Translational Oncology 14 (2021) 101043

Contents lists available at ScienceDirect g;gg'gtwna' ——

Translational Oncology

journal homepage: www.elsevier.com/locate/tranon

Influence of cholesterol on cancer progression and therapy R

Check for
| updates

Shyamananda Singh Mayengbam, Abhijeet Singh, Ajay D. Pillai, Manoj Kumar Bhat*

National Centre for Cell Science, Savitribai Phule Pune University, Ganeshkhind, Pune 411 007, India

ARTICLE INFO ABSTRACT

Keywords: Cholesterol is a fundamental molecule necessary for the maintenance of cell structure and is vital to various nor-

LDLc mal biological functions. It is a key factor in lifestyle-related diseases including obesity, diabetes, cardiovascular

LDLR disease, and cancer. Owing to its altered serum chemistry status under pathological states, it is now being inves-

giz;::teml tigated to unravel the mechanism by which it triggers various health complications. Numerous clinical studies

Chemoresistance in cancer patients indicate an alteration in blood cholesterol level (either decreased or increased) in comparison
to normal healthy individuals. This article elaborates on our understanding as to how cholesterol is being hi-
jacked in the malignancy for the development, survival, stemness, progression, and metastasis of cancerous cells.
Also, it provides a glimpse of how cholesterol derived entities, alters the signaling pathway towards their advan-
tage. Moreover, deregulation of the cholesterol metabolism pathway has been often reported to hamper various
treatment strategies in different cancer. In this context, attempts have been made to bring forth its relevance
in being targeted, in pre-clinical and clinical studies for various treatment modalities. Thus, understanding the
role of cholesterol and deciphering associated molecular mechanisms in cancer progression and therapy are of
relevance towards improvement in the management of various cancers.

Introduction present in all animals as well as in plants with slight modification in

Cholesterol was first discovered by a French Doctor Poulletier de
la Salle from bile and gallstones in 1769. It was later on rediscovered
by Chevreul in 1815 and termed as ‘cholesterine’ [1]. To date 13 No-
bel Prizes have been awarded for studies related to cholesterol [2]. In
the early 1900s, Wieland H, & Windaus A, made immense contributions
towards delineating the structural and functional role of cholesterol.
Notably, Wieland was awarded the Nobel Prize (1927) for his work
on deciphering the composition of bile acid and its structural similar-
ity to cholesterol [3]. Windaus A, in 1928 was also awarded the Nobel
Prize for his contribution towards understanding “the constitution of the
sterols and their connection with the vitamins” [4]. He was the first per-
son who proposed the empirical formula of cholesterol. Later, in 1945
Carlisle CH, and Crowfoot D, deciphered the crystal structure of choles-
terol through X-ray analysis in cholesteryl iodide [5,6]. A schematic rep-
resentation of historical discoveries in cholesterol biology is shown in
Fig. 1.

Cholesterol is an organic molecule consisting of steroid rings with a
hydroxyl group, two methyl groups, and a hydrogen tail; altogether it is
formed by 27 carbon atoms, 45 hydrogen atoms, and 1 hydroxyl group
(C27H460) having a molecular weight of 386.664 g/mol. Cholesterol is

their molecular structure [7]. Studies were carried out to identify var-
ious cholesterol carriers and Macheboeuf M, (1929) first isolated high
density lipoprotein (HDL) from horse serum followed by the isolation
of low density lipoprotein (LDL) from human plasma/serum by On-
cley JL, et al., [8]. The discovery of low density lipoprotein receptor
(LDLR) by Goldstein JL, and Brown MS, led to a paradigm shift in the
understanding of cholesterol metabolism and they were awarded the
Nobel Prize in 1985 for their discovery with regard to “the regulation of
cholesterol metabolism” [9]. They demonstrated that LDL is recruited
through receptor-mediated uptake followed by endocytosis and recy-
cling of LDLR [10].

Cholesterol metabolism is tightly regulated in normal cells. Approx-
imately 80% of total cholesterol in humans is normally biosynthesized
in the body and 20% is secured from the diet [11]. It is either present in
free form or as a cholesterol ester with fatty acids. Most of the dietary
cholesterol is in the form of cholesterol ester and its transportation in the
body is carried out in bound form with different Apo proteins forming
an Apo-lipoprotein complex (cholesterol carrier/transporter) [12]. De-
pending on the size, density, lipid composition, and Apo protein binding
partners, plasma lipoproteins (cholesterol bodies) are classified into var-
ious types; i.e., chylomicrons, chylomicron remnants, very low density
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Fig. 1. Major breakthroughs of cholesterol-related discoveries in chronological order. Landmark discoveries in cholesterol biology [1-9,255].

lipoprotein (VLDL), intermediate low density lipoprotein (ILDL), low
density lipoprotein (LDL), lipoprotein A (Lp (a)), high density lipopro-
tein (HDL) cholesterol. Cholesterol either synthesized or taken up from
the diet is released into the circulation as chylomicrons and VLDL from
the intestine and liver respectively. For transport of cholesterol to vari-
ous organs/tissues/cells, chylomicrons and VLDL are further condensed
to chylomicron remnant and LDL, which are more enriched with choles-
terol. Among all the lipoproteins, LDL is the major cholesterol carrier
whereas HDL performs the function of reverse cholesterol transport
by delivering cholesterol to the liver from peripheral tissues [12]. A
schematic representation of cholesterol transport in our body is given
in Fig. 2.

Functionally, the role of cholesterol is indispensable for the growth
and development of animal cells. As a component of the mammalian
cell membrane, it has an essential role in maintaining the structural in-
tegrity of animal cells [13]. It facilitates the stabilization of membrane
fluidity and is involved in membrane trafficking processes important for
the regulation of numerous trans-membrane signaling pathways [14].
Cholesterol is also involved in bile acid synthesis, serves as a precur-
sor of vitamin D synthesis and steroid hormones (cortisol, cortisone,
aldosterone, progesterone, estrogen, testosterone, etc.). Additionally, it
is vital for sperm development, immune system defense as well as in
the development and functioning of the central nervous system [7,15].
Indispensable biological functions of cholesterol are depicted in Fig. 3.

Evidence for the possible role of cholesterol in cancer cell prolifera-
tion dates backs to the early 1900s [16]. In 1901, a study by John Holden
Webb suggested that the crystallization of cholesterine from living cells
causes malignancy [17]. Later on, various pre-clinical and clinical stud-
ies report that alteration in blood cholesterol level is a critical phe-
nomenon in many malignancies [18,19]. Recently, cholesterol has been
linked to risk factors, occurrences, prognosis and therapeutic outcome
of various cancers [20-23]. Molecular studies reported accumulation of
cholesterol or higher cholesterol content in tumor tissues of breast, thy-
roid, uterine, ovarian, and renal cancers as compared to normal tissues

[24,25]. Cancer cells require cholesterol for rapid proliferation and tend
to accumulate a high amount of cholesterol for which they either rely on
up-regulated cholesterol biosynthesis or by enhancing uptake of choles-
terol. Many of the cancer cells lack a feedback mechanism for control-
ling cholesterol uptake through LDLR expression as compared to normal
cells/ tissue (Fig. 4) [26]. Majorities of tumor tissues exhibit a higher
expression of LDLR for rapid uptake of cholesterol which is believed to
be a more energy-saving process as compared to cholesterol biosynthe-
sis. Overexpression of LDLR facilitates rapid uptake of LDL cholesterol
(LDLc) and thus contributes to the accumulation of lipid components
including cholesterol, free fatty acids, and triglycerides [26-29]. Pre-
clinical studies highlighted the importance of cholesterol in supporting
the growth and proliferation of different cancer types by tuning numer-
ous signaling pathways (Akt, ERK, etc.) [29-31]. Moreover, recent find-
ings also highlighted the relevance of cholesterol derivatives such as
oxysterols which are a byproduct of cholesterol metabolism i.e., the oxi-
dized form of cholesterol. Notable oxysterol includes 25-hydroxy choles-
terol (25-HC), 27-hydroxy cholesterol (27-HC), 22(R)-hydroxy choles-
terol (22-(R) HC), 6-oxo-cholestan-3b, 5a-diol (OCDO), dendrogenin A
(DDA)) and these influence proliferation of cancer cells by altering var-
ious cellular functions [32,33].

The significance of targeting cholesterol metabolic pathways in alter-
ing the growth of cancers has been recently emphasized in several stud-
ies. It has been demonstrated that targeting cholesterol biosynthesis and
cholesterol uptake by a combination of specific drugs sensitized cancer
cells to therapy [28,34]. Statin is one such FDA-approved drug that in-
hibits 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) reductase which is
involved in cholesterol biosynthesis. Other than its cholesterol-lowering
effect, it has been reported that statin also has pleiotropic effects on
cancer cell proliferation. In vitro and in vivo studies suggest that statin
alone or in combination with other drugs inhibits the proliferation and
survival of various cancer cells [35,36]. Targeting cholesterol uptake
through downregulation/ inhibition of LDLR also increases the efficacy
of chemotherapeutic drugs [28].
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Fig. 2. Pictorial representation of cholesterol transport in the human body. (A) Transport of dietary lipid in the form of TG, FFA, and cholesterol from the intestine
to various organs, tissues, and cells. Dietary lipids or cholesterol are converted into chylomicrons with the help of bile acid. Chylomicrons shed TG & FFA, and the
remaining chylomicron remnant containing cholesterol reaches the liver. (B) Reverse cholesterol transport from organs, tissues, or cells and back to the liver. Reverse
cholesterol transport is mediated by HDL to remove excess cholesterol from different organs/tissue, small “c” represents cholesterol (C) Transport of TG, FFA, and
cholesterol from the liver to other organs, tissues, and cells. The liver releases VLDLc consisting of different lipid components i.e., TG, FFA, and cholesterol. VLDLc
shed TG & FFA forming IDLc and LDLc, cholesterol from LDLc is either used up by organs/tissue/cells or being taken up by the liver.
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Fig. 3. Structure of cholesterol and its indispensable biological functions. (A) Important biological functions of cholesterol. (B) Structure of cholesterol adopted from
PubChem. Cholesterol is formed by 27 carbon atoms, 45 hydrogen atoms, and 1 hydroxyl group (C,;H,50).
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Fig. 4. Cholesterol biosynthesis pathway and its feedback mechanism. Choles-
terol biosynthesis starts with the condensation of two acetyl CoA molecules
into acetoacetyl CoA. (A) Cholesterol biosynthesis in normal cells is regulated
through a negative feedback mechanism of cholesterol availability. (B) The
cholesterol biosynthesis pathway in cancer cells is not/less regulated by choles-
terol availability and stored as cholesterol ester with the help of enzymes like
ACAT-1.

Cholesterol metabolism in normal and cancer cells

Cholesterol metabolism is a complex process, starting from biosyn-
thesis, efflux, uptake, and, its utilization by the cells. A maximum
amount of cholesterol is synthesized in the liver and intestine; however,
cancer cells can synthesize cholesterol and also have the ability for rapid
uptake of cholesterol to support growth [37]. Before the onset of the
cholesterol biosynthesis pathway, citrate is converted to oxaloacetic acid
and acetyl-CoA by ATP citrate lyase (ACLY) enzyme, an important step
commonly considered as a link between glucose metabolism and lipid
biogenesis. Interestingly, majorities of the cancers (glioblastoma, col-
orectal cancer, breast cancer, non-small cell lung cancer, hepatocellular
carcinoma, etc.) exhibit up-regulated ACLY expression thereby support-
ing cancer cell proliferation [38]. Cholesterol biosynthesis is a multi-
step process involving more than 20 enzymes that occurs in the cytosol,
mitochondria, endoplasmic reticulum (ER), and peroxisome [39]. The
first step of cholesterol biosynthesis is the condensation of two acetyl
CoA molecules into acetoacetyl CoA by thiolase enzyme followed by
the formation of HMG-CoA which is catalyzed by HMG-CoA synthase
(Fig. 4) [39]. HMG-CoA is then converted to mevalonate with the help of
HMG-CoA reductase which is the rate-limiting enzyme in the cholesterol
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biosynthesis pathway, whose regulation is dependent on cholesterol
availability. Before the formation of the final product (cholesterol), var-
ious intermediate compounds such as isopentenyl pyrophosphate (IPP),
farnesyl pyrophosphate (FPP), squalene, 7 dehydroxy cholesterol, etc.
are formed [39]. Synthesized cholesterol is secreted to the bloodstream
as apolipoproteins complex and/or inserted as part of plasma membrane
complex or used for bile acid production in the liver as well as steroids
synthesis in adrenal gonads [40].

Cholesterol metabolism is regulated in normal cells, for example in
the liver cholesterol biosynthesis decreases when blood cholesterol level
increases due to a high cholesterol diet and vice versa. When the level
of intracellular cholesterol or cholesterol derivative is high; cholesterol
biosynthesis is checked through a feedback mechanism by inhibiting
HMG-CoA reductase, and downregulation of LDLR through inactivation
of Sterol regulatory element-binding protein 2 (SREBP 2) pathway [41].
It activates liver X receptor-a/f (LXRa/p) signaling which in turn helps
in the expression of transporters like ATP-binding cassette subfamily
A member 1 (ABCA1) for efflux of excess cholesterol [42]. Similarly,
when the intracellular cholesterol is low its biosynthesis and uptake
are enhanced. However, in cancer cells, this feedback mechanism is
deregulated and LDLR, as well as cholesterol biosynthesis, is mostly up-
regulated irrespective of cholesterol availability [26,43]. Also, to com-
pensate for enhanced cholesterol uptake or biosynthesis, various cancer
cells readjust their cellular mechanism by increasing the expression of
acyl-CoA: cholesterol acyltransferase 1 (ACAT1) enzyme. This enzyme
catalyzes the conversion of cholesterol to cholesterol ester, which is a
more stable form of cholesterol and subsequently stored inside the can-
cer cell [44]. Stored cholesterol esters may function as a reservoir for
rapid cell division. A pictorial representation of the difference in choles-
terol metabolism of normal and cancer cells is documented in Fig. 5.

Role of cholesterol in various cancer

As evident from numerous studies including pre-clinical, clinical,
meta-analysis, and population-based studies, cholesterol plays a vital
role in cancer risk, progression, survival, prognosis, and therapy [21-
23,37,45]. Alteration in blood cholesterol level is a very common phe-
nomenon in majorities of cancers [22,37,45]; however, it is still not clear
for most of the cancers whether decreased blood cholesterol level in the
cancer patient is a cause or consequence of the disease.

Deregulated cholesterol metabolism leading to up-regulation of
cholesterol uptake, biosynthesis, and accumulation is very prominent to
support cancer cell proliferation, invasion, metastasis, and chemother-
apeutic drug resistance [22,23,41]. Besides, the role of dietary choles-
terol as a risk factor for different cancers, it is also not the same for
all. Various studies show an increase in the risk of breast, gastric, ovar-
ian, pancreatic cancer, etc. with increased dietary cholesterol [20]. A
brief description of the varied role of cholesterol in different cancer is
discussed below.

Colorectal cancer

As reported by the world health organization (WHO) 2018, colorec-
tal cancer is the 2nd deadliest cancer next to lung cancer [46]. Pre-
clinical and clinical studies have highlighted the role of cholesterol in
colorectal cancer progression [27,29]. Earlier study suggests that, high
blood cholesterol level (near to diagnosis of cancer) may reduce the
risk of colon cancer independently [47]. However, other groups have
reported that increased blood cholesterol level does not have any pro-
tective effect on the occurrence and progression of colon cancer instead;
it increases the risk of colon cancer [48,49,50]. The decrease in blood
cholesterol level in colon cancer patients may be a consequence of in-
creased uptake of blood cholesterol by colon cancer cells and as such it is
less likely to be a cause for colon cancer initiation. Various clinical case
studies have shown that blood cholesterol level decreases significantly
in colorectal cancer patients and exhibits a negative correlation with
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in normal cells but not/less in cancer cells. (A) Low intracellular cholesterol in the normal cell triggers SREBP mediated cholesterol biosynthesis and up-regulates
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a higher grade of tumors/polyps when compared to healthy subjects
[51,52,53]. Studies also demonstrate that the reduction in serum choles-
terol significantly correlates with an increase in the level of cancer-
specific antigen, and it is therefore proposed to be a novel biomarker
for colon cancer detection [53]. Another clinical study reported that
the blood cholesterol level drops even before the onset or diagnosis of
adenocarcinoma in the colon [47,48]. Intriguingly colon tumor tissue
expresses a higher level of LDLR as compared to normal colon tissue.
Increased expression of LDLR might play an important role in enhanced
cholesterol uptake from the blood by colon cancer cells to support its
rapid division [27,29] which may in part contribute to a decrease in
blood cholesterol level in colon cancer patients. Furthermore, it has been
reported that in cases followed for 12 months after curative surgery, the
blood cholesterol level gradually increases in colon cancer patients [27].
The risk of colon cancer is more with altered blood cholesterol levels,
though various studies suggest a difference in the risk of colon cancer
in male and female populations [54]. It has been reported that total
cholesterol and LDLc is inversely associated with a higher risk of colon
cancer mortality in male as compared to female [54]. Another report
from Tornberg SA, et al., showed a positive correlation of cholesterol
and beta-lipoprotein level with increased risk of rectal and colon can-
cer in the male population whereas non-significant correlations were
detected in the female population [55].

Pre-clinical studies reported that LDLc increases the proliferation of
colon cancer cells through the MAPK signaling pathway. It also helps

in intestinal inflammation by generating reactive oxygen species (ROS).
Furthermore, LDLc supports migration, sphere formation, and stemness
of colon cancer cells in vitro conditions [29]. Likewise, Bo W, et al., re-
ported that cholesterol can directly act as a mitogen for intestinal stem
cells (ISC). Interestingly, supplementation of cholesterol to mouse in-
testinal crypt isolate increases cellular cholesterol content thereby sup-
porting crypt organoid proliferation/formation [56,57]. These lines of
studies highlight a possible role of cholesterol in the stemness of colon
cancer cells thereby supporting cancer progression.

Despite several clinical and epidemiological studies indicating a re-
lationship between cholesterol and colon cancer, a clear understand-
ing of the mechanism or molecular events linking these two entities is
still lacking. More insight into the relationship between cholesterol and
colon cancer, as well as probing into the molecular events leading to
an alteration in growth signaling is likely to contribute towards better
management of colon cancer.

Breast cancer

Breast cancer is the most commonly occurring cancer in females. A
recent report suggests that the increase in body mass index (BMI) en-
hances the risk of breast cancer [58]. Since obese people generally have
a high level of cholesterol, it is important to investigate the relationship
between cholesterol and breast cancer. Several epidemiological studies
suggest a significant association of dietary cholesterol intake with in-
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creased risk of breast cancer [20,59]. Numerous clinical studies have
been carried out for deciphering the correlation between serum choles-
terol level and breast cancer; however, the results of these studies are
inconsistent. Earlier, it has been reported that blood cholesterol level
increases in breast cancer patients irrespective of their BMI when com-
pared to their normal counterparts [60,61]. These suggest that breast
cancer per se may be causing an increase in blood cholesterol level.
However, another study performed by Sharma V, et al., reported de-
creased blood cholesterol levels in breast cancer patients (193.07 mg/dl
(+/- 36.39)) with respect to healthy controls (216.32 mg/dl (+/- 30.51))
[62].

In a large-scale population study done in Korea, it has been shown
that high blood cholesterol (> 240 mg/dL) increases the risk of breast
cancer (HR, 1.17; 95% CI, 1.03 to 1.33; P trend =0.03) [45]. Also, a
positive correlation has been reported between HDLc and increased risk
of breast cancer [63,64] along with the increase in percent mammo-
graphic density [65]. Clinical study indicates a positive correlation of
blood cholesterol level (LDLc) and breast cancer progression i.e., pa-
tient with higher blood cholesterol level exhibits greater proliferative
capacity with a higher grade of differentiation which is often Her2-
neu (ErbB2) positive subtype. Increased blood cholesterol (LDLc) level
at the time of diagnosis was associated with poor disease-free survival
[66]. In addition, breast cancer patients with increased expression of
mevalonate pathway genes in mutant p53 breast tumors were correlated
with the worst prognosis and survival [67]. Clinicopathological studies
have shown that with the increase in proliferation marker (Ki67), LDLR,
scavenger receptor class B member 1 (SCARB1), and ACAT1, accumula-
tion of cholesterol ester increases with the advancement of tumor grade
[68].

In postmenopausal women, HDLc exhibits a protective effect and
decreases the risk of breast cancer as compared to that in premenopausal
women [69]. Each 1-year delay in menopause increases the risk of breast
cancer by 3%. [70]. This suggests a probable role of hormonal status
linking the functionality of cholesterol in breast cancer. Besides, there
are numerous reports which suggest no association [71,72] or negative
association of blood cholesterol with breast cancer risk [73].

There are also reports which show the role of mutant p53 in sterol
biosynthesis. Mutant p53 derived from the tumor is being recruited
at the promoter site of different genes involved in sterol biosynthe-
sis thereby increasing their expression in breast cancer [67]. Addition-
ally, in the xenograft model of breast cancer, diet-induced hypercholes-
terolemia increases tumor size and angiogenesis [74]. By in vitro ex-
periments, it has been demonstrated that LDLc, VLDLc, or overexpres-
sion of LDLR enhances proliferation of breast cancer cells by elevating
the expression of pAKT and pERK or through activation of beta-catenin
signaling pathway [31,75]. Furthermore, LDLR knockdown in breast
cancer cells decreases tumor growth in hypercholesterolemic LDLR-/-
and ApoE-/- mice model [76]. Additionally, exogenous lipids promote
metastasis, loss of adhesion, and migration of breast cancer cells through
Akt-induced EMT and angiogenesis [31,77,78]. It has been previously
reported that cholesterol metabolite i.e., 27-HC acts as a selective es-
trogen receptor modulator (SERM) and helps in breast cancer progres-
sion [32]. The enzyme (CYP27A1) responsible for the formation of 27-
HC from cholesterol is up-regulated in breast tumor tissue [79]. 27-HC
downregulates p53 expression in ER+ breast cancer cells thereby abro-
gating p53 mediated signaling and contributing to the proliferation of
breast cancer cells [32]. Another study also reported that supplemen-
tation of 25-HC promotes breast cancer cell proliferation through acti-
vation of ERa along with up-regulation of estrogen target genes [80]),
On the contrary, Wolfe AR, et al., reported that HDLc decreases mam-
mosphere formation by inhibiting phosphorylation of EGFR, AKT, and
FOXO03a signaling molecules [81]. In most of the studies, the role of
ACAT, LDLR, and associated signaling intermediates like ERK or AKT
has been highlighted, which cannot be overlooked, and the importance
of hormonal status in breast cancer and cholesterol interrelationship
cannot be neglected.
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In summary, the blood cholesterol level and its derivatives seem to
have a positive correlation with the risk of breast cancer occurrence,
its progression and worsening of patient survival. However, it is not
apparent to us as to why there is a differential response in breast can-
cer risk, proliferation, and progression in various studies with different
types of cholesterol /intermediates, and therefore may warrant further
exploration.

Prostate cancer

The relation between serum cholesterol and prostate cancer is com-
plex. Few clinical studies indicate a link between high blood cholesterol
towards increased risk of high-grade prostate cancer and the status of
prostate specific antigen (PSA) [45,82]. The majority of epidemiologi-
cal studies show weak evidence or no relation between blood cholesterol
level and the risk of prostate cancer [83,84,85]. Even though the reports
on the correlation of cholesterol with prostate cancer are conflicting,
various studies suggest that non-identical races (black and white peo-
ple) show a differential correlation between serum cholesterol and PSA
levels. Increased blood cholesterol is highly correlated with increased
PSA levels in the white population [86]. A population-based study from
Stopsack KH, et al., demonstrate that lethal prostate cancer relies more
on de-novo cholesterol biosynthesis instead of extracellular cholesterol
uptake [87], whereas Singh G, et al., have shown up-regulated expres-
sion of LDLR in patient’s tumor tissue samples. The increase in intracel-
lular cholesterol inside the nucleus along with cyclin E overexpression in
prostate tumor tissue indicates a potential role of cholesterol in regulat-
ing the cell cycle [88]. Also, metastasis of prostate cancer in bone causes
an increase in cholesterol content as compared to the normal bone and
these phenomena can be attributed to de novo cholesterol biosynthesis,
supported by the influx of cholesterol through LDLR and SRB1 [89].

Studies in the xenograft model indicate the role of cholesterol in
promoting tumor growth. Mice fed on a hypercholesterolemic diet with
increased blood cholesterol level shows enhanced tumor progression
along with induction of angiogenesis [90,91]. Moreover, in vitro con-
ditions, upon treatment of prostate cancer cells with LDLc or choles-
terol increased proliferation, migration, and invasion were observed
[92,93,94]. Interestingly, prostate cancer cells lack a feedback mech-
anism for LDLR expression, even in the presence of excess LDLc, sug-
gestive of the involvement of both pathways. In normal prostate cells,
the expression of LDLR is tightly regulated and it decreases with an
increase in LDLc availability [26]. Increased expression of LDLR is ad-
vantageous to prostate cancer cells as it facilitates enhanced uptake of
fatty acids and cholesterol, which supports prostaglandin synthesis in
cells [26]. Other than LDLR, Scavenger receptor class B type 1 (SRB1,
HDLc receptor) was also found to increase in some prostate cancer pa-
tient samples [95]. Apart from these, androgen is required for normal
epithelial prostate cell proliferation and differentiation. However, in ad-
vanced prostate cancer, cells can synthesize androgen by themselves
in the presence of cholesterol, thereby making them self-sufficient for
rapid cell division, independent of testicular and/or adrenal androgens
[91,96].

Above mentioned studies illustrate both positive and negative corre-
lation of cholesterol with prostate cancer. Clinical and preclinical stud-
ies highlight the role of cholesterol metabolism and LDLR in enhancing
prostate cancer cell proliferation. The differential findings in clinical
studies might be contributed in part by variability in the race and hor-
monal status, which needs further exploration.

Hepatocellular cancer

Hepatocellular carcinoma (HCC) is a malignancy of the liver, which
is a primary site of cholesterol biosynthesis and where the majority of
lipoproteins are synthesized [97]. A large-scale population-based study
in Korea reported that with increase in blood cholesterol level incidence
of liver cancer decreases (men: HR, 0.42; 95% CI, 0.38 to 0.45; P trend
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< 0.001; women: HR, 0.32; 95% CI, 0.27 to 0.39; P trend < 0.001) [45].
Also, numerous studies have reported a positive association of HCC with
hypercholesteremia, which is likely to be a consequence of HCC. Alter-
ation in the blood lipid profile of HCC patients can be attributed to an ab-
normality in lipid metabolism and biosynthesis being influenced by the
tumor [98,99,100,101,102]. Elevated total blood cholesterol was also
reported in hepatoblastoma of children and those HCC patients with a
cirrhotic liver, but not in those patients without HCC [102,103,104]. In-
creased serum blood cholesterol levels in HCC patients can be attributed
to abrogation of cholesterol feedback mechanism or enhanced choles-
terol biosynthesis by HCC cells in the liver [98,105]. Even though the
majority of the reports show a link between increased blood choles-
terol and HCC, interestingly in Hepatitis-B and Hepatitis-C associated
HCC, a decrease in serum lipid level including cholesterol, LDLc, HDLc,
and triglycerides in comparison to normal counterparts were reported
[106,107]. Few reports also suggest a correlation between low LDLc
in serum with an elevated risk of liver cancer mortality [108]. Ad-
ditionally, a decrease in pre-operative or pre-transplant (liver) serum
cholesterol level (<100 mg/dl) was associated with decreased HCC re-
occurrence free survival in comparison to higher pre-operative serum
cholesterol level (>100mg/dL) [109]. Similarly, another cohort study
in Taiwan has reported an association of poorer prognosis of HCC pa-
tients with low BMI and low serum cholesterol as compared to high BMI
and high serum cholesterol patients after curative surgery [110]. Exper-
imentally, it has been demonstrated that rats bearing hepatoma exhibit
alteration in cholesterol feedback mechanism [105]. In high cholesterol
diet (HCD) or genetic knockout model (ApoE) of hypercholesterolemia, a
decrease in tumor growth or development of fewer tumors in the chem-
ically induced model when compared to their normal counterparts has
been reported, which is in support of earlier clinical studies from Kita-
hara CM, et al., group [111].

Most of the clinical and pre-clinical studies show a strong correla-
tion between alteration of blood cholesterol level and HCC. Though few
studies suggest a decrease in HCC incidence and progression with the
increase in blood cholesterol, it is unlikely that high blood cholesterol
inhibits HCC initiation and progression since the consequence of HCC
itself can lead to high blood cholesterol. It will be relevant to study and
validate the role of high blood cholesterol level due to other factors in-
cluding high fat diet or metabolic disorders at the clinical and preclinical
level before HCC occurrence.

Pancreatic adenocarcinoma

The five-year survival rate of the pancreatic cancer patient is
8.5% and therefore it is one of the most fatal cancers. Recently, a
population-based study reported that a higher dietary intake of choles-
terol (100mg/day) increases the risk of pancreatic cancer by 8%
[20,112]. Although in another meta-analysis study it has been reported
that a decrease in total serum cholesterol is related to a higher risk of
pancreatic cancer occurrence [113]. However, the mechanistic explo-
ration of the relationship between pancreatic cancer and cholesterol is
yet to be studied. Increased ACAT1 (level) has also been linked to en-
hanced cholesterol ester accumulation in the tumor tissue samples and
poor survival rate in patients. Interestingly, abrogation of ACAT-activity
causes enhanced endoplasmic stress (ER stress), reduced cholesterol es-
ters accumulation and induction of apoptosis, leading to a decrease in
tumor progression in mice [114]. Furthermore, a preclinical study in
mice bearing spontaneous pancreatic adenocarcinoma (PDAC) (Pdx1-
Cre; Ink4a/Arffl/fl; LSL-KrasG12D) demonstrated that cholesterol uptake
is increased in the tumor and is associated with increased LDLR expres-
sion. Silencing LDLR reduces cholesterol uptake and decreased cell pro-
liferation by abrogating the ERK1/2 pathway [28].

Available literature suggests an important role of ACAT and LDLR
in pancreatic cancer progression. Overall, patient sample data and mice
model studies indicate a possible link of cholesterol signaling with the
progression and prognosis of pancreatic cancer. Though the mechanism
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is still not clear, it is likely that the bioavailability of cholesterol and its
accumulation affects the survival and progression of cancer cells.

Lung cancer

According to the International Agency for Research on Cancer 2018,
lung cancer is the most common and one of the deadliest among all
cancer types [115]. A recent study from Lyu ZY, et al., group has
reported that abnormally higher or lower blood cholesterol level en-
hances the risk of lung cancer [116]. Though, the decrease in risk of
lung cancer has been linked to higher blood cholesterol level whereas
lower blood cholesterol level has been associated with increased risk
[63,117,118,119,120]. Furthermore, lung cancer patients with lower
blood cholesterol levels show worse survival [119,121,122]. Interest-
ingly, compared to normal individuals in lung cancer patients’ lower
level of total blood cholesterol, HDLc or LDLc has been reported
[123,124,125]. Various reports suggest that dietary cholesterol does
not have any considerable role in lung cancer risk [126,127,128,129]
though Shekelle RB, et al., have reported that an increase in dietary
cholesterol by 500 mg/day enhances the relative risk of lung cancer by
1.9% [130]. In in vitro studies Chen L, et al., has reported an increase in
migration and invasion of lung adenocarcinoma cells in the presence of
25-HC [131].

With this available literature, it is difficult to draw a conclusion
about the concrete correlation between cholesterol and lung cancer. The
contradictory findings from clinical studies and non-linear relationships
by in vitro or preclinical studies warrant more planned studies in this
area.

Gastric or stomach cancer

Gastric cancer which originates from the inner lining of the stom-
ach is the third deadliest and the fifth most commonly occurring can-
cer world-wide [46]. Important risk factors include age, gender, eth-
nicity, bacterial infection (Helicobacter pylori), smoking, alcohol con-
sumption diet, obesity, etc. [132]. Previous studies have shown a pos-
itive correlation of dietary cholesterol with the risk of gastric cancer
[132,133,134,135,136], whereas report from Lucenteforte E, et al., sug-
gests no correlation [137]. Interestingly, infection of Helicobacter pylori,
an auxotrophic bacterium, for cholesterol increases the risk of gastric
cancer occurrence. It is reported that Helicobacter pylori obtain choles-
terol from the gastric epithelia and convert it to cholesteryl 6’-O-acyl-
a-D-glucopyranoside (CAG) for lipid raft clustering in gastric epithelial
[138]. Also, the increase in dietary cholesterol consumption has been
shown to decrease the success rate of Helicobacter pylori eradication
[139], therefore it is likely that dietary cholesterol supports Helicobacter
pylori infection and growth. Although several studies indicate a positive
association between dietary cholesterol and gastric cancer, the relation
between serum cholesterol and the risk of gastric cancer is still unclear.
The majority of the clinical studies have reported that the level of blood
cholesterol decreases in gastric cancer patients both at the time of di-
agnosis or at terminal/ advanced stages [140,141,142]. Moreover, the
risk of gastric cancer also increases with a decrease in blood choles-
terol level showing an inverse association [143,144,145,146]. Shin HJ,
et al., reported a link between lower serum cholesterol with a greater
incidence of complications (severe complication rate: 15.2% (Low Total
Cholesterol) vs. 4.7% (Normal Total Cholesterol) vs 5.5% (High Total
Cholesterol); p=0.004) along with poorer overall survival and relapse-
free survival [147]. An increase in the lymphatic and vascular invasion
was also reported along with a worse prognosis in the gastric cancer
patients with low HDL cholesterol levels as compared to normal HDL
cholesterol levels who have undergone gastrectomy [148].

There are also reports which show a positive association of high
blood cholesterol with an increased risk of gastric cancer. The risk of
gastric dysplasia (pre-cancerous lesion which is often considered as a
penultimate stage of gastric cancer) was increased in patients with el-
evated blood cholesterol levels [149,150]. Earlier studies from Pih GY,
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et al., group have also reported an increase in the risk of gastric can-
cer with increase LDL cholesterol and decreased HDL cholesterol [151].
Moreover, a rise in blood cholesterol level also increases the rate of
lymph node metastasis in early gastric cancer patients [152].

Alteration in the expression of various genes involved in lipid
metabolism is a very common phenomenon in different cancers. Molec-
ular studies in patient tissue samples decipher the mechanism of
lipid accumulation including cholesterol in gastric cancer [153]. Genes
involved in g-oxidation, lipoprotein excretion, fatty acid transport,
and lipid droplets (LD) degradation/lipolysis were significantly down-
regulated in neoplasms as compared to normal tissue. Whereas, the
genes involved in de novo lipogenesis such as sterol regulatory element-
binding protein 1c, acyl-CoA:diacylglycerol acyltransferase 2 were sig-
nificantly up-regulated in the tumor tissue sample of gastric cancer
[153]. Also, HMGCR was up-regulated in gastric cancer tissue as com-
pared to normal tissues [154,155]. Overexpression of HMGCR regulates
Hedgehog/Gli1 signaling thereby supporting gastric cancer cell prolifer-
ation and migration. Consequently, inhibition of HMGCR by knockdown
approach shows a decrease in proliferation and migration of gastric can-
cer [155]. In addition, a web-based gene survival analysis of low/high-
density lipoprotein receptors (LDLR; LRP6; SR-B1), lipoprotein lipase
(LPL), and steroidogenic enzymes such as CYP11A1, HSD3B1, CYP17,
HSD17B1, CYP19A1, etc. promotes gastric cancer progression. The im-
portance of lipoprotein-mediated cholesterol uptake and steroidogenesis
were considered as biosignatures of gastric cancer progression [156].

Numerous clinical studies highlight the relation between serum
cholesterol or dietary cholesterol to gastric cancer, however, few stud-
ies have been undertaken to untangle the cholesterol-gastric cancer cor-
relation at the preclinical level. In vitro studies in gastric cancer cells
shows an increased invasion when supplemented with 25-HC through
up-regulation of TLR2/NF-«xB-mediated MMP expression without affect-
ing gastric cancer cell proliferation and apoptosis [157]. A study from
Lim SC, et al., have also reported that gastric cancer cells exposed to
water-soluble cholesterol in vitro conditions undergo autophagy and
apoptosis through transient inactivation of ERK1/2 [158], which may
likely be due to the inability of gastric cancer cells to utilize excess free
cholesterol directly.

The majority of the findings indicate a strong association of low
blood cholesterol with gastric cancer. It is still unclear whether the de-
crease in serum cholesterol level in gastric cancer patients can be a cause
or effect of cancer and therefore needs to be investigated. Collectively, it
is likely that increased dietary cholesterol may act directly or indirectly
by supporting Helicobacter pylori infection in the stomach for gastric can-
cer initiation or progression, but not necessarily only through increased
blood cholesterol levels. However dietary cholesterol factors may be of
relevance for those populations or age groups who are vulnerable to
gastric cancer.

Ovarian cancer

Ovarian cancer is a common gynecological cancer caused by abnor-
mal growth and division of ovarian cells leading to malignancy. Ma-
jor risk factors of ovarian cancer include old age, faulty genes inher-
itance, earlier history of breast cancer, etc. Besides, obesity and di-
etary factors are also considered as a risk factor for ovarian cancer
[159]. Numerous case-control and cohort studies have reported the
link between dietary cholesterol with increased risk of ovarian cancer
[160,161,162,163,164]. Risch HA, et al., has also suggested that dietary
cholesterol may up-regulate the biosynthesis of the circulatory estrogen
or progesterone which in turn increases the risk of ovarian cancer [160].
However, a study from Genkinger JM, et al., group indicates no role of
dietary cholesterol in the risk of ovarian cancer [165].

A case-control study in Washington County, MD reported that higher
blood cholesterol level (greater than 200 mg/dl) increases the risk of
ovarian cancer [166]. Besides Delimaris I, et al., also reported that the
level of oxLDL was increased in ovarian cancer patients in comparison
to the control subjects [167]. However, the majority of the findings
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including a large-scale meta-analysis showed decreased blood choles-
terol level in ovarian cancer patient as compared to normal subjects
[168,169,170,171]. Furthermore, an ovarian cancer patient with low
blood cholesterol level at the time of diagnosis shows improvement in
blood cholesterol level after successful primary surgery and chemother-
apy [172].

Several studies concerning serum cholesterol and ovarian cancer sur-
vival were also carried out, in which normal LDL cholesterol level shows
better survival than those patients having high LDL cholesterol level
[173]. However, studies from Zhu F, et al., group reported that elevated
preoperative LDL cholesterol improves the 5 years relapse free survival
(RFS) of ovarian cancer patients [174].

Additionally, studies in ovarian cancer patients show elevated
cholesterol levels in malignant ascites as compared to normal coun-
terparts, which also contributes to poor prognosis [25,175]. Similarly,
Grignon DJ, et al.,, also reported that the cyst fluid from ovarian can-
cer patients shows a higher concentration of free cholesterol [176]. In-
creased accumulation of cholesterol ester through an up-regulated ex-
pression of ACAT-1 was also reported in ovarian cancer cells (OC-314,
SKOV-3, IGROV-1, etc.) as compared to its normal counterpart. Inhibi-
tion of ACAT-1 with avasimibe or knockdown of ACAT-1 with shRNA
decreases proliferation, invasion, and migration of ovarian cancer cells.
Inhibition of ACAT-1 induces apoptosis through up-regulation of reac-
tive oxygen species (ROS) generation along with overexpression of p53
[177]. Besides, studies were also carried out for understanding the role
of HMGCR in ovarian cancer. Genetically proxied inhibition of HMGCR
(through Single-nucleotide polymorphisms (SNPs) in HMGCR) signifi-
cantly decreases the odds of epithelial ovarian cancer, suggestive of an
important role in ovarian cancer [178].

Despite numerous clinical and case-control studies, the correlation
between blood cholesterol and ovarian cancer is still puzzling and needs
more in-depth studies. However, the consequences of dietary cholesterol
in ovarian cancer cannot be overlooked and need more comprehensive
studies. Additionally, the metabolic alteration such as overexpression of
ACAT-1 or HMGCR or any other changes involved in lipid or cholesterol
metabolism of ovarian cancer needs more insights for a better under-
standing of the relationship between cholesterol and ovarian cancer.

Blood cancer

Blood cancers are malignancies of hematological origin which
mainly include leukemia, lymphoma, and myeloma. Leukemia is the
cancer of white blood cells that originate in the bone marrow, lym-
phoma is the cancer of the lymphatic system and it involves lympho-
cytes whereas myeloma is the cancer of plasma cells [179]. Owing to
the fact that blood cancer cells are directly exposed to blood choles-
terol, it is very pertinent to study the direct relationship between the
two. Various clinical shreds of evidence indicate that abnormal tumor
metabolism can lead to changes in serum cholesterol level. Blood lipid
profile analysis of newly diagnosed chronic lymphocytic leukemia (CLL)
patients indicates that the levels of total cholesterol, HDL cholesterol,
and LDL cholesterol are decreased as compared to the control group
[180]. A similar study indicates that total serum cholesterol along with
other serum lipoproteins decreases in acute non-lymphocytic leukemia
(ANLL) and acute lymphocytic leukemia (ALL) patients. However, to-
tal cholesterol levels were found to be increased in the patient groups
which respond to the treatment in both the leukemia types [181].

Clinical studies in lymphoma also suggest a similar trend. It has been
observed in various subtypes of lymphoma that the total serum choles-
terol, HDL cholesterol, and LDL cholesterol levels decrease drastically
5-10 years before the diagnosis of the disease. Interestingly, high HDL
cholesterol levels were found to be associated with a decreased risk
of non-Hodgkin lymphoma (NHL). However, HDL cholesterol or free
cholesterol levels don’t influence the prognosis [182,183].

Similarly, in myeloma patients, it has been shown that total choles-
terol; HDL cholesterol, and LDL cholesterol levels decrease significantly
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as compared to healthy subjects. The level of cholesterol further drops
with an increase in the tumor stage [184].

On the contrary, increased cholesterol levels were detected in 75%
of patients attending a specialized clinic for Chronic Lymphocytic
Leukemia (CLL) [185]. It has been reported that hypercholesterolemia
precedes the diagnosis of CLL and the use of cholesterol-lowering drugs
increases the survival of CLL patients [186].

At the cellular level, many molecules associated with cholesterol
metabolism were found to be deregulated in blood cancer cells. Lympho-
cytes isolated from chronic lymphocytic leukemia (CLL) patients show
increased expression of LDLR, SREBP-2, and a nuclear cholesterol chan-
nel protein PBR as compared to control. As a result, cholesterol accu-
mulation in the cytoplasm and nucleus was also found to be increased
in these cells [187]. Studies in the xenograft model (SCID mice), show
an increase in cholesterol accumulation at the leukemia rich sites of
the bone marrow, which increases VEGF receptor 1 (FMS like tyrosine
kinase-1 or FLT-1) localization in the leukemic cells. Furthermore, their
ligand PIGF/VEGF mainly increases FLT-1 accumulation at cholesterol-
rich sites. The increased localization of FLT-1 enhances cell migration
and viability. Interestingly the removal of membrane cholesterol by
methyl-p-cyclodextrin (MCD) also decreased FLT-1 accumulation and
VEGF: VEGFR-1 signaling [188].

In Multiple myeloma (MM) exogenous cholesterol may serve as
an anti-apoptotic factor and support survival, whereas the absence of
lipoproteins in serum induces apoptosis in MM cell lines and primary
cultures, which was reversed by exogenous supplementation with LDL
cholesterol [189].

The dependence of white blood cells on cholesterol for various func-
tions including lipid raft mediated signaling, membrane dynamics, an-
tibody and cytokine release, etc. indicates the possible role of choles-
terol in hematological malignancies. More in-depth analysis of various
studies points towards a strong correlation of serum cholesterol with
various blood cancer types. Strategies for controlling the accumulation
of cholesterol in blood cancer cells need to be explored for better man-
agement of this disease. Additionally, various molecules are involved in
cholesterol metabolism i.e., LDLc, LDLR, SREBP-2, and PBR can also be
targeted along with traditional therapies.

Cholesterol and cancer-associated immune cells functionality

Cholesterol is an important part of the cell membrane and is essen-
tial for receptor-mediated signaling and therefore may have implications
in the functionality of immune cells. Various groups have stressed the
functional importance of cholesterol in the regulation of cancer linked
immune cells. Studies from Zhou X, et al., suggested that hypercholes-
terolemia can drive Th2 response in T cells in the spleen of atheroscle-
rotic Apo E knockout mice [190]. Also, it can induce the differentia-
tion of regulatory T cells in the liver during atherosclerosis development
[191]. Therefore, cholesterol may influence tumor growth through the
modulation of the immune system. It has been reported that hyperc-
holesterolemia induces epigenetic changes in the hematopoietic stem
cells (HSC) which can further interfere with the development of natural
killer T cell (NKT) and yé T-cells. Cholesterol increases miR101c ex-
pression which down-regulates Tetl in HSCs. Downregulation of Tetl
reduces the expression of genes involved in NKT and yé T-cells dif-
ferentiation causing a reduction in cancer immunosurveillance which
contributes to increased cancer incidence and progression [192]. More-
over, a derivative of cholesterol i.e., 27-HC promotes the metastasis of
breast cancer cells by decreasing the number of CD8+ T cells and in-
creasing the number of polymorphonuclear-neutrophils as well as y5-T
cells at distal metastatic sites [193]. In addition, Yang W, et al., ob-
served that inhibition of ACAT1, by avasimibe increases plasma mem-
brane cholesterol availability which enhances T cell receptor cluster-
ing and antitumor signaling in CD8+ T cells. Furthermore, the combi-
nation of avasimibe and anti-PD1 therapy has a higher efficacy than
monotherapy [194]. Cholesterol availability in plasma membrane af-
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fects the pro-tumorigenic phenotype of macrophages. It has been re-
ported that ovarian cancer cells promote cholesterol efflux from the
plasma membrane which depletes lipid rafts and increases the IL-4 in-
duced pro-tumor phenotype of macrophages. The ablation of specific
transporters which helps in cholesterol efflux restores the anti-tumor
phenotype of macrophages [195]. In addition to that cholesterol can
affect the antigen presentation by dendritic cells (DCs). One of the
master regulators of cholesterol metabolism liver X receptor-a (LXR-
a) was found to be activated in DCs when exposed to condition me-
dia of many cancer cells [41]. This, in turn, decreases the expression
of CC chemokine receptor-7 (CCR7) on DCs which hampers its migra-
tion from tumor to the draining lymph node and tumor antigen pre-
sentation to cytotoxic T cells. Furthermore, the antitumor response was
restored in tumor-bearing mice after inhibiting cholesterol synthesis or
LXR-a activation. Additionally, tumor-derived factors induce the accu-
mulation of oxidized neutral lipids: triglycerides, cholesterol esters, and
fatty acids in DCs which hinders the exogenous antigen presentation by
DCs [41]. Recent reports suggest that cholesterol can influence the effi-
cacy of T cell-based immunotherapy for cancer treatment [196]. CD8+
T cells present in the cholesterol-rich tumor microenvironment accumu-
late cholesterol. This increases the endoplasmic reticulum stress in the T
cells leading to up-regulation of immune checkpoint proteins like PD-1,
2B4, TIM-3, LAG-3, etc., and causes exhaustion of T cells. The adoptively
transferred CD8+ T cells follow the same fate and hence the efficacy of
immunotherapy decreases. Interestingly, the reduction of cholesterol in
the T cells restores the antitumor activity of these cells [196].

The effect of cholesterol on the cancer-associated immune system is
multidimensional and not restricted to a particular cell type. The avail-
able literature suggests that cholesterol metabolism can influence anti-
tumor immunity and affect the immunotherapeutic outcome. However,
the differential response of cholesterol in antitumor immunity in various
cancers cannot be undermined.

Targeting cholesterol metabolism for the treatment of cancer

Alteration in cancer cell metabolism is regarded as one of the emerg-
ing hallmarks of cancer [197] and one such alteration being a change
in lipid metabolism, particularly cholesterol metabolism. Pre-clinical
and clinical studies emphasize targeting cholesterol metabolism in com-
bination with approved chemotherapeutic drugs for better manage-
ment of various cancers (Table 1). A few of the strategies include aim-
ing cholesterol biosynthesis pathway, particularly through HMG-CoA
reductase (rate-limiting enzyme) inhibitor i.e., statin or inhibition of
cholesterol uptake or targeted delivery of drugs through encapsula-
tion with liposomes or through membrane cholesterol depletion (Fig. 6)
[35,36,198,199].

Collectively, various studies reveal a positive effect of statin use in
colon, breast, lung, liver, prostate, ovarian, gastric, blood, and pancre-
atic cancers [35,36,199,200,201,202,203,204,205,206]. However, few
reports suggest cancer-promoting or chemoresistant effect on statin
treatment [207,208], (209). Low dose treatment of statin promotes its
aggressiveness in prostate cancer [208], likewise treatment of lovastatin
in ovarian cancer decreases chemosensitivity towards platinum drugs
[209]. Interestingly, in human subjects’ use of statin particularly sim-
vastatin and atorvastatin not only reduce the risk of mortality but also
increases survival among pancreatic cancer patients [210-212]. Like-
wise, in in vivo studies, it has been reported that simvastatin adminis-
tration in LsL-Kras (G12D); Pdx1-Cre, and LsL-Kras (G12D); LsL-Trp53
(R172H) mice model delayed the spontaneous formation of pancreatic
cancer lesions [213]. Similar findings were reported in colon cancer, in
which the use of lovastatin decreased the metastatic potential of colon
cancer cells [35]. In another study with colon cancer cells, atorvastatin
in combination with phloretin exhibited a synergistic effect by arrest-
ing the cell cycle at the G2/M checkpoint and enhancing apoptotic cell
death [203]. Furthermore, in lung cancer, atorvastatin also sensitizes
gefitinib resistant KRAS mutant human non-small cell lung carcinoma
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Table 1

Targeting lipid or cholesterol metabolism for cancer treatment.
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S. No Cancer types Drug /Inhibitors Under in vitro/ in Cell line/ Animal model/Patient Outcome of Treatment/ Effect / Ref.
Investigation vivo/Clinical Information Treatment modalities
Studies
1 Colon Lovastatin in vitro & in SW480, SW620 cells Decreases MCA-26 tumor colonies in [35]
vivo Balb/c mice the liver of Balb/c mice compared to
untreated mice
2 Colon Liposomal Doxorubicin in vitro HT29-dx (drug-resistant), Combination treatment shows better [36]
Lung and Simvastatin HT29, MCF-7, A549 cells anticancer efficacy in
Breast multidrug-resistant tumor cells,
without cardiomyocytes toxicity
3 Colon Atorvastatin & Phloretin in vitro SW620 and HCT116 cells The synergistic effect resulted in [203]
apoptosis and cell cycle arrest at the
G, /M checkpoint. Combined
treatment enhanced the anti-cancer
activity of Atorvastatin at a
relatively low dosage
4 Colon Long-circulating Liposomal  in vitro & in C26 cell and Balb/c mice Anti-angiogenic and [204]
Simvastatin (LCL-SIM) vivo anti-inflammatory
Antitumor efficacy
5 Colon Nanoliposomal anti PCSK9  in vivo CT26 cells and Balb/c mice Inhibits tumor growth and increases [217]
survival
6 Colon SREBP 1 & SREBP 2 in vitro & in DLD1 and HCT116 cells Knockdown decreased fatty acids [218]
Knockdown vivo NOD.Cg-Prkdcscid level. Silencing of SREBP1 or SREBP2
12rgtm1Wil Sz mice; expression also decreases
Pt130 cells mitochondrial respiration, glycolysis,
as well as fatty acid oxidation.
Inhibit xenograft colon tumor
growth in vivo
7 Colon Pioglitazone (PPAR in vivo C57BL/6-ApcMin I+mice A decrease in intestinal polyps was [221]
gamma) agonist observed in Min mice, 63-9% lesser
than the control value.
8 Colon HDL mimetics: in vivo CT26 cell HDL mimetics decrease [222]
L-4F (an apolipoprotein BALB/c mice lysophosphatidic acid (LPA), a serum
A-1 mimetic peptide) & biomarker of colon cancer in mice.
G* L-4F reduced size and number of
(an apolipoprotein ] polyps in APC (min/+) mice
mimetic peptide)
9 Prostate Ezetimibe in vivo LNCaP cells Inhibit tumor angiogenesis and [90]
SCID mice decrease tumor growth
10 Prostate Statin Clinical 6655 participants (men) Statin decreases chronic inflammation [199]
and lowers the risk of advanced
prostate cancer
11 Prostate Avasimibe, Sandoz 58-035 in vitro PC-3 and LNCaP-HP cells. Targeting cholesterol esterification [225]
& Athymic nude mice pathway inhibits proliferation of
shRNA (ACAT-1) prostate cancer cells both in vitro
and in vivo
12 Hepato-cellular Eicosapentaenoic acid in vitro HepG2 cells Combination treatment regulates [201]
carcinoma (EPA) & Lovastatin HMGCoA reductase and LDL
receptor gene expression in the
HepG2 cell line. Synergistically
inhibits cancer cell proliferation
13 Hepato-cellular Naringenin (NGEN) in vivo Rat NGEN decreased plasma fatty acid [220]
carcinoma (High Cholesterol Diet) composition, hepatic
pro-inflammatory mediators, and
the expression of tumor necrosis
factor-e, interleukin-6,
interleukin-1p, inducible nitric oxide
synthase, and matrix
metalloproteinases (MMP-2, 9)
14 Hepato cellular Methyl-g-cyclodextrin in vitro & in MCF-7, Hepal-6 MCD sensitize MCF-7 and Hepal-6 [224]
carcinoma, (MCD), Doxorubicin vivo C57Bl/6 cells to Doxorubicin
Breast
15 Pancreatic ductal LDLR shRNA in vitro & in Pdx1-Cre, Ink4a/ Arffl/fl; Decreases cholesterol uptake [28]
adeno-carcinoma vivo LSL-KrasG12D sensitized PDAC to gemcitabine
(PDAC) PK4A cell lines
16 Pancreatic ductal Simvastatin, Lovastatin, Clinical 2142 patients Statin lowers the risk of mortality in [211]
adeno-carcinoma Atorvastatin, Pravastatin, pancreatic cancer patients
(PDAC) Rosuvastatin independent of cholesterol level
17 Pancreatic Simvastatin, Atorvastatin, Clinical 1761 patients with pancreatic ~ The use of simvastatin and [212]
Rosuvastatin, adeno-carcinoma atorvastatin increases the survival of

Pravastatin, Fluvastatin

10

non-metastatic pancreatic cancer
patients

(continued on next page)
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Table 1 (continued)
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S. No Cancer types Drug /Inhibitors Under in vitro/ in Cell line/ Animal model/Patient Outcome of Treatment/ Effect / Ref.
Investigation vivo/Clinical Information Treatment modalities
Studies
18 Pancreatic Simvastatin in vivo Mice model -LsL-Kras (G12D);  Simvastatin acts as a chemopreventive [213]
Pdx1-Cre and agent as well as inhibits pancreatic
LsL-Kras(G12D); cancer formation in mice
LsL-Trp53(R172H);
Pdx1-Cre
19 Pancreatic Zoledronic acid (inhibitor in vitro & in Panc-1, BXPC3, Inhibition of farnesyl diphosphate [228]
of farnesyl diphosphate vivo L3.6pl, synthase involved in cholesterol
synthase) UN-KPC-961 cell lines. biosynthesis radio sensitized
LSL-KrasG12D/+, pancreatic cancer cell lines.
LSL-Trp53R172H/+,
Pdx-1-Cre (KPC) mouse
model
20 Pancreatic ductal JQ1 (BET inhibitor), in vitro PANC-1, AsPC-1, MIA PAC-2 Combination treatment of JQ1 and [248]
adenocarcinoma Atorvastatin cells atorvastatin inhibits PDA cell
(PDA) proliferation in vitro conditions.
21 Melanoma Methyl-g-cyclodextrin in vitro & in A375, B16F10 and B16F1 cell MCD sensitizes melanoma cells to [198]
(MCD), Tamoxifen vivo lines. tamoxifen
22 Epithelial Ovarian Statin Clinical 2040 EOC cases 32% decrease in the risk of ovarian [205]
cancer (EOC) 2100 cases cancer in statin users in comparison
without disease to non-statin user females
23 Ovarian Simvastatin in vitro, in vivo  Hey and SKOV3 cells; Simvastatin decreases ovarian cancer [249]
& Clinical K18-gT121+/- p53fl/fl cell proliferation and tumor growth.
Brcalfl/fl (KpB) mouse Induced G1 cell cycle arrest and
model apoptosis
24 Ovarian Simvastatin, Lovastatin, in vitro SKOV-3 and ES-2, OVCAR-8 Oxysterol potentiate statin treatment [250]
Fluvastatin, by inhibiting SREBP-2
25-hydroxycholesterol,
22(S)-
hydroxycholesterol,
22(R)-hydroxycholesterol
25 Ovarian Methyl-g-cyclodextrin in vitro & PA-1, OVCAR-3, and SKOV-3 MCD sensitizes cisplatin-resistant [25]
(MCD) Clinical cells ovarian cancer cells to cisplatin.
26 Ovarian Avasimibe, Cisplatin in vitro H-6036, 0C-314, and SKOV-3 Inhibition of ACAT-1 enhances the [177]
cells chemosensitivity of cisplatin to
ovarian cancer cells
27 Ovarian HSP27 and HER2 inhibitor  in vitro SKOV3 Treatment of LDL encapsulated HSP27 [251]
encapsulation into LDL and HER2 inhibitor inhibits SKOV3
proliferation
28 Breast Methyl-g-cyclodextrin in vitro & in MCF-7, MDA-MD-231 MCD sensitize breast cancer cells to [223]
(MCD), vivo Carboplatin and 5-flurouracil
Carboplatin,
5-flurouracil
29 Breast Paclitaxel-cholesterol in vitro & in MCF7, MDA-MB-231 cells PTX-CH Emul shows more [234]
complex (PTX-CH Emul) vivo antineoplastic effect on TNBC cells
(MDA-MB-231) as compared to
non-TNBC (MCF7).
30 Breast Atorvastatin Clinical 63 Women, Significant increase in serum IGF-1 in [235]
(rando-mise) (Age 35-50) the statin group but no effect of
16 (25%) Women withdrew. atorvastatin on Mammographic
Density (MD)
31 Breast Simvastatin & MBCD in vitro RAW264.7 and MCF-7 cells Combination treatment prevents [236]
(cholesterol depleting breast cancer-induced osteoclast
drug) activity.
32 Breast Cholesterol lowering Clinical 8010 (Postmenopausal Cholesterol lowering medication [237]
medication, women) during adjuvant endocrine therapy
Tamoxifen & Letrozole may prevent the recurrence of
hormone receptor-positive breast
cancer.
33 Lung and Breast Cepharanthine, Cisplatin in vitro & in Human umbilical Blocking cholesterol trafficking with [238]
vivo Vein endothelial cepharanthine inhibits angiogenesis

cells

(HUVEC) A549,
MDA-MB-231 & HEK293T
cells.

NOD/SCID mice,

Transgenic zebrafish line Tg
(flita:EGFP)y1
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and sensitizes breast and lung
cancer cells to chemotherapy.

(continued on next page)
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S. No Cancer types Drug /Inhibitors Under in vitro/ in Cell line/ Animal model/Patient Outcome of Treatment/ Effect / Ref.
Investigation vivo/Clinical Information Treatment modalities
Studies
34 Lung Cholesterol in vitro & A549 cell Patients showing quick [229]
Cisplatin, Oxaliplatin, Clinical 64 patients chemoresistance have elevated
Carboplatin Pravastatin serum cholesterol levels and found
and Nicardipine to have upregulated ABCG
expression in their tumors. The use
of ABCG blocker (nicardipine)
increases the efficacy of platinum
base drugs in vitro conditions.
35 Lung All-trans retinoic acid in vitro A549 cells Cationic liposome (DOTAP/cholesterol) [239]
(ATRA), incorporation with ATRA increases
DOTAP/cholesterol apoptotic cell death of A549.
liposomes & DSPC/
cholesterol liposomes
36 Lung Statin Clinical 483,733 patients The use of statin reduces lung cancer [240]
risk by 55% irrespective of race, age
group, diabetic, alcoholic, or even
smoking.
37 Lung Cholesterol oxidase in vitro & in A549 and SPC-A-1 cells COD-B oxidizes membrane cholesterol [241]
Bordetella species vivo BALB/c nude mice thereby decreasing cholesterol
cholesterol oxidase content and increases ROS. COD-B
(COD-B) causes apoptosis of lung cancer cells
by interfering with AKT and ERK
pathway.
38 Lung Betulin, in vitro & in A549 and PC9 cells Combination treatment of SREBP [242]
Fatostatin, vivo BALB/c SCID mice inhibitor with EGFR inhibitor
25-HC & Gefitinib (Gefitinib) increases the non-small
cell lung cancer death in
comparison to alone treatment.
39 Lung Pirarubicin, Ellipticine & in vitro A549 and CHO-K1 cells Membrane cholesterol depletion with [243]
MCD MCD enhances drug uptake of
pirarubicin but not Ellipticine in
A549 and CHO-K1 cells.
40 Lung Zaragozic acids in vitro & in C57BI/6 CD45.1 or Zaragozic acids, an inhibitor of the [244]
vivo CD45.2 and NOD-SCID mice downstream mevalonate pathway
RMA and LLC cells enhances the antitumor effects of
active and adoptive immunotherapy.
Increases overall survival of
tumor-bearing mice on treatment
with zaragozic acids and
TAA-loaded DCs.
41 Lung Gemcitabine-cholesterol in vitro & In H,, and S180 tumor xenograft = Gem-Chol conjugate enhances the [245]
(Gem-Chol) liposome vivo Wistar male rats efficacy of Gemcitabine.
42 Lung siRNA/curcumin loaded, in vitro A549 cell Cholesterol conjugated chitosan can [246]
Cholesterol conjugated be used for hydrophobic drug
chitosan delivery. Cellular uptake of drug is
more efficient in Cholesterol
conjugated chitosan.
43 Lung LXR agonist in vivo & in A549 cell Combination treatment of T0901317 &  [247]
T0901317, vitro HCC827-8-1 gefitinib inhibits migration and
Gefitinib (gefitinib-sensitive) cells invasion of lung cancer.
44 Gastric Simvastatin in vitro MKN45 and MGC803 cells Inhibits migration, invasion, [206]
proliferation, and induced apoptosis
in gastric cancer cells by interfering
with YAP and p-catenin activity.
45 Gastric Simvastatin in vitro & AGS, ATCC CRL 1739 cells Statin reduces the incidence of gastric [202]
Clinical cancer by attenuating Helicobacter
pylori CagA translocation
46 Stomach Statin Clinical 17,737 statin users and 13,412  The use of statin decreases the [252]
statin non-user incidence of stomach cancer on
hypercholesterolemic individuals.
47 Blood (chronic Avasimibe, Imatinib in vitro & in K562R (imatinib-resistant) Avasimibe sensitized K562R to [226]
myelogenous vivo imatinib
leukemia)
48 Blood Lovastatin Simvastatin in vitro Jurkat, CEM, IM9, U266 cell Statin induces mitochondrial apoptosis ~ [200]
(lymphoblasts Cerivastatin Leverkusen, MCC-2 pathway in human T, B, and
and myeloma Atorvastatin myeloma tumor cells causing cell
cells) death
49 Blood (leukemia Simvastatin, Atorvastatin, in vitro, in vivo, AML cells (OCI-AML2, Statin increases the pro-apoptotic [253]

and lymphoma)

Rosuvastatin, Fluvastatin,
Venetoclax

& Clinical

OCI-AML3, MOLM13), DLBCL
cells (OCI-LY8, SU-DHL4).
C57BL/6 N mice

activity of Venetoclax (B cell
lymphoma-2 inhibitor) in primary
leukemia and lymphoma cells

12



S.S. Mayengbam, A. Singh, A.D. Pillai et al.

Obesity /

Translational Oncology 14 (2021) 101043

. B.
Hypercholesterolemia Enzymatic or radical
Cholesterol e Oxy-cholesterol
High Blood cholesterol —_— @iﬁé Blood vessel
& @ Free Chol. e —— : vl
A. > I :-Ig--'--'"-| ’/ e . ' ShLDLR | Non-functional e
- |__Z_e_t|_njl_b_e_l_| HDLc 1/:' mimetics E '-L_S_T_EEER__.‘ ABCA1, ABCG1 cholesterol 1‘LDLR
L Stemness
A c M L] nnnn
— generation . [TITTT { L
— Intestinal inflammation h? o u u uh.‘ | gg_g___u_____q
l— Migrati =) 1 1+ Membrane Chol. !
el (@) / - :|_: depleting agent i'
— Sphere formation o o il MCD i
= MLDLR 53 LR (ORI
— Angiogenesis 4 g § v
— MAP kinase activation / @ % g Proliferation signal
. -] associated with
= Chemoresistance , - : - - ‘:; g membrane cholesterol
- i i X = t
Radioresistents MACAT 1 Cholesterol e SE i &
= Reprograming of cancer Cholesterol Sle =
associated immune cells accumulation b R : @ @
\ Y /G Ié:elhvdroxlv | ShSREBP | SREBP 2
! Avasimibe |Cholestero R =
Promote Growth L y A
Proliferation & i
Survival
Mevalonate
T : Up regulated T tInhibition |+ . HMGCoA P SREBP_2> / Transcriptional
. | in | tivati
x . LDLR & : LoLe : Statin | reductaseT MM%D&;: e
’ HMGCoA
1[ :sre1 % : HDLc reductase)
HMGCOoA synthase T Nucