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Abstract

Renal cell carcinoma, the second most common urologic carcinoma, accounts for around 175,000 deaths annually worldwide. Significant
advancement has been made in understanding the pathogenesis of the disease with a focus on oncogenic mutations in growth-regulating pathways.
However, more work that is contemporary has established metabolic alterations as key drivers of oncogenic transformation and tumor progression
in RCC. Recently, robust metabolomics approaches have become indispensable tools in analyzing kidney cancer to identify pathways that impart
metabolic vulnerability. Identifying novel clusters of metabolic pathways and providing detailed knowledge of the underlying molecular mechanisms
is expected to open new and promising areas of therapeutic intervention to manage the disease. The targeting some of these metabolic pathways
with a single or in combination with other anticancer drugs to reduce RCC tumor growth. The review herein elucidates the general metabolic
molecular mechanisms involved in RCC, as well as an emerging concept of cancer metabolism in the perspective of therapeutic intervention.
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Abbreviations: RCC: Renal Cell Carcinoma; CCRCC: Clear Cell Renal Cell Carcinoma; MRCC: Metastatic Renal Cell Carcinoma; CHRCC: Chromophobe
Renal Cell Carcinoma; PRCC: Renal Cell Carcinoma; FGF: Fibroblast Growth Factor; LC-MS: Liquid Chromatography-Mass Spectrometry; NMR: Nuclear
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Introduction
is the second-prominent cause of death from urinary cancer

Renal cell carcmotna (BCC) _IS a urol-oglcal, metabolic met.astatlc worldwide [1], represents over 90% of all kidney-related cancers
cancer and research is still going to find a better prognosis. RCC and shares >2% of all human cancers in adults [2]. Globally, RCC
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accounts for approximately 175,000 deaths and 400,000 emerging
cases annually, according to a report by GLOBOCAN 2018 Research
[3]. RCC can arise at any age but more often affects men over 50 [4].
RCC accounts for 5% of all carcinomas in men and 3% in women
[5]. The mortality and morbidity of RCC vary among different
countries, although it is more common in developed countries [6].
The occurrence of renal cancer in Europe ranks among the world’s
greatest and RCC is one of the top 10 metastatic cancers globally
[7]. There are several types of kidney cancers, but most research
has focused on RCC. Based on morphology, histological findings,
genetic characteristics, and clinical behavior RCC is classified into
many subtypes including. RCC is classified based on a different
spectrum of mutations and clinical behavior. Most kidney cancer
patients have clear cell RCC (ccRCC; 75%) followed by nonclear
cell RCC (nccRCC; 25%). nccRCC was further classified into several
subtypes; chromophobe RCC (chRCC), papillary RCC (pRCC),
medullary, translocation and collecting duct RCC, etc. ccRCC,
PRCC and chRCC were found generally and well-characterized
categories of RCC [8-13]. Furthermore, the clinical grading of renal
malignancies is categorized based on spreading tendency, size,
metastatic potential, and nodal involvement [4,14]. When RCC is

detected early, during the localized stage, it is generally curable
through nephrectomy. However, efficient therapeutic options
are lacking when it is not detected until advanced, metastatic
stages [15,16]. Classical therapies, including some cytokine like
interleukin-2 (IL-2) and interferon-a (IFN-a), have been extensively
applied as a treatment option for RCC in metastatic stage [17,18].
The introduction of a multikinase inhibitor, sorafenib, transformed
the treatment backdrop for RCC patients [19]. Many other therapies
(Table 1) like mTOR (mechanistic target of rapamycin) inhibitors
(everolimus and temsirolimus), VEGF inhibitors (sunitinib,
lenvatinib, sorafenib, pazopanib, cabozantinib, axitinib, and
bevacizumab), Immunomodulatory targets inhibitors such as PD-L1
and PDCD-1 (or PD-1) inhibitors (pembrolizumab and nivolumab;
atezolizumab and avelumab) have been explored and approved
over the years for the management of RCC [20-22]. Several other
approaches, such as a combination of immunotherapy and targeted
agents, RNA-targeting, peptide-based therapy, fibroblast growth
factor (fgf) based therapy [23], immunotoxins, targeting metabolic
pathways are being explored and some of them are in advanced
developmental stages [9,24].

Table 1: Overview of metabolic and signal transduction pathways and their targeted therapy for RCC.

Glycolysis Shikonin [280]
Glycolysis 2-DG [124]
Glycolysis PT2385 [125]
Glycolysis, Oxidative phosphorylation Metformin [286]
Glycolysis, Mitochondrial respiration Pitavastatin [302]
Mitochondrial respiration Atovaquone [303]
Mitochondrial respiration Ivermectin [304]
Tryptophane metabolism IDO [169]
Glutamine metabolism CB-839 [305]

Fatty acid oxidation GW6471 [149, 226]

VEGFR, Tyrosine kinase Sunitinib [301, 306]
mTOR Temsirolimus [307]
mTOR Everolimus [308]
Antiangiogenic Lenvatinib [308]
T-cell inactivation Ipilimumab [298]
PD-L1 Atezolizumab [309]

VEGFR, Tyrosine kinase Pembrolizumab [301, 306]
Carbonic anhydrase Girentuximab [310]
PD-1 receptor Nivolumab [300]
Tyrosine kinase, VEGFR2 Cabozanitinib [311]

VEGFR, Tyrosine kinase Axitinib [301, 306]
PD-1 receptor Avelumab [312]
VEGFA Bevacizumab [313]
Several kinases Sorafenib [314]
VEGFR Tivozanib [314]

VEGFR, PDGFR Pazopanib [315, 316]
GnRH antagonism Cetrorelix [270]
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Changes in metabolism
This altered metabolic state performs a decisive role in cancer
progression. Similarly, metabolic reprogramming is regarded as
a cancer hallmark [25]. Moreover, there has been a thoughtful
growing interest in the field of cancer metabolomics regarding

the metabolism in cancer, as a potential therapeutic alternative

indicate early pathophysiology.

in cancer management [26]. Interestingly, targeting cancer
metabolism to control cancer cell growth in vivo invokes a cancer
signaling cascade. Multiple groups are continuously investigating
cancer metabolism to find a new potential therapeutic target to
cure cancer in near future [26].

The kidney is the most exposed organ to studies involving
Liquid chromatography-mass spectrometry (LC-MS) [27-32],
nuclear magnetic resonance (NMR) [33-35], and magnetic
resonance imaging (MRI). A renal cancer patient’s diagnosis can
be complex and challenging [36]. Although there are biomarkers-
based detection is being explored for RCC detection, however, it
has several limitations and to date, no specific biomarkers can be
considered to detect RCC. MRI is the mainstay for the detection
of RCC for more than a decade [37,38], but it is not successful in
patients with medical implants. Therefore, there is a demand for
new tools and techniques for the early detection of RCC.

Metabolomics is a quantitative evaluation of endogenous
small-molecule or metabolic intermediates in the biological system
[39]. More recently, metabolomics has been used in association
with genomics and proteomics approaches to advance the current
knowledge and overcome the ambiguous nature of in vitro and in
vivo cancer metabolism [40]. Metabolomics has been effectively
employed for the discovery of cancer biomarkers [41-42], like
breast cancer [43], CRC [44], prostate [45], oral cancer [46], and RCC
[41,47]. Metabolites are chemical compounds engaged in various
metabolic pathways/regulation; changes in their levels may reflect
differences in pathophysiology [39]. Multiple research groups
are searching for metabolic biomarkers capable of differentiating
RCC patients from healthy individuals. It may also provide more
complete information on small-molecule intermediates and help
revolutionize disease detection and characterization [48-50].

The expansion of systems biology, and the ‘omics-cascade’ (e.g.,
genomics, transcriptomics, metabolomics, and proteomics), has
started a new era of research into physiology. The latest branch of
the ‘omics-cascade’ family is metabolomics, which is based on the
identification, quantification, and interaction of metabolites inside
biological networks [51-52]. Metabonomics and metabolomics
are compatible terms within this branch of science, now emerging
to include a comprehensive analysis of the metabolome. The
dynamic nature of metabolites places metabolomics as an endpoint
of the ‘omics-cascade’. Owing to the vast physical and chemical
diversity of metabolites, NMR provides a platform for targeted,
structural, and quantitative details for each metabolite [53-54].
NMR-based metabolomics research has become increasingly given
complementary features, ease of sample preparation, excellent
reproducibility, cost-effectiveness, and simplicity of interpretation
by the scientific community. But, LC-MS methods acquire better
sensitivity with good dynamic range and detect a wider range of
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chemical species [35,55]. In particular, metabolomics approach has
been more extensively used in cancer research due to its wider scope
of applications. Compared to normal cells, cancer cells show signs
of distinct metabolic behavior, particularly the impact on systemic
metabolism [56-57]. Cancer disrupts the cellular mechanisms of
an organism primarily by altering cell growth, differentiation, and
tissue integrity [58].

