratio [18]. The synthesized glutamine is then
secreted into the circulatory system and results
in an initial elevated glutamine plasma level
within the first 24 hours of tumor transplantation
[18]. However, this initial increase is later over-
shadowed by the rapid glutamine consumption
by the tumor which eventually leads to gluta-
mine depletion in the body. The active absorp-
tion of glutamine by cancer is shown by the
upregulated glutamine transportation through
the plasma membrane in malignant cells [19,
20]. For cardiovascular diseases, many clinical
and experimental studies have shown that the
low presence of circulating glutamine is indica-
tive of cardiometabolic diseases and hemolytic
disorders [11, 21, 22]. Specifically, the low
glutamine/glutamate ratio in the plasma is asso-

Glutamine Metabolism Dysregulation and Therapeutic Targets
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Fig. 1 Glutamine metabolism dysregulation and corresponding therapeutic targets in cancer and cardiovascular dis-
eases. The upregulation of glutaminolysis pathway, resulting in low glutamine and high glutamate concentrations, is
observed in many cancers and cardiovascular diseases. Pharmacological inhibition of glutaminase (GLS) with BPTES
and CB-839, as well as dietary glutamine supplementation, has been incorporated into the treatment of both conditions

and has shown promising results
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ciated with higher blood pressure, higher circu-
lating triglycerides, obesity, and insulin-resistant
traits [11]. In contrast, a high glutamine/gluta-
mate ratio is connected to lower risks of stroke
and diabetes mellitus and is generally related to
better cardiovascular health [23]. In patients
with sickle cell diseases, glutamine concentra-
tion in plasma and endothelial cells has been
reported to decrease significantly [24].

On the other hand, circulating glutamate lev-
els have been shown to increase in breast and
prostate cancer patients and reflect tumor pro-
gression to some extent [25-27]. The increase in
glutamate levels is also associated with increased
risks of cardiovascular events and decreased
insulin production and sensitivity, and is posi-
tively correlated with diabetes [11, 28]. In other
words, a decrease in glutamine levels and an
increase in glutamate levels are generally associ-
ated with adverse health outcomes in both cancer
and cardiovascular diseases. There are, however,
exceptions to this trend: elevated serum gluta-
mine levels are observed in acute myocardial
ischemia patients [29].

Even though there has not been clear evidence
suggesting that circulating glutamine and gluta-
mate levels could be used for prognosis, their
abnormalities have been consistently demon-
strated as consequences of cancer and a variety of
cardiovascular disorders. This imbalance in glu-
tamine and glutamate levels further highlights the
upregulated conversion from glutamine to gluta-
mate, and more generally, the glutaminolysis
pathway in both diseases.

2.2 Upregulation
of Glutaminolysis in Cancer
and Pulmonary Arterial

Hypertension

The role of glutaminolysis in cancer prolifera-
tion has been well established as it contributes to
tumor growth by both promoting cell prolifera-
tion and inhibiting cell death. Glutaminolysis
fuels energy metabolism via the tricarboxylic

acid (TCA) cycle and serves as a source of mate-
rials for biosynthesis, especially for purine and
pyrimidine metabolism [15, 16]. Glutaminolysis
upregulation is also associated with cancer
aggressiveness, invasiveness, and metastasis [25,
30]. The upregulation of glutaminolysis has been
extensively studied in many cancer types and has
proven crucial for cancer development, making
it a well-known target for cancer therapy.
However, it is important to note that the upregu-
lation of glutaminolysis is a trait exhibited by
cancer cells, localized to the tumor, and not a
signature trait exhibited by normal cells in the
patient body [15, 18].

For cardiovascular diseases, glutaminolysis
has been shown to increase in pulmonary endo-
thelial cells of patients with pulmonary arterial
hypertension (PAH) [11]. PAH is a potentially
fatal condition caused by the abnormal prolifera-
tion of vascular cells, forming lesions that
obstruct blood flow [31]. Vascular transforma-
tion, coupled with fibrosis and vasoconstriction,
can lead to an increase in blood pressure and, if
left untreated, can cause right ventricular failure
and death [11]. Studies have shown an increased
GLSI1 expression and decreased glutamine levels
in pulmonary endothelial cells and in myocardio-
cytes of the right ventricle in PAH in vivo rat
model [32]. An upregulation in glutaminolysis is
found in PAH patients’ right ventricular samples,
suggesting that upregulated glutaminolysis is
associated with PAH [32]. Furthermore, increas-
ing glutaminolysis can result in an increased
alpha-ketoglutarate level, a direct product of glu-
tamate that helps promote the translation and sta-
bilization of collagens, which stimulates fibrosis
and worsens PAH [33]. As a result, glutaminoly-
sis has also become a promising treatment target
for PAH.

Thus, as an important energetic pathway fre-
quently dysregulated in both cancer and cardio-
vascular disease metabolism, glutaminolysis has
been widely investigated as a treatment target,
resulting in the development of several pharma-
cological innovations and dietary implementa-
tions, discussed in detail in the next sections.
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Glutaminase Is a Treatment
Target for Cancer,
Hypertension,

and Hyperglycemia

2.3

GLS is an aminohydrolase enzyme that catalyzes
the hydrolysis of glutamine to glutamate, which
marks the initiation of glutaminolysis. There are
two main types of GLS expressed in humans:
GLS1, the kidney-type glutaminase, and GLS2,
the liver-type glutaminase [34]. In cancer, GLS1
is expressed more often than GLS2, and thus,
more frequently targeted for therapy. The most
common GLSI pharmacological inhibitors are
bis-2-(5-phenylacetamido-1,2,4-thiadiazol-2-yl)
ethyl sulfide (BPTES) and CB-839, discussed in
depth in Chap. 2, which have shown tumor sup-
pression ability in breast cancer, leukemia, and
lymphoma cells [35-39]. The inhibition of GLS1
expression has been extensively studied in cancer
research for cancer treatment [40—43]. As dis-
cussed in the previous section, GLS1 expression
is also upregulated in PAH and has been targeted
for PAH treatment. Specifically, pharmacological
inhibition of GLS1 using C968 or CB-839 in rats
exposed to monocrotaline, a pneumotoxic liver-
activated compound commonly used to induce
pulmonary hypertension, significantly decreased
pulmonary arteriolar and right ventricular remod-
eling and ameliorated pulmonary hypertension
[44]. Thus, the use of GLSI-inhibiting drugs can
target both cancer and PAH.

On the other hand, the role of GLS2 in cancer
has been quite controversial and needs further
studies to gain a comprehensive understanding
[10]. A study by Martin-Rufian et al. suggests
that GLS2 overexpression in cancer cells inhib-
its c-MYC expression [45, 46] and prevents the
proliferation of several types of glioma cells
[47]. In contrast, a study by Xiang et al. showed
that knocking down GLS2 increases the sensi-
tivity of cervical tumors to radiotherapy [48]. In
hyperglycemia, GLS2 has been identified as a
treatment target [49]. Specifically, in type 2 dia-
betic patients, dysregulation of glucagon causes
an increase in gluconeogenesis in the liver and
skeletal muscles, resulting in hyperglycemia.
Inhibition of GLS2 can block glutaminolysis,

decrease the hepatic metabolic flux from gluta-
mine to glucose, decrease the initial blood glu-
cose level, and increase insulin sensitivity [49].
Despite some attempts to study the selective
inhibition of GLS1 and GLS2 [35, 49, 50], there
has not been a defined pharmacological inhibi-
tion of GLS2 that is qualified for general use in
research. As a promising therapeutic target,
research on the role of GLS2 in cancer and car-
diovascular diseases should be further expanded.

24 Glutamine Supplementation
Is Implemented for Treatment
of Cancer and a Variety

of Cardiovascular Diseases

In addition to blocking glutamate production
from glutamine, glutamine supplementation has
also been proven effective in cardiovascular dis-
ease prevention and sickle cell disease treatment
and is used in combination with chemotherapy
for cancer treatment.

In cancer treatment, the use of dietary gluta-
mine supplementation is to make up for the
tumor’s “nitrogen trap” behavior that aggressively
consumes dietary amino acids as well as the amino
acids synthesized by the host [12]. Despite the sus-
picion that increasing glutamine availability may
support tumor growth, a study by Austgen et al.
shows that dietary supplementation of glutamine
leads to no significant change in tumor growth
in vivo [51]. The additional source of glutamine
helps replenish glutathione (GSH) level, a crucial
intracellular antioxidant, and hepatic detoxifier, in
natural killer cells. Experimental data supports
that glutamine supplementation impedes tumor
growth by restoring the function of natural killer
cells and increasing immunoregulation [52, 53].
The restored GSH level also protects patients from
oxidative damages as well as increases the selec-
tivity and decreases the cardiotoxicity and neuro-
toxicity effects of chemotherapeutic drugs, such as
doxorubicin, methotrexate, cyclophosphamide,
Eloxatin, and 5-fluorouracil, to name a few [54]. In
combination with chemotherapy, supplemented
glutamine can potentially help increase treatment
efficacy and improve patient outcomes [55].
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However, despite the promising experimental data,
we still do not have enough evidence to recom-
mend its regular use in cancer treatment. More
experimental and clinical studies should be done
to investigate the use of glutamine supplementa-
tion in cancer treatment.

On the other hand, the use of glutamine sup-
plementation to protect against cardiometabolic
diseases and its benefits have been widely estab-
lished [11]. In diabetic patients, chronic oral
administration of glutamine decreases blood glu-
cose concentration for patients with type 1 and 2
diabetes, increases circulating insulin levels, and
reduces systolic blood pressure in type 2 diabetic
patients [56]. In mice, glutamine supplementa-
tions increase glucose tolerance and decrease
mean arterial blood pressure [11]. For mice on a
high-fat diet, studies show that glutamine intake
helps lower body weight, decreases hyperglyce-
mia, and improves insulin sensitivity [57]. In
patients with coronary artery diseases, glutamine
supplementation enhances myocardial repair and
prevents damage to the cardiovascular system
during surgical interventions or cardiac injuries
[9, 58, 59]. The protective role of glutamine in
ischemia-reperfusion injury is especially well
investigated [60-64]. Glutamine reduces oxida-
tive stress, ameliorates inflammation, and inhib-
its apoptosis, necrosis, and lipid peroxidation
following ischemia-reperfusion. Its tissue protec-
tion effects reach a variety of organs throughout
the body, including skeletal muscles, intestine,
liver, kidney, brain, and heart [11]. Especially,
dietary glutamine supplementation has been
approved by the United States Food and Drug
Administration as a treatment for sickle cell dis-
ease and is now being prescribed for patients to
reduce the rate of complications [11, 65, 66].
This is a result of a successful phase 3 clinical
trial, which demonstrated a significantly lower
number of pain crises in patients with sickle cell
disease when taking oral pharmaceutical grade
glutamine. The precise mechanism of the gluta-
mine treatment for sickle cell disease is unknown.
Nevertheless, glutamine may serve as an energy
source for endothelial cells and early stage retic-
ulocytes, or premature red blood cells (RBCs)
that still contain mitochondria. The established

role of glutamine as a protective treatment against
cardiovascular diseases reinforces the need for
more clinical trials to determine its pharmaco-
logical efficacy.

Compared to cardiovascular diseases, the
implementation of glutamine supplements in
cancer treatment is still in its early stages of the
investigation. Researchers should take advantage
of the established work done on cardiovascular
diseases and explore their potential integration
into cancer therapy. Building upon previous
knowledge can pave the way towards many
groundbreaking discoveries.

3 Lipid Metabolism Plays
an Important Role in Cancer
Proliferation
and Cardiovascular Disease
Progression (Fig. 2)
3.1 Fatty Acid Oxidation in Cancer
and Cardiovascular Diseases

Mitochondria fatty acid f-oxidation (FAO)
involves the breakdown of energy-rich lipid mol-
ecules and plays a crucial role in the bioenergy
metabolism exploited by cancer cells. The upreg-
ulation of FAO in cancer is relatively less thor-
oughly examined than glucose or glutamine
metabolism and has been discussed in detail in
Chap. 3 [67]. A variety of FAO enzymes has been
shown to be overexpressed in many cancers [68].
For example, in chronic lymphocytic leukemia
(CLL) cells, Liu et al. recorded a drastic increase
in carnitine palmitoyltransferase 1A (CPT1A),
CPT1B, and CPT2 expression [69]. High expres-
sion of CPT1A has also been shown to be indica-
tive of poor patient outcomes in both ovarian
cancer and acute myeloid leukemia (AML) [70,
71]. In prostate cancer, FAO has been identified
as a dominant bioenergetics pathway and can
potentially serve as a biomarker for prostate can-
cer diagnosis [72]. The association between FAO
upregulation and metastasis has also been estab-
lished in breast cancer [73, 74], colorectal cancer
[75], and glioblastoma [76, 77], in which an
increased FAO helps cancer cells overcome anoi-
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Fig. 2 Lipid metabolism dysregulation and corresponding therapeutic targets in cancer and cardiovascular diseases.
Similar metabolic dysregulations in fatty acid uptake, synthesis, and oxidation have been observed in both cancer and
cardiovascular diseases, thus highlighting several common treatment targets. The “repurposing” of pharmacological
inhibitors used in cardiovascular diseases to cancer therapy has shown promising experimental results. CD36 cluster of
differentiation 36, FASN fatty acid synthase, CPT carnitine palmitoyltransferase, 3-KAT 3-ketoacyl-CoA thiolase

kis, a type of programmed cell death that occurs
when anchorage-dependent cells detach from the
extracellular matrix (ECM) [68]. Other studies
suggest that FAO affects metastasis via cancer
stem cell regulation [8, 78]. Despite the differ-
ence in its underlying mechanistic benefits
towards cancer proliferation, there is an upregu-
lation of FAO for most cancer types.

However, the alterations in FAO vary depend-
ing on the specific cardiovascular disease and the
stage of the disease. The role of FAO in cardio-
vascular diseases is especially important, consid-
ering that it is the predominant pathway utilized
by myocardiocytes for energy production [79]. In
heart failure patients, many independent studies
have shown an increase in the level of circulating
free fatty acids and a significant decrease in the
rate of FAO in the heart [80]. This downregula-
tion of FAO is primarily due to mitochondria dys-

function and leads to an upregulated glycolysis
pathway, signifying the shift back to what is
known as “the fetal energy metabolism” of the
failing heart. On the other hand, during ischemia-
reperfusion injury, an elevated circulating level
of free fatty acids increases FAO in the heart [7].
For diabetic cardiomyopathy and obese-related
cardiomyopathy, there are consistent reports stat-
ing that cardiac FAO is upregulated in these con-
ditions, along with an increase in circulating free
FA and FA uptake [80]. Despite FAO upregula-
tion, the high influx of FA overwhelms the con-
sumption capacity, resulting in myocellular lipid
accumulation and lipid toxicity in the heart, an
extremely common phenomenon in these cardio-
myopathy conditions [81]. The changes in FAO
in these cardiovascular diseases all resulted in
higher oxygen consumption per ATP molecule
and an overall lower cardiac efficiency [80].
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3.2 Pharmacological Inhibition
of Fatty Acid Oxidation Has
Proven Effective in Slowing
Cancer Progression

and Treating Cardiovascular

Diseases

The importance of FAO on cardiovascular dis-
eases and cancer progression has made FAO a
promising target for treatment. CPT1 is one of the
most common and well-investigated targets for
FAO inhibition in cancer therapy. Pharmacological
inhibition of CPT1 using etomoxir has shown
promising anticancer results in breast cancer, leu-
kemia, and prostate cancer [68]. In cardiovascular
diseases, etomoxir was used to treat diabetes and
heart failure and showed great results in vivo.
However, due to toxicity effects in the liver and
the heart, phase II clinical trials with etomoxir
were terminated [68]. A revision of etomoxir dos-
age might be able to improve the clinical outcome
and pave the way for effective cancer and cardio-
vascular disease treatment. Other CPT1 and CPT2
inhibitors such as oxfenicine, aminocarnitine,
ST1326, and avocatin B, all show anticancer
effects in vitro and in vivo [68].

Perhexiline is another pharmacological inhibi-
tor of CPT1 and CPT2, currently being pre-
scribed in Asia, Australia, and New Zealand as
medicine to treat angina pectoris [13, 14], a
symptom of coronary artery disease character-
ized by chest pain or discomfort. Studies done on
chronic lymphocytic leukemia and prostate can-
cer cells have shown that perhexiline has a
growth-inhibiting effect against cancer cells [6,
69]. Similarly used in the treatment of angina
pectoris in Europe and Asia, trimetazidine is a
competitive inhibitor of 3-ketoacyl-CoA thiolase
(3-KAT), a component of the trifunctional pro-
tein (TFP) in FAO [68, 82]. In many studies,
trimetazidine has shown positive effects in restor-
ing heart function in hypertrophied hearts in vivo
or heart failure patients [80]. In cancer, trimetazi-
dine was also found to inhibit cell proliferation
and induce apoptosis in breast cancer and glio-
blastoma cells in vitro [83, 84]. With the safe

G.Hoangetal.

usage of perhexiline and trimetazidine estab-
lished in cardiovascular disease, the potential
clinical application of these drugs in cancer treat-
ment should be carefully examined.

Despite the positive effect of FAO inhibition
in many cardiovascular conditions, adverse car-
diac consequences can arise when FAO is down-
regulated. Specifically, inhibited FAO can cause a
buildup of lipids in cardiovascular tissues and
increase lipid toxicity in the already damaged tis-
sues. Drugs targeting FAO that lack specificity
can cause damage to neighboring organs and may
worsen the condition. Thus, it is crucial to take
this into account when using these drugs for can-
cer treatment, as they might cause negative
impacts on the cardiovascular system.

33 Inhibition of Fatty Acid
Synthesis Has Proven Both
Effective in Cancer Treatment
and Protective Against

Pulmonary Hypertension

As discussed in Chap. 3, fatty acid synthesis and
fatty acid elongation are upregulated in many
cancer types, including lung, breast, and bladder
cancer. Its upregulation is also associated with
cancer metastasis [85—87]. Antibody treatments
targeting CD36, a fatty acid receptor, in the
mouse model of human oral cancer have shown
strong evidence in preventing metastasis initia-
tion [88]. Another promising treatment targeting
fatty acid synthesis for cancer therapy is TVB-
2640, a fatty acid synthase (FASN) inhibitor that
is currently involved in a variety of clinical trials
in combination with chemotherapy [89]. FASN
activity is also shown to increase in pulmonary
hypertension. A study by Singh et al. shows that
inhibition of FAS using siRNA in pulmonary
hypertension-induced mice helps restore mito-
chondria function, and decrease hypertrophy,
ventricular pressure, and vascular remodeling
[5]. These promising results show potential for
FAS inhibition to be applied to both cancer and
pulmonary hypertension therapy.
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4 Upregulated Tryptophan
Catabolism Has Been Linked
to the Progression
of Cardiovascular Diseases
and Enhanced Immune
System Evasion in Cancer
(Fig. 3)

Tryptophan is one of the nine essential amino
acids that play key roles in protein synthesis and
participate in the synthesis of a spectrum of cru-
cial molecules. In mammals, the kynurenine met-
abolic pathway is tryptophan’s main catabolic
route, resulting in 95% of peripheral tryptophan
catabolism in mammals [90]. The kynurenine
pathway is a complex metabolic route that is
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— Gene activation
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driven by the enzymes indoleamine
2,3-dioxygenase (IDO) and, to a lesser extent,
tryptophan 2,3-dioxygenase (TDO). IDO has two
isoenzymes, IDO1 and IDO2, with IDO1 being
the primary one controlling tryptophan degrada-
tion [91]. In this pathway, tryptophan is converted
to kynurenine, and the regulation is primarily
associated with IDOI, the rate-limiting enzyme.

In the cardiovascular system, IDO and kyn-
urenine are known as cardiovascular relaxing
factors, which bring down pressure during sys-
temic inflammation [92]. Thus, the expression of
IDO and kynurenine levels is upregulated post-
inflammation and correlated with onsets of stroke
events [93]. The increase in tryptophan degrada-
tion accompanied by an increased kynurenine/

Cardiovascular
Diseases

* High risk of severe

coronary events

* Increase systemic
low-grade inflammation

Decreases progression of
cardiovascular diseases

Fig.3 The upregulation of tryptophan catabolism is linked to the progression of cardiovascular diseases and enhanced
immune system evasion in cancer. The upregulation of tryptophan 2,3-dioxygenase (TDO) and indolamine 2,3-dioxy-
genase (IDO) and increase in kynurenine-to-tryptophan ratio (KTR) are positively associated with risks of severe coro-
nary events and systemic low-grade inflammation. In tumors, kynurenine binds to aryl hydrocarbon receptor (AHR),
which causes the receptors to translocate into the cell’s nucleus, activating genes that help cell migration. In addition,
kynurenine acts as an endogenous ligand that inhibits T cells via a variety of mechanisms to enhance immune evasion
in tumors. Pharmacological inhibition of the kynurenine pathway could be applied to the treatment of cancer and car-
diovascular diseases. LDL low-density lipoproteins, HDL high-density lipoproteins
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tryptophan ratio (KTR) in the blood plasma is
indicative of the body’s counteraction to an
inflammation response, and can thus be predic-
tive of cardiovascular events [93]. Increased KTR
is also positively associated with low-density
lipoproteins (LDL) and body mass index (BMI)
and is negatively associated with HDL and tri-
glycerides [94]. In individuals suffering from
coronary heart disease, low tryptophan plasma
concentration in combination with high KTR is
prevalent [4]. The upregulation of IDO is also
identified in the core of atherosclerotic plaques in
humans [95].

For cancer, an elevated level of IDO expres-
sion is correlated with advanced-stage breast
cancer [96]. Moreover, tryptophan degradation
via the kynurenine metabolic pathway has also
been linked to tumoral immune resistance [97].
Opitz et al. shows that many cancers upregulate
TDO to boost tryptophan consumption [98].
When IDO and TDO are upregulated, a high
level of kynurenine is synthesized, which binds
to the aryl hydrocarbon receptor (AHR), induc-
ing gene expressions that help tumor cells prolif-
erate and metastasize. High kynurenine
concentration also suppresses effector T cells,
thus aiding cancer cells to evade immune
responses [98]. Overexpression of IDO also
occurs in different classes of immune cells, spe-
cifically antigen-presenting cells, which
increases immune suppression and impedes the
immune system’s ability to recognize and attack
malignant cells [99].

In general, IDO upregulation in tryptophan
catabolism is associated with both cardiovascular
diseases and cancer and supports tumor progres-
sion via immune suppression and inflammatory
tumor carcinogenesis [98]. The pharmacological
administering of I-methyl tryptophan, an IDO
inhibitor, could prove to be a novel therapeutic
solution for future investigation [93]. The con-
certed use of IDO and TDO pharmacological
inhibitors could also be a potential treatment can-
didate for cancer therapy.

5 Pyruvate Metabolism
Abnormality Is Associated
with Cardiovascular Diseases
and Chemoresistance
in Cancer

The dysregulation of pyruvate metabolism is
observed in myocardial ischemia, hypertrophy,
and heart failure [3], and contributes to cancer
chemoresistance [2, 100]. Pyruvate dehydroge-
nase complex (PDHC) is responsible for the con-
version of pyruvate to acetyl-CoA, a key enzyme
of aerobic cellular oxidation, and the connector
between glycolysis and the TCA cycle [101, 102].
Previous studies on ischemia and reperfusion
reveals a decreased flux of pyruvate through the
PDHC, leading to a metabolic shift towards myo-
cardial lactate production and a large rate of gly-
colysis despite high oxygen consumption [3].
PDHC activity has also been shown to decrease in
hypertrophied and diabetic hearts [3]. Moreover,
the upregulation of pyruvate dehydrogenase
kinase (PDK), an enzyme that inactivates pyru-
vate dehydrogenase (the first enzyme in the
PDHC), has been linked to cardiomyopathy as
well as poor prognosis in patients after major car-
diovascular accidents [3]. Consequentially, PDHC
and PDK have become treatment targets for many
cardiovascular diseases. Studies have shown that
infusing pyruvate or stimulating PDHC can help
recover the contractile function of the damaged
heart [3]. Especially, activating PDC using the
PDK inhibitor, dichloroacetate (DCA), has shown
protective effects against heart failure, ischemia,
and reperfusion [103] (Fig. 4).

The upregulation of PDK is also seen in many
cancers and is consistently associated with inva-
sion, metastasis, and drug resistance [104]. In
bladder cancer, PDK upregulation is connected to
aerobic glycolysis and chemotherapy resistance
[2, 105]. A study by Woolbright et al. showed that
by using DCA to inhibit PDK, bladder cancer
cells showed a decrease in growth and a GO-G1
cell cycle arrest [2]. Other studies also reveal the
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Fig.4 The effects of dichloroacetate (DCA) on cancer and cardiovascular diseases. DCA inhibits pyruvate dehydroge-
nase kinase (PDK) resulting in the upregulation of the pyruvate dehydrogenase complex (PDC)

significant role of PDK overexpression in con-
tributing to drug resistance and the resistance to
chemotherapy [105, 106]. However, despite the
promising anticancer and cardioprotective
effects, the use of DCA has shown many draw-
backs due to its short half-life, low potency, and
many toxic side effects, preventing it from being
successfully incorporated into a clinical setting
[107].

The shortcomings regarding DCA should not
discourage researchers from identifying pyruvate
metabolism as a potential treatment target for
cancer and cardiovascular diseases. Promisingly,
a list of small PDK-inhibitor molecules has been
recently proposed, which can serve as the starting
point for many investigations targeting this path-
way [104]. Aside from PDK, pharmacological
inhibitors of other key regulators of pyruvate
metabolism and glucose oxidation should also be
explored.

6 Conclusion

Altogether, many studies have pointed out simi-
lar trends in metabolic abnormalities in cancer
and various cardiovascular diseases. The com-
mon metabolic dysregulations have served as
overlapping treatment targets, allowing research-
ers and clinicians to expand their studies and
treatment options. Some pharmacological inhib-
itors used to treat cardiovascular conditions have
gone through different phases of clinical trials.
However, despite also targeting problems exhib-
ited in cancer, these drugs have not yet reached
similar phases in cancer treatment. With the use
of metabolomics technologies [108], researchers
have continued to identify the metabolic simi-
larities of these two diseases, paving the way for
the next steps in the investigation to improve
cancer therapy.
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