The term biomarker was first devised in 1989 as a Medical
Term Heading and defined as “measurable and quantifiable
biological parameters which act as indices for health and
physiology related assessment, including disease risk” [59]. While
this direction offered a clear advancement and paradigm shift
in cancer research, the identification of the biomarkers remains
challenging. However, vital new technologies in computational
metabolomics are simplifying the identification of metabolites.
The knack of metabolomics to understand biomarker-discovery-
based analysis of metabolites offers significant potential to the
field of oncology to describe the metabolism of carcinogenesis.
Therefore, biomarkers can confirm the intended metabolic aspects
of cancerous cells in general, as well as in specific cancer types
like RCC. Further, the identification of alterations in the levels of
biomarkers represents a more holistic picture of physiological
variations during disease. Similarly, metabolic alterations in the
metabolites of renal cancer are considered to be the core promoter
of tumorigenesis. Targeting the metabolic pathways with a single
or combined with other anticancer drugs would reduce RCC tumor
growth. Certainly, evolving data suggests that cancer metabolism is
highly heterogenous and dynamic, but no doubt we can get around
this obstacle and achieve an even more profound knowledge
about the role of metabolism as a diagnostic tool and therapy
for RCC. Nonetheless, the better choice of biomarkers that help
individualized treatment for RCC still needs to be improved and
drive future biomarker-based studies.

This review begins with the metabolic variations in the
biological matrix (tissue, urine, and serum) during RCC. Later
discussedisasummary of normal kidney function along with cellular
bioenergetic pathways, specifically examining the metabolism of
glucose, lipids, fatty acids, and amino acids in renal cells at specific
locations in nephrons. The purpose and aims of this review are to
educate the readers that each part of the nephron plays a dynamic
role in controlling renal filtration and reabsorption mechanisms
in both healthy individuals and RCC patients and to discuss recent
observations on alterations in metabolomics during RCC within the
proximal tubule. Third, this review provides examples of unresolved
issues meriting future discussion and examination.

In summary, this narrative review is designed to elucidate
the present status of the metabolomics of RCC, with the help of
NMR, LC-MS, and MRI, as a validated diagnostic implement for
the identification, diagnosis, and medication of RCC. A focus is
given to kidney function, precisely the function of nephrons. These
functional units of the kidney filter and balance biochemicals
are present in the bloodstream to attain homeostasis. Further
discussed, for comparison, is the physiology of the kidneys under
normal conditions as well as during RCC. Each part of the nephron
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(i.e., renal corpuscle, proximal convoluted tubule [PCT], distal
convoluted tubule [DCT], and collecting duct) works distinctively.
The stages involved in the normal physiological processes of the

Normal Renal Physiology

kidneys are glomerular filtration, tubular reabsorption, and tubular
secretion. These functions are explored further in detail below.
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Figure 1: Overview of normal renal physiology.
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As noted, the nephron is the primary and functional unit of the
renal system. At its most basic level, renal filtration occurs through
a four-step process in the four specific and unique parts of the
nephron, which are the glomerulus, the PCT, the loop of Henle, and
the DCT (Figure 1) [60-62].

The afferent and efferent arteriole

Hormonal signals regulate the function of arterioles.
Norepinephrine and angiotensin function as vasoconstrictors for
afferentand efferent arterioles [63]. Atrial natriuretic factor (ANF) is
a cardiac hormone generated by definite cells present in the atrium
wall of the heart, which controls electrolyte homeostasis [64]. Like
norepinephrine and angiotensin, ANF also functions as a vasodilator
and vasoconstrictor. For afferent arterioles, ANF is a vasodilator,
and for efferent arterioles, ANF is a vasoconstrictor. Prostaglandin

and dopamine vasodilate afferent and efferent arterioles when the

filtrate enters the glomerulus of the nephrons [65]. Antidiuretic
hormone (ADH) helps in water retention and the excretion of
concentrated urine. Aldosterone regulates the salt-water balance
by stimulating the secretion of potassium, conservation of sodium,
and retention of water to stabilize blood pressure. The hormone,
aldosterone, stimulates the distal convoluted tubule of the kidney
to reabsorb sodium and chloride ions and water. Aldosterone also
promotes the secretion of potassium ions. As such, aldosterone has
a net effect on promoting the retention of water and salt. Renin is
an enzyme (angiotensinogenase) secreted by the juxtaglomerular
cells present in the juxtaglomerular apparatus, which is a structure
surrounding afferent arterioles where it enters the glomerulus.
Renin secretion is initiated by low sodium ion levels or low blood
volume in the afferent arteriole. Similarly, the activation of the renin-
angiotensin-aldosterone system supports maintaining homeostasis
of blood pressure and volume. Through this understanding,
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hormonal signals play a vital role in kidney functioning. As such,
one could posit that during RCC, hormonal signals also fluctuate
[66].

The glomerulus

The glomerulus is, in essence, a cluster of nerve endings,
capillaries, and blood vessels [60]. The driving mechanism in the
function of the glomerulus is filtration pressure, which determines
the glomerular filtration rate (GFR). The GFR process defines the
amount of filtrate produced in all the renal corpuscles per minute.
When properly functioning, the kidneys maintain a relatively
constant GFR. The glomerulus adapts based on filtration pressure.
For example, if GFR is too high, substances become too rapidly and
are not reabsorbed. If GFR is too low, nearly all are reabsorbed, and
some waste products are not adequately excreted.

Renal autoregulation

The kidneys themselves maintain GFR by two mechanisms.
The myogenic mechanism occurs when stretching triggers, the
contraction of smooth muscle cells in afferent arterioles by reducing
GFR. The tubule glomerular mechanism occurs when macula densa
provides feedback to the glomerulus, which inhibits the afferent
arterioles from constricting and thereby decreases GFR.

To better understand these processes, it is also essential to
discuss blood pressure, which is, in essence, the pressure exerted
on the wall of blood vessels by the circulating blood. This net
filtration pressure pushes filtrates through the nephrons. Afferent
arterioles cause more significant stress to make filtrates into the
renal corpuscle than that caused by efferent arterioles. Low and
high blood pressure can affect the rate of glomerular filtration,
which is why blood pressure is considered the best measurement
of kidney function as such, GFR assists in the detection, evaluation,
and management of kidney disease [67-69]. Biochemicals (e.g,
glucose, amino acids, urea, and small proteins) and ions (e.g,
Na+, K+, Cl-, HCO3-) do not move from the filtrate to go back into
the blood circulation. Because renal function is tied to GFR [70],
researchers have speculated that GFR also plays a role during RCC.
For example, Lowrance and colleagues found impaired GFR to
be associated with an increased risk for renal cancer (Medscape
Medical News; Impaired Kidney Function Linked to Higher Renal
Cancer Risk., May 30, 2014). As such, a potential direction for early
identification of RCC patients may be presented through examining
GFR. The present review is an important step forward in helping
to illuminate the relationship between GFR and RCC and offers a
foundation for future studies.

Proximal convoluted tubules (PCT)

The PCT portion of the nephron is present in the cortex of the
kidney [71]. PCT comprises cuboidal epithelium containing brush
border and has acidophilic cytoplasm due to many mitochondria,
which power the cell. PCT is located close to the renal corpuscle,
and fluid filtered from the Bowman’s capsule enters the PCT. As
such, due to their location immediately after the glomerulus, the
PCT performs an incredible amount of work. Approximately 65% of
renal reabsorption occurs in the PCT. As such, due to their location
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immediately after the glomerulus, the PCT performs a great amount
of work. Approximately 65% of renal reabsorption occurs in the PCT.
Most of the water is reabsorbed. In addition to water, also actively
and passively reabsorbed in PCT are ions (e.g., Na+, Cl-, K+, HCO3-,
Ca2++). Approximately, 66% of water and salt is reabsorbed in PCT
passively by osmosis. Most solutes like glucose, amino acids, and
lipid molecules are reabsorbed almost 100% by symporters and
facilitated diffusion; urea is absorbed around 50% by diffusion in
PCT. Vitamins are also metabolized in PCT. These solutes work via
transporters present on the cell membrane. The PCT maintains the
pH of the filtrate, and a state of alkaline/acid balance is achieved. In
the end, most of the ammonium, which is excreted in the urine, is
formed in the PCT [72].

The loop of Henle

After reabsorption and secretion in the PCT, processes continue
in the loop of Henle [71]. In the PCT, about two-thirds of the water
is reabsorbed; the loop of Henle reabsorbs the rest. In particular,
the body reabsorbed Na, Ca, K, and Cl ions in this ascending loop.
Filtration of solutes like glucose, amino acids, and lipids only
occurs in proximal tubules. As such, in the loop of Henle, only ions
and water are reabsorbed. In the ascending loop of Henle, sodium
ions are reabsorbed by sodium hydride antiporters and sodium-
potassium-chloride symporters. Some Na is passively diffuse, either
in a paracellular or transcellular way. Two limbs of the loop of Henle
show different permeability properties, and collectively, with their
counterflow, these limbs display countercurrent mechanisms [73-
75].

The distal convoluted tubule

Distal convoluted tubule (DCT) is the final stop for any
adjustment in urine after passing through the second convoluted
tubule. DCT works for about 10% of the water reabsorption under
the control of the hydration signals from the body, where it is a
passive process in PCT. Remarkably, the antidiuretic hormone acts
on the cells of DCT to boost water uptake. However, the adrenal
gland signals the principal cells to secrete aldosterone to increase
sodium and water uptake. Arginine vasopressin receptor 2, present
on the wall of DCT, stimulates the mechanism to maintain water
homeostasis and concentrate the urine. Vasopressin also regulates
the homeostasis of water in the body and urine concentration
corresponding to the signals accepted by the brain.

The role of DCT in controlling the conservation of ions is
considered as important as the role of the loop of Henle in this
conversion process [76]. Notable and significant reabsorption
of magnesium occurs in DCT [77-78]. Generally, reabsorption
of magnesium is load-dependent in the DCT [79-81]. Micro
fluorescent studies on mouse DCT cell line (MDCT) show that
magnesium uptake was voltage and concentration dependent
[82,76]. On average, distal magnesium absorption is less than
sodium and calcium [82]. In DCT, sodium is transported against an
electrochemical gradient by sodium chloride (Na Cl) symporters.
Approximately, 10-15% of water and 5% of calcium/chloride levels
are regulated in the early DCT; calcium is reabsorbed in the blood
by responding to the secretion of the parathyroid hormone PTH.
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Finally, the DCT makes its final adjustments of pH by shuttling
hydrogen ions and alkaline bicarbonate into or out of the filtrate as
required by the peritubular capillaries to regulate pH of the blood.
On a side note, little knowledge has been acquired regarding the
cellular mechanism involving the transport of cations and anions
in the DCT.

Collecting Duct

Collecting duct (CD) is situated in the cortex and runs toward
the medulla [83-84]. The lining of the CD wall is made up of
epithelium, which can be cuboidal to columnar epithelium. CD cells
can be categorized into two types: 1) principal cells, which secrete
potassium and reabsorb sodium and water, and 2) intercalated
cells, which reabsorb potassium and secrete hydrogen ions.
Principal cells in the CD system are sodium-transporting cells.

Altered metabolism in PCT during RCC

Therefore, each part of the nephron plays a specific function in the
reabsorption and secretion of metabolites and ions.

RCC physiology of the nephron changes in reaction to
metabolites present in the kidney tissue or biofluids, such as in
any other disease. NMR and LC-MS can further detect changes in
physiology, given that these instruments can assess sub-picomolar
concentrations, demonstrating high sensitivity. Data can be
extrapolated to investigate the changes in metabolites and their
physiological features of renal cells during cancer and in general. As
a result, similar types of reviews, additional research, and clinical
studies will work in tandem to expand the diagnosis, care, and
treatment of RCC while offering it as a clinical tool. In the future, the
potential biomarkers of disease should be further correlated with
system physiology, metabolomics, and proteomics.
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Numerous risk factors play a role in renal cancer. Individuals
have a 2.8-fold greater chance to get RCC in their lifetime if they
have family history of RCC [85]. Families with inherited RCC
have been shown to have the following six identified hereditary
syndromes; hereditary papillary RCC, leiomyomatosis, Birt-Hogg-
Dube syndrome, von Hippel-Lindau (VHL), tuberous sclerosis
complex, and succinate dehydrogenase-associated familial cancer.
Many genes are associated with these syndromes [85-86]. However,
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there are some other factors, also like smoking, hypertension, and
obesity, that contribute to RCC [87,15]. An increase in body mass
index (BMI) as well as blood pressure could increase the risk
of RCC independently, whereas a decrease in blood pressure is
linked with a reduced risk of RCC [88]. There are fewer studies on
hormonal factors. Pregnancy-associated hormones, particularly
high estrogen, may stimulate the proliferation of renal cells directly
[89]. In Syrian hamsters, administration of estrogen-induced renal
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cancer [90]. Studies have shown the presence of steroid hormones
like progesterone and estrogen in malignant conditions [89,91,92].
The thyroid hormone also appears to play an important role in
the progression and regulation of RCC. The thyroid hormone
triiodothyronine was shown to stimulate cell proliferation of RCC
cells [93-94]. Cells derived from RCC have also shown disrupted
expression of thyroid hormone receptor-f [95]. The activity of
the antidiuretic hormone also appears to be altered in RCC [96].
The erythropoietin hormone produced by the kidneys and their
receptors has been found in many cancers. Erythropoietin has
been revealed to promote proliferation, progression, angiogenesis,
and drug resistance in tumors [97]. Also of note, RCC contains
the heterogenous group of tumors with different genetic and
metabolic alterations. About 60-70% ccRCC originates in PCT
with characteristics of clear cytoplasm and sarcomatoid growth
pattern. A 5-15% range of papillary RCC also originates from PCT.
Oncocytic and chromophobic RCC accounts for about 5-10% of
tumors originating in the CD [98]. A comprehensive online search
has been made to explore the role of key metabolic components
altered during RCC progression (Figure 2).

Carbohydrate/Glucose Metabolism

Over the past two decades, there has been a strong concern
aboutthe metabolism of cancer, especially the metabolism of glucose
in cancer cells. As a result of subsequent investigations, many
cancer biologists have conferred that a major hallmark of cancer
is increased cellular glucose metabolism. Many drug candidates
based on glycolysis and oxidative phosphorylation and designed
to act as anticancer therapy/molecules are in various stages of
development [99]. Blood is the major reservoir for glucose, the
most abundant substrate in various metabolic pathways governing
the growth of cancerous and normal cells. Notably, cancerous cells
consume greater levels of glucose compared to normal cells.

Metabolomics studies on renal cancer showed altered levels
of biomarkers associated with the process of glycolysis and the
tricarboxylic acid (TCA) cycle. During the normal cellular process of
glycolysis, the final product of pyruvate is generated from glucose,
which can be lowered to lactate or acetyl coenzyme A (acetyl-CoA).
Fatty acids and multiple amino acids also generate acetyl-CoA by
the oxidation process in mitochondria during the TCA cycle. In
renal cancer, it has been shown glucose levels to be downregulated
in tissue and serum profiles [48-49], as well as downregulated in
urine [50].

For seven decades it has been known that glucose is
metabolized in cancer cells through glycolysis, even in the presence
of adequate oxygen. This paradox was first explained by Warburg
[100]. This phenomenon is also linked to structural and functional
impairment in RCC mitochondria [100]. Several changes have
happened in response to pseudohypoxia in RCC cell metabolism.
The extracellular glucose and its phosphorylated derivative, e.g.,
glucose-1-phosphate, glucose-6-phosphate) are transported into
the cell through apical transporter proteins (i.e., sodium-glucose
transport proteins 1 and 2 [SGLT1 and SGLT2] as well as transported
to the cell by the family of basolateral transport proteins (e.g.,
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glucose transporter protein type 1 and 2 [GLUT1 and GLUT2]).
Higher expression of these facilitative glucose transporters has
been stated in RCC. For example, GLUT5 is a well-characterized
fructose transporter and is stated in various cell types and body
organs (e.g. intestine, kidney brain, testis and skeletal muscle)
[101]. Of note, GLUTS5 is overexpressed in clear cell RCC [102].
At present, interest in GLUT5 is increasing due to a remarkable
increase in the total consumption of fructose in the human diet
[103]. Fructose is phosphorylated into fructose 1-phosphate,
and then metabolized to glycerol 3-phosphate for the synthesis
of glycerol or transformed to acetyl-coA, and finally, integrated
into fatty acid metabolism. Only a little fructose is converted into
glucose. Increased glycerol is transported to extracellular fluids by
the glycerol uptake facilitator protein (glpF) or aquaporin (AQP)
transporters [104-105]. Moreover, RCC serum showed an increased
level of glycerol [48]. This finding is reliable with the hypothesis that
the energy requirement for destructive cell proliferation increases
oxidation activity in peroxisomes. This oxidation activates the
gluconeogenesis-related transformation of triglycerides.

The final product of glycolysis is pyruvate. Increased pyruvate
level is the strong indicator of active glycolysis and glycogenolysis in
RCC tumor cells [106]. The increased concentration of pyruvate is
likely due to one or more of the following: 1- an increase in enzyme
activities involved in glycolysis and reduced utilization of pyruvate
during the TCA cycle, 2- the rise of anaerobic cell respiration, and
3- increased production of lactate. Most cancerous cells synthesize
lactate independent of hypoxia. An increased lactate metabolic
profile has been linked to cancer metastasis in general and an overall
poor cancer patient survival rate [107]. In anaerobic glycolysis,
the byproduct lactate plays a crucial role in tumorigenesis,
maintenance, and drug treatment responses [108]. Moreover,
tumor cells utilize lactate to support their growth, development,
and mitochondrial metabolism [109]. Lactate is also a substrate in
synthesising alanine andglutamate [110]. Like pyruvate, lactate is
one of the most promising biomarker metabolites in RCC patients.

Lactate, combined with the decreased levels of glucose in
serum or RCC patients, hints at an enhanced activity of anaerobic
respiration in RCC. For example, levels of lactate, which is produced
by anaerobic glycolysis, were observed to be heightened in tissue,
serum and urine profiles of RCC patients [48-50]. The increasing
level of lactate in RCC tumors indicates active glycolysis and
glycogenolysis. These results further indicate tumor cells switch
to glycolysis to offset the failure in synthesizing adenosine
triphosphate (ATP) from fatty acid oxidation. The increased
pyruvate and lactate flux are consistent while speeding glycolysis in
RCC cells, compared with normal renal cells [111].

Lactate efflux is mainly facilitated by monocarboxylate
transporters (MCTs), a proton-coupled lactate transporter that
exports lactate and H+ ions out from the cells to extracellular
environment [112]. MCT4 tends to maintain increased levels of
lactate in cancer cells and simultaneously acidifies the extracellular
space [113]. Low extracellular pH encourages metastasis [114].
Keshari et al. illustrated that MCT4 expression must be higher
in metastatic cells compared with localized cells; they found
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metastatic cells more rapidly export lactate out of the cells [111].
The hypoxia-inducible factor (HIF-1a) stimulates the transcription
of many vital enzymes of the glycolysis and enhance lactate level
as the byproduct. In addition, the HIF-1a is controlled by VHL (a
tumor suppressor) and VHL/ HIF action extensively improved cell
glucose metabolism (anabolism and catabolism). The inactivation
of VHL proceeds to the abnormal accumulation of HIF in ccRCC,
despite normoxic conditions with the subsequent upregulation of
metabolic pathways involved in glucose and fatty acid consumption
[100,115]. The responsible enzyme for lactate production is lactate
dehydrogenase (LDH), which converts the pyruvate to lactate. It is
transported out from the cell by MCT4, and the MCT transporters,
particularly MCT1 and MCT4 upregulated in aggressive RCC [116].
It is known that MCT4 and LDH are controlled by HIF-1a [117].
Of note, an increased level of lactate could stimulate a malignant
phenotype through the stimulation of several oncogenes and
create an acidic condition that safeguards cancer cells from the
phagocytic cells of the immune system [113]. The overactivity
of HIF-1a also inhibits the oxidative phosphorylation metabolic
pathway by targeting pyruvate dehydrogenase kinase-1 (PDK-
1) [118]. Conversely, insufficient oxidative phosphorylation, a
characteristic of many cancers, facilitates HIF stability through the
inhibition of prolyl hydroxylases [119]. PDK-1 phosphorylates and
inhibits pyruvate dehydrogenase activity, rendering it incapable of
fulfilling its role in catalyzing pyruvate to convert into acetyl-CoA,
which is the initial step for oxidative phosphorylation. Another
common molecular event in clear cell RCC is enhanced Akt signaling
that leads to speeding up glycolysis and diminished oxidative
phosphorylation. The PI3K/Akt signaling pathway is constitutively
active in kidney cancer [120]. The Akt hyperactivation regulates
signaling cascades, contributing to oncogenic aerobic glycolysis
[121]. In addition, these mechanisms induced the expression
of glucose transporters, increased expression and activity of
hexokinase as well as phosphofructokinase-1(PFK-1); these are
highly regulated enzymes in glycolysis. The enzymatic and metabolic
cascade of dysregulation stemming from the overactivity of HIF and
oncogenes merits greater examination in renal cancers. It has been
known that glycolysis enzymes like pyruvate kinase, hexokinase-1,
and lactate dehydrogenase-A significantly increased ccRCC patients
[122]. The chemically modified substrate 3-bromopyruvate(3-
BrPa) acts directly on enzymatic activity of hexokinase [123],
and 2-deoxy-D-glucose (2-DG) is believed to inhibit hexokinase
[124]. HIF-1a can activate LDH-A, a crucial enzyme in glycolysis.
Research has been performed targeting HIF-1a antagonist PT2385
demonstrate inhibition of tumor progression in various RCC
cells and is now is under clinical trials (NCT02293980) [125]. An
improved understanding of the interrelated processes may help
identify potential targets for therapeutic intervention.

Pyruvate is another crucial metabolic product to take into
account. Pyruvate can be promptly converted into alanine by
a transamination process involving alanine aminotransferase
or converted into lactate by LDH. Instead, pyruvate can be
metabolized to acetyl-CoA and initiate the TCA cycle. The increased
levels of pyruvate in RCC serum [126], perhaps due to increase in
enzyme activities involving in glycolysis (e.g., PFK and/or pyruvate
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kinase), that specifies reduced consumption of pyruvate in the TCA
cycle and increase in anaerobic cellular respiration due to active
glycogenolysis. This hypothesis is supported by the significantly
decreased levels of intermediates, such as succinate, malate,
and fumarate in TCA cycle, that altered glycolytic metabolism
in RCC and may imitate a catabolic state caused by neoplasia
and could be partially considered an adaptive mechanism for
sustaining energy homeostasis following the diminishing of TCA
cycle. In RCC tissue, TCA intermediates fumarate, malate, and
succinate were reported to be downregulated [127]. Conversely,
upregulation of the oncometabolite 2-hydroxyglutarate, an analog
of a-ketoglutarate (intermediate of TCA). 2-hydroxyglutarate can
prevent 2-oxoglutrerate-dependendet dioxygenase that facilitates
epigenetic modification, including DNA and histone demethylation
and has been linked to the cancerous phenotype progression
[128]. Considering the TCA cycle is an aerobic respiration creates
the energy following oxidative phosphorylation, but an anaerobic
energy metabolism and reduced respiration happen, even in the
presence of oxygen in the cancer cell, which is also referred to as
aerobic glycolysis or the Warburg effect [129]. It is essential to
mention, however, that the glycolytic pyruvate kinase M2 isoform
(PKM2) is more abundant than the pyruvate kinase isozymes
M1 isoform in RCC, indicating that little ATP synthesis would be
generated through the glycolytic pathway in RCC [130-131]. Also
recently discovered in RCC, both in vitro and in vivo was the under
expression of fumarate hydratase [132], a crucial enzyme in the
TCA cycle that catalyzed the fumarate to malate [133]. It has been
recognized that fumarate hydratase impairment reduces the TCA
cycle activity and, consequently, the accumulation of fumarate
which induces many metabolites that are involved in the cancer
progression. Zheng et al demonstrated how interrupted metabolism
triggered by the deficiency of fumarate hydratase that leads to
unique metabolic function and induces the production of stable
metabolites they can serve as the specific and unique biomarker for
the early diagnosis of RCC [134-135].

The pentose phosphate pathway (PPP) generates reducing
equivalents in the form of nicotinamide adenine dinucleotide
phosphate (NADPH, a reducing agent) and ribose-5-phosphate.
Ribose-5-phosphate is a precursor molecule for nucleotide
synthesis in malignant cells. Clear cell RCC is conferred with
enhanced activity of the PPP [136]. RCC cells possess chemo
and radio resistance as well as resistance to apoptosis. This high
level of resistance is most likely due to overexpression of the
p-glycoprotein, thereby the Warburg effect [137]. The RCC cells
utilize these unique properties to generate huge amounts of NADPH
via the PPP, which plays an important role against oxidative stress.
NADPH is a reducing agent involved in the glutathione pathway
and reduces the glutathione disulfide to produce glutathione.
Then, hydrogen peroxide is reduced by involving glutathione to
maintain a low level of oxidative stress in cells [138]. The ratio
of NADPH/NADP+ production in the PPP is typically increased in
promptly proliferating cancer cells [139]. Therefore, PPP appears
to be important to support the prompt growth of ccRCC. The two
key enzymes of PPP, glucose-6-phosphate dehydrogenase (G6PDH)
and transketolase have revealed the overexpression and activity in
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RCC [136]. Dysregulation of G6PDH has been reported in RCC and
elevated level of glucose-6-phosphate is correlated with the high
level of intermediates derived from PPP and proposed the major
role in RCC [140-141]. The overexpression of these enzyme was
demonstrated to associate with the malignant RCC phenotype,
which illustrated the key function of the PPP in RCC progression
[136].

Amino Acid Metabolism

The amino acid production is primarily initiated by the TCA
cycle intermediates and furnished the major pathways. Of note,
RCC patients exhibit relatively decreased glutamine (nonessential
amino acid) and increased glutamate, valine, and isoleucine
[142]. Both substrates’ levels are increased in RCC tissue [49].
However, a significant feature of cancer cells is the consumption
and metabolism of glutamine [143,144]. As such, glutamine is
considered a clinical nutrient given that it plays a central character
in nucleotide biosynthesis as well as cell proliferation, one of the
hallmarks of cancer [144]. Interestingly, it has been seen that
cancerous cells synthesize glutamine via the de novo pathway
[143,144]. Hypoxic cells or hypoxia-inducible factor-1 activating
cells utilize glutamine as the primary substrate for the synthesis
of fatty acids [145]. Eventually, cancerous cells utilize glutamine
as a key player in the synthesis of abundant antioxidants such as
glutathione, which is ultimately crucial for redox homeostasis and
the survival of cancerous cells in response to oxidative stress [146].
The glutamine consumption is also raised in ccRCC compared
to normal renal function [27,29,147]. So, targeting the enzymes
involved in glutamine metabolism, like glutaminase (GLS) by the
drug CB3940, is being tested in clinical research and observed to
be able to follow the response of RCC patients to such therapies [27,
29]. In other clinical study, CB-839 an inhibitor of glutaminase, is
used with mTOR inhibitor everolimus and promising results are
found for RCC patients [148]. A study on mouse models revealed
that inhibitors of NADPH synthesis like KPT-9274 can decrease
tumor burden in RCC [149]. Furthermore, increased concentrations
of glutamine in the blood have been observed in late-stage cancer
patients [150]. In 2016, Hosios et al. showed that glutamine and
glucose are the two nutrients that multiple types of cultured
cancerous cells mostly consume for their proliferation [151].

Glutamine is the nonessential amino acid and most abundantly
present in the blood [152], comprising 50% of free amino acids. The
free glutamine in the blood is absorbed in the renal system [72,153].
Renal absorption of glutamine in humans ranges between 7-10
g/d, an amount that equals 10-15% of whole-body glutamine flux
[153]. After uptake, glutamine is predominantly metabolized by the
glutaminase present in the intra-mitochondrial membrane. Only
10% of glutamine is metabolized by membrane-bound-glutamyl
transferase in the DCT and PCT [154-155]. Enhanced glutaminase
activity decreases the level of glutamine and other side glutamate is
consistently increased. Plasma glutamine reduction has also been
stated in, gastrointestinal, breast, and head and neck cancers [156].

Glutamate is a key amino acid for the synthesis of nucleotide
in most growing cells. It is derived from glutamine by the catalytic
activity of glutaminase. Glutamate can be released into the systemic
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circulation

to formed a-ketoglutarate by glutamate dehydrogenase and
produced ammonia as a byproduct. Then a-ketoglutarate would be
involved in TCA cycle [157]. The produced ammonia by the action
of glutaminase could be excreted in the urine or recirculated to the
renal vein [158]. [t was observed that increased level of glutamate
in RCC tumors is linked to enhanced glutaminase activity and also
observed higher levels of glutamate in the plasma samples of RCC
patients [142]. Recent studies have linked excessive glutamine
consumption in glioblastoma (cancer in the brain or spine cord)
to form ATP through the succinate-CoA ligase (SUCL) activity
in the mitochondrial matrix [159]. When the SUCL continues to
work towards ATP production, it is referred to as ‘mitochondrial
substrate-level phosphorylation’ (mSLP), a process that produces
high-energy phosphates in the presence or absence of oxygen in
cells with insufficient oxidative phosphorylation [159]. Therefore,
mSLP could compensate for insufficient ATP synthesis in RCC cells
that overexpress the PKM2 isoform and have recognized defects in
mitochondria structure and function.

Ornithine itself is a non-protein amino acid formed mainly
from glutamate and synthesized from the urea cycle. That is a
precursor molecule for polyamines. As pointed out, polyamine
metabolism was differentially controlled in aggressive ccRCC.
Inhibitor such as 2-difluromethylornithine (DFMO) that targets
polyamine metabolism and have been recommended for the
treatment of neuroblastoma [160-162], and might be represent a
curious therapeutic option for RCC as well. Indeed, the treatment
of DFMO significantly diminished the cell viability and reduced
mitochondrial activity in spheroid culture of RCC cell line 786-0.
In this perspective strategies combining DFMO with other drugs
(like proteosome inhibitor bortezomab) are currently studied in
neuroblastoma and should be considered a rational therapeutic
option for RCC [162].

The decrease of tyrosine, nonessential amino acid and
apparent increase of acetyl phenylalanine suggested alteration in
phenylalanine metabolism in RCC patients. The formation of acetyl
phenylalanine from the acetyl phenylalanine and increased levels
of it caused renal impairment. It appears in large amounts in the
geneticdisease phenylketonuria due to a deficiency of phenylalanine
hydroxylase, necessary for metabolizing phenylalanine to tyrosine
[163]. Like phenylketonuria, phenylalanine metabolism disorders
have been found in RCC, which indicates the inhibition of
phenylalanine hydroxylase. However, decades ago, Lichter-Konecki
and colleagues clearly described phenylalanine 4-hydroxylase
activity in the kidney [164]. The significant role of the kidney is
to convert the phenylalanine to tyrosine by the hydroxylation
of phenylalanine [165-166]. It has been suggested that tyrosine
deficiency by inadequate hydroxylation of phenylalanine
contributes to net protein catabolism and muscle deterioration
in persons with chronic renal dysfunction; therefore, tyrosine as
a dietary supplement could be considered to provide under these
conditions [167]. Apart from tyrosine, tryptophan is an essential
amino acid that can only be acquired from dietary supplements and
cannot be synthesized in the body. A lower level of tryptophan is
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also found in RCC patients. It should be noted that both tyrosine and
tryptophan are physiologically very important, they are precursors
of several neurotransmitters and hormones. The deficiency of
tryptophan could lead to endocrine dysfunction, often found in
RCC [168]. Tryptophan is catabolized by the rate-limited enzyme
indoleamine 2,3-dioxygenase (IDO) [169]. Several ongoing clinical
research on RCC using IDO inhibitors in combination or singly
(NCT02178722; NCT02318277; NCT02559492; NCT02048709)
are recruiting. However, these studies are still incomplete and do
not utilize interferon (IFN) in combination with IDO inhibitors
because INF-a can induce IDO levels [170], and INFa therapy with
IDO inhibitors can perform significant role for the treatment of RCC.

In humans, kidneys take up glycine and release serine
[153,171,172,173]. This has been explained as support for the
transformation of glycine to serine. This transformation is mediated
by a pathway concerning glycine modification enzyme and serine
hydroxyl methyltransferase [153] in the proximal tubule [172].
Another pathway that involves phosphorylating intermediates
for the transformation of glutamine, glutamate, and aspartate to
phosphoserine and consequently to serine.

Protein breakdown in muscle provides substrates like valine
and isoleucine for enhanced oxidation of branched-chain amino
acids (BCAA) in muscle tissue. Therefore, it has been posited that
increased protein breakdown in muscle is the initial process behind
the enhancement of BCAA levels in the early stages of cancer [174].
In renal cancer patients, alanine concentrations increased in serum
and urine but decreased in renal tissue [48-50]. The increased
levels of alanine might be linked with the alteration of pyrimidine
synthesis [175]. The observation showed an increase in proline as
well as a decrease or reduced activity and expression of proline
oxidase in tumor tissue could demonstrated the RCC tumor growth
[176-177]. Apart from proline, arginine played a crucial role in
RCC. Two enzymes, arginino-succinate-synthasel (ASS1) and
arginosuccinate lyase (ASL) are involved in the synthesis of arginine
[178]. Arginine is involved in the formation of urea as a waste
nitrogen carrier and spread into the renal vein by the synthesis
from citrulline [179]. Additionally, arginine itself accelerates the
synthesis of hepatic N-acetyl glutamate, an essential allosteric
activator of carbamoyl phosphate synthetase, this is one of the
important enzymes in the urea cycle [177]. Ultimately, concerning
the relationship between the renal production of arginine [180], it
has been demonstrated that arginine is metabolized into urea by
the arginase, the enzymes heterogeneously distributed along the
kidney tubules [102], and the activity of arginase improved toward
the renal medulla [178,180].

This compartmentalization of arginine formation, primarily in
the cortex, and breakdown, mainly in the medulla [178], permits
the kidney to export arginine to the bloodstream and metabolize
it into urea [181]. Likewise, arginine is a precursor of creatine
and then creatinine in the renal system [181]. Arginine may
be related to enhancing the synthesis of fundamental building
blocks in parallel to Warburg metabolism [182]. In the kidney, the
ammonia detoxification process is performed by forming arginine
through the urea cycle. Here ASS1 acts as a rate-limiting enzyme. In

Citation: Neerja Trivedi and Devendra Kumar*. Physiological And Metabolic Alteration in Renal Cell Carcinoma: Importance for Therapeutic

Outcome. Anat & Physiol Open Access J. 1(5): 2024. APOA].MS.ID.000523.

ccRCC, ASS1 has been shown to be downregulated in tumor cells,
causing cancer to be auxotrophic for arginine [183]. These studies
are consistent with RENCA mouse model study, where arginine
deprivation inhibited the tumor growth of RCC [183]. The reduced
contribution of ASS1 and ASL leads toward the RCC progression
[184]. The pegylated arginine deiminase or iminohydrolase, also
known as ADI-PEG20 must be utilized to break down the arginine
in cancer cells [185]. Given that 90% of the creatine in the human
body is contained in muscle, a constant percentage of this pool is
converted into creatinine daily by a non-enzymatic mechanism.
Creatine metabolism principally occurs in the kidney [186].
L-Arginine-glycine amidinotransferase (AGAT), an enzyme that
catalyzes transfer of an amidino group from L-arginine to glycine,
involved in creatine and creatinine metabolism, has been found to
exhibit low levels of activity during chronic renal failure in rabbits
[187]. Remarkably, AGAT expression was downregulated in Wilms’
tumor, which is a rare kidney cancer [188]. In rat nephrons, AGAT
immunoreactivity and its activity are limited to the cells of the PCT
and almost negligible in other parts of nephrons [189,190]. Patients
with RCC are known to have reduced the activity of AGAT as well as
creatinine levels [50].

In addition, amino acid transporters perform a decisive role in
RCC metabolism. For the export of neutral amino acids, alarge amino
acid transporter (LAT) [191-192] and involved in the absorption of
amino acids from the small intestine as well as in the PCT [193-
194]. Accordingly, the four LATs (LAT1, LAT2, LAT3, and LAT4) have
been investigated in RCC patients. In these, LAT1 is associated with
cancer [195-198]. On the other hand, LATs 1-4 appear to have an
important influence on normal kidney function. Findings revealed
that on the basis of mRNA expression, LAT1 was increased in tumor
tissue compared with healthy tissue. In addition, the LAT1 mRNA
level was significantly greater in less-differentiated primary tumors
as well as metastatic tumors. These findings suggest LAT1 can
influence the proliferation and invasion of ccRCC [199].

Lipid Metabolism

One of the characteristic features of cancer cells is an increased
prevalence of lipogenesis. The biosynthesis of lipids is progressively
seen as a possible target for anti-cancer therapy, given its
importance as a metabolic process in cancer cells. The proliferating
cancer cells create a high requirement of phospholipids and
cholesterol as membrane building blocks. Fatty acids are saturated
or unsaturated carboxylic acids with an unbranched aliphatic chain
and are fundamental molecules for energy production and storage,
building blocks of cells, signaling molecules, as well as important
components of cellular homeostasis and physiology. Lipidomics
is an emerging area of research in cancer biology [200]. In recent
years, it has been shown that fatty acid metabolism plays an
important role in several types of cancer. Dietary (exogenous) fat
is the main source for lipids synthesis in normal cells, while cancer
cells both actively synthesize lipids and use exogenous lipids [201].
Therefore, cancer cells have higher expression and activity of key
enzymes involved in lipid metabolism. The overexpressed enzymes
can serve as potential therapeutic targets [201]. Because normal
mitochondrial function is essential to produce ATP from fatty acids,
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the mitochondrial abnormalities documented in RCC can prevent
energy generation from fatty acids. The clear cell appearance of
RCC could result, in part, from decreased triglycerides (a storage
fatty acid) as seen in other cancers [202]. Of note, the storage
of triglycerides is assumed to be a protective approach against
the toxicity of free fatty acids [203]. RCC may be the result of
enhancement in fatty acid oxidation, it was noticed in other cancer,
as prostate cancer in particular [204-205]. The L-3-hydroxyacetyl
coA dehydrogenase (HADH) is involved in the fB-oxidation of
medium chain length fatty acid. A reduced expression of HADH was
associated with immune infiltration and poor clinical outcomes in
RCC patients [206]. In the scientific literature, tumor markers of
RCC can be found in fatty acid-binding proteins (FABP), involved
in the transport of fatty acids [207-208] and key enzyme fatty acid
synthase (FASN) apparently associated with the initiation and
progression of cancer [209], which emphasizes the prominence
of fatty acid metabolism in RCC. Remarkably, the upregulation of
fatty acids appears to be associated with metastasis in particular
[210]. This association indicates the increased fatty acid synthesis
or uptake and decrease the mitochondrial oxidation of fatty acid
may be rather late events in the development of RCC to an invasive
and metastatic stage [211-212].

The occurrence of uncontrolled metabolism and accumulation
of cholesterol in solid tumors has been recognized very well [213].
This uncontrolled condition is associated with the accelerated
cellular growth and divisions of tumor cells, which require higher
levels of lipids or cholesterols and their derivative precursors.
Approximately 50% part of the cell membrane is organized by
the various lipids and cholesterol. The membrane cholesterols
are generated by the uptake of circulating serum lipoproteins.
The extreme uptake of lipoprotein cholesterol from serum is a
prospective source of cholesteryl esters in RCC [214]. The LC-MS
and NMR based analysis of kidney biopsy samples have revealed the
increased levels of lipid in RCC [215-216]. The final product of lipid
metabolism is the ketone bodies was shown to have concomitant
decrease that can be correlated to decrease lipid consumption due
to the higher need in cell proliferation in RCC [142].

NADPH performs a typical role in histopathological
complications in RCC by facilitating metabolism and accumulation
oflipids in the cells. The increased rate of NADPH production may be
due to the excess activation of the PPP in cancer cells. Nonetheless,
in many tumor cells was revealed altered lipid metabolism and this
alternation supports the notion that lipogenesis is involved in the
malignant progression in RCC [217]. FASN is a crucial enzyme that
is able to synthesize fatty acids de novo [218]. Overexpression of
FASN is a common phenomenon in many cancer types [219-222].
For example, Horiguchi et al. described that FASN overexpression is
a marker of tumor violence and inadequate prognosis in RCC [209].
Of note, in their experimental design using immunohistochemical
analysis, only 15% of the tumors revealed positive stains for
FASN expression [209]. RCC cells comprise the elevated levels
of esterified form and normal cholesterol [223]. However, the
level of free cholesterol is several folds less than that of esterified
cholesterol [223]. Free cholesterol accumulation in RCC cells is
toxic and is protected by elevated levels of esterified cholesterol
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[224]. The metabolomics studies on RCC showed an increase in
fatty acid utilization by the tumor cells [225]. In a xenograft study,
peroxisome proliferator activator receptor-a antagonist ‘GW6471’
an inhibitor of fatty acid oxidation, was tested in various ccRCC
models and demonstrated to inhibit ccRCC tumor growth [149,
226]. Besides, FASN involved in the synthesis of fatty acids and
cholesterol, are over-expressed in ccRCC [227]. By inhibiting FASN
via cerulin or its derivative C75 can reduce the lipogenesis process
in different cancer models including RCC cells [227,228].

Glunde and colleagues found choline and phosphocholine
synthesis to be connected with modifications in cell membrane
structure that accompany the expansion of cancer [229]. They have
shown elevated levels of choline in RCC tumors. Choline can only
be obtained through diet. It is speculated that the increased levels
of choline may be caused by the impairment in the phospholipid-
lipid pool or maybe due to a higher demand for phospholipids
during the uncontrolled proliferation of malignant cells [48, 230].
Additionally, the sharp reduction of glycerophosphorylcholine
might be revealed to be a disorder in the function of osmolarity
in kidney cells in RCC patients. Sizeland and colleagues found that
glycerophosphorylcholine is one of the key organic osmolytes in
renal medullary cells, [231] and it can counteract the effects of
urea on other macromolecules and enzymes as well. The accretion
of the organic osmolytes in the renal medullary cells, the kidneys
can respond to hypertonic stress (i.e, abnormally high osmotic
pressure) caused by the fluctuation in extracellular solutes
[232]. In eukaryotic cell membranes, phospholipid choline (i.e.,
phosphocholine) plays major structural and functional roles. The
significant rise in the serum lipid concentration and consequent
decrease in the choline/phosphocholine levels examined in RCC
patients are consistent with those described in an earlier study
[215].

In RCC patients, studies have shown the sphingolipid class
of lipids to be abnormal compared to controls [233]. In RCC, the
sphingolipid sphingomyelin, which is found in cell membranes,
is downregulated, sphingolipids, ganglioside,
sphinganin are upregulated. Ganglioside is a sialic acid-containing
glycosphingolipid, and sphinganinis a precursor to ceramide (N-acyl
sphingosine). Ceramide is a hydrolysis product of sphingomyelin,
but it can also be synthesized from palmitate and serine. Other
complex sphingolipids (e.g., glucosylceramide, lactosylceramide
and gangliosides) originated from ceramide. Of note, gangliosides
have attracted considerable interest for nearly two decades as
prospective targets for cancer treatment and diagnosis [234,37].
It is sufficient to consider that more gangliosides originated from
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ceramide to inhibit the proliferation of renal carcinoma cells
and this production results in a reduction of the sphingomyelin.
Sphingolipids perform a significant role in cell migration and
proliferation. Moreover, several drugs are considered in cancer
therapy to target the enzymes involve in sphingolipids metabolism
[235] and may improve RCC therapy in combination with TKI or
mTOR inhibitors [236-237]. RCC patients show lipids profiles
of tumors appearing, who could benefit from such a therapeutic
option.
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Very-low-density lipoproteins (VLDL) are synthesized in the
liver and degraded by lipoprotein lipase. VLDL, intermediate-
density lipoproteins (IDL), and low-density lipoproteins (LDL) are
interrelated. IDL and LDL appear in the bloodstream as remnants
of VLDL, which is converted to LDL by the removal of proteins,
except apolipoprotein B100, and by the esterification of most
of the cholesterol by lecithin-cholesterol acyl transferase that is
associated with high-density lipoproteins (HDL). The esterification
process ensues by the transfer of a fatty acid from lecithin to
cholesterol, which forms lysolecithin. A decrease in LDL/VLDL
signaling is associated with hypolipidemia examined in various
cancers [238-239] and the well-described the increase of lipids of
kidney specimens with RCC [223]. In ccRCC tissues, the receptor of
VLDL is controlled and associated with the lower survival rate of
the RCC patients [240].

Vitamin Metabolism

In addition to macronutrients, ongoing investigations in
cancer metabolism are broadening to include micronutrients,
such as vitamins, which have been largely underexplored in cancer
metabolism. However, researchers are examining this domain as an
emerging key player in cancer metabolism, and as such, vitamins
are attracting considerable interest as therapeutic options [241].
The metabolism of vitamins like E, B, and D also plays a vital role
in RCC. For example, based on a case study by Li and colleagues
found to reduce the risk of RCC by nearly 25% by taking vitamin
E compared with minimal intake. This study occurred at the Third
Military Medical University in China and involved 5,789 PCC cases
and 14,866 controls [242]. Vitamin E is an antioxidant reported
to inhibit cancer development, tissue lipid peroxidation, and the
formation of 8-hydroxydeoxyguanosine, as well as protect DNA
from fragmentation [243-244]. a-tocopherol is the primary form
of vitamin E and is involved in the antioxidant system of animals
[245]. During RCC, a-tocopherol is upregulated [246], which may,
in turn, indicate increased uptake of fatty acids and lipids [247].
Some studies showed inverse associations between a-tocopherol
and RCC risk [248-251], while some studies reported marginal
or no significant association between RCC risk and tocopherol
intake [252-254]. Similarly, Vitamin B6 and Vitamin D deficiency
was related to increased risks of cancer [255]. Vitamin D is found
in food in the form of vitamin D2 and D3 and is also produced in
the body after exposure to ultraviolet (UV) rays. Both the forms
are processed in the liver and afterward in the kidney to form
functionally active vitamin D i.e., calcitriol. Interestingly, calcitriol
has been displayed to inhibit the progression of tumors. The exact
anti-cancer mechanism of vitamin D is not well explored; however,
it is speculated that vitamin D and its metabolites abrogate the
oncogenesis by inhibiting proliferation, invasion angiogenesis, and
metastasis. It is also determined that vitamin D and its metabolites
may stimulate cell differentiation and apoptosis [256]. Recently it
has been indicated that calcitriol prevents infiltration and migration
of RCC cells by repressing Smad2/3-, STAT3- and [-catenin-
mediated epithelial-mesenchymal transition (EMT) [257]. In
addition, the availability of folate, among the vitamins B complex,
has been shown to increase the risk of RCC [258]. Decreased
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folate concentration can be indicated by increased levels of serum
homocysteine. Of note, these elevated homocysteine levels may
indicate folate deficiency and influence other metabolic pathways.
The association between serum folate and serum seems modest
[259]. Recently, it has been shown that oral intake of folate can
reduce mucositis in metastatic RCC [260]. Furthermore, circulating
vitamin B6 has also been shown as an additional prognostic marker
for RCC and higher circulating levels of vitamin B6 were noticed
to be related with better survival, independently of disease stage
[261]. Vitamins ingested directly through a diet of fruits and
vegetables have also revealed promising results. For example,
a 2009 cohort study by Lin observed the relationship between
increased fruit and vegetable intake, including Alpha-Tocopherol
and Beta-Carotene (ATBC), to provide a significant protective effect
against cancer [262]. Similar results were also shown by Bock and
colleagues (2018) [251].

Vegetables and fruits are the primary sources for folate,
specifically, it was demonstrated in the studies conducted for
fortified and non-fortified folic acid in the population [263-264].
As such, these monitored relationships support the role of folate
ingestion. Nevertheless, fruits and vegetables are also sources of
various other factors presented to decrease carcinogenesis. Taking
this into account, there are possibly other non-folate explanations
for the associations underlying these findings. Interestingly, the
role of one-carbon metabolism in the risk for developing RCC
was supported by a candidate gene study. Here, researchers
reported substantial relationships between single-nucleotide
polymorphisms (SNP) in one-carbon metabolism genes and the
susceptibility to RCC [258]. Among all metabolites examined by
Mao and colleagues, vitamins emerged as an important classifier
of tumor-versus-normal tissue. Therefore, this data potentially
underscores the importance of vitamins in the pathology of RCC,
and additional and focused studies may be merited to show
vitamins as novel therapeutic strategies.

Hormonal Imbalance

Research revealed that hormones are also one of the
attributions of the cause of RCC. Uncontrolled endocrine activation
plays a considerable role in RCC pathology. Alteration in paracrine
and autocrine signaling might involve cell migration, proliferation
angiogenesis, and drug resistance in RCC. The clinical biochemical
research shows that serum levels of luteinizing hormones (LH),
follicle-stimulating hormones (FSH), prolactin (PRL), human
chorionic gonadotropin hormone (HCG), thyroid stimulating
hormone (TSH), and parathyroid hormone (PTH) were significantly
altered in urogenital cancer patients including RCC [265]. PTH
levels were found to be downregulated or suppressed in RCC
patients after surgical removal of the kidney (Nephrectomy) [266].
The elevated frequency occurrence of PRL was found in 45% ccRCC
patient regardless of their stage of the disease [267]. FSH and TSH
were found to be very abnormal during metastatic conditions in RCC
patients. The role of hormonal imbalance in RCC pathophysiology
is still being explicated to require details of hormonal interactions
with oncogenesis.
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The gonadotropin releasing hormone (GnRH) and follicle
stimulating hormone-releasing hormone (FSH-RH) mediates the
release of LH and FSH from the anterior pituitary. The appearance
of GnRH receptors was examined in specimens of RCC and surgically
removed human cell lines. The positive expression was found in
both cases, wherein tumor samples GnRH receptor expression
was too high [268]. Therefore, it was assumed that inhibitors
of GnRH receptors (for example, AEZS-108 or AN-201) can be
targeted against ccRCC tumors during the overexpressed condition
of these receptors [268-269]. Jungwirth in 1998 demonstrated
in Caki-1 cell line-based xenograft models that GnRH antagonists
(Cetrorelix named; SB-75) were tested and displayed to reduce the
progression of RCC and latter, this group of compounds proposed to
be considered in therapies for ccRCC patients [270].

The FSH receptors (FSHR) are present in solid tumors,
including RCC, after forming angiogenic blood vessels [271-272].
The FSHR expression in neo-vascular tumors is observed solely
in the boundaries of the tumor but not revealed in the blood
vessels of nonmalignant tissue [273]. FSHR may be involved in
neo-angiogenesis, making it a possible therapeutic target. The
application of FSH-neutralizing antibodies could result in a greater
reduction in FSH levels. Recently, a negative allosteric modulator of
FSHR “ADX61623” was investigated; it can inhibit the FSHR signaling
[273]. FSHR-antagonizing molecules need to be investigated for
their role in targeting FSHR in RCC.

The receptors of estrogen (ER) and progesterone (PR) are
found in the cytosols of the RCC kidneys compared to normal
kidneys. The expression of both receptors (ER and PR) in RCC
tumors has suggested that they are associated with excessive
exogenous estrogens, as it is usually thought that human kidneys
are unresponsive to estrogen. The frequency of expression of ER in
human RCC was different in various studies [274, 275]. Estrogen
treatment can significantly decrease cell migration, proliferation,
invasion, and apoptosis in different cell lines with high endogenous
ER-B. ER-B has a cancer-suppressive role, and it was indicated
that ER-f8 could be used as a diagnostic marker for RCC [274].
PRs were also found in ccRCC and serve as a specific and sensitive
diagnostic marker for oncocytomas and RCC, which could be used
to distinguish between these two subtypes. Patients who were
positive for ER/PR or both had positive results from pregestational
therapy.

The steroid hormone metabolism is considerably different in
RCC patients for benign and malignant distinction. Metabolites of
testosterone and cortolone were raised in RCC patients [41]. The
receptors of these hormones, e.g., glucocorticoid and androgen
receptors,are the prominent markers designated tumor suppressive
activity in RCC [276], However, overexpression of mineralocorticoid
receptors encourages cell survival and enhances RCC progression
[265]. It is advised that the proficiency of these hormones could
process the response of RCC patients against the high dose of
hormone administration to prevent the activity of glucocorticoid
receptors, which may be engaged in tumor growth [277]. It may
be instigated by differential expression levels of steroid receptors
[278]. The above-stated examples may demonstrate an alternative
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pathway activation in RCC via hormones. Studies showed the
possibility of RCC induction through hormone-activated pathways.
Inhibition of hormonal signaling can be crucial in supportive
therapies against RCC.

Therapeutic Opportunities
Metabolism During RCC

Targeting Altered

Understanding the dysregulation of RCC metabolism and the
ability to translate these findings into actionable anticancer targets
are new opportunities for cancer therapeutics. Different promising
strategies that target altered metabolic pathways in combination
or alone with anticancer therapies are highlighted in Table 1.
Additional research provides important examples to support
the idea that targeting metabolism can be used by clinicians for
rehabilitation.

For instance, pyruvate kinase plays a pivotal role in regulating
cancer metabolism. It regulates the rate-limiting step of glycolysis
that shifts the glucose metabolism from the normal respiratory
chain to lactate production in renal cancerous cells. As a metabolic
regulator simultaneously, it acts like a protein kinase contributing
to renal tumorigenesis. Immunohistochemical staining of the
RCC tumor showed the presence of the PKM2 [279]. Huang et
al. demonstrated that inhibition of 3-Hydroxy-3-methylglutary
coenzyme A reductase (HMGCR) led to an increase in glycolysis,
so maintaining the level of PKM2 or suppressing the glycolysis can
reverse the HMGCR inhibition-induced tumor growth acceleration
in RCC mice. The coadministration of PKM2 inhibitor Shikonin can
revert the tumor development induced by HMGCR pathway. So,
based on the findings, Shikonin could be used as a possible clinical
medication for the prevention or treatment of tumor corrosion
related to glycolysis or HMGCR abnormalities [280].

In a different context of RCC, metformin acts as an inhibitor of
fatty acid oxidation in mitochondrial metabolism and also shows
an antitumor effect [281-284]. Metformin induces the activation of
AMP-activated protein kinase (AMPK) and inhibits the mTOR [285],
a central regulator of protein synthesis and cell growth [286].
Liu and colleagues evaluated that daily treatment of mice with
metformin prevented RCC tumor growth and may be used for the
treatment of RCC [286]. Fiala et al. evaluate the use of metformin
on the survival of metastatic RCC (mRCC) patients treated with
pazopanib or sunitinib and found favorable outcomes [283].
Hamieh et al. also investigated the survival benefit of metformin
use in mRCC patients [287]. Whereas Miskimins et al. showed more
cytotoxic towards cancer cells compared to metformin [288].

Energy production and glucose and glutamine utilization in
RCC cells enhance glutamine supply to support cell growth and
proliferation. Inhibitors of glutaminase (GLS) target glutamine
addiction as a possible treatment approach in mRCC [289]. The
6-diazo-5-oxo-1-norleucine (DON) was first described as GLS
inhibitor and suggested to be helpful in chemotherapy [289].
Another example of an allosteric inhibitor of GLS is a Bis-2-(5-
phenylacetamido-1,2,4-thiadiazol-2-yl) ethyl sulfide 3 (BPTES)
[290]. CB-839 is a novel glutamine inhibitor of kidney-type
glutaminase. CB-839 is under clinical trials for several tumors
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including ccRCC, alone or in combination with cabozantinib,
everolimus, and nivolumab [22]. The gaining of drug resistance is a
decisive factor against the long-term drug effects for the treatment
of RCC and is accountable for the poor clinical outcomes [291].
Recently, tyrosine kinase inhibitors (TKI), mTOR inhibitors [292-
293], and immune checkpoint inhibitors [294-296] were used as the
first-line therapy for the treatment of mRCC [297-301]. According
to the completed or ongoing clinical trials everolimus, lenvatinib/
nivolumab, and cabozantinib changed the treatment landscape for
RCC. So, the comprehensive understanding of metabolic alterations
and the efficacy of different therapies to target glycolysis,
mitochondrial respiration, and various metabolic pathways must
be therapeutically exploited in RCC. For the prediction of drug
efficacy, metabolic biomarker detection is the way to overcome the
problem, reduce cost, and improve patient survival rate.

Conclusions and Future Perspectives

Undoubtedly, research in cancer metabolism is rapidly
advancing. The application of multi-omics interventions to
investigate the origins of disease has strengthened our grasp on
the complexity of these disease networks. The latest discoveries
in cancer biology and biochemistry bear witness to the need for a
major update of biochemistry textbooks and a targeted biochemical
review of the field of cancer, with a more holistic interpretation of
data. To explain the cellular regulation of metabolism, the emphasis
in the 21st century has dramatically changed from biochemical
networks to protein networks. Apart from progress in basic science,
there are essential concerns about whether metabolism may be the
heel for combatting cancer.

Interestingly, an abundance of metabolic proteins, enzymes, and
their biochemical pathways are still waiting to be investigated as
novel potential targets in cancer therapy. Considering and examining
metabolism as a central player is expected to reveal several novel
therapeutic targets to bring new hope in cancer treatment and
recovery. The synthesis and removal of reactive oxygen species
are closely related to respiration and the synthesis of glucose and
glutamine. There are many worthy and thought-provoking topics
to examine in more detail to propel research forward, including the
roles of reactive oxygen species, redox metabolism, and metabolic/
biochemical changes in the tumor stroma. Lastly, one could speculate
that targeting cancer energetics and metabolic signaling pathways
and cascades will bring new promise in cancer-specific therapy for
multiple cancer types, particularly considering that healthy cells’
energy dependence differs significantly from cancer metabolism.
The review reveals the metabolic molecular processes involved in
RCC, as well as the promising concept of cancer metabolism in the
context of therapeutic intervention.
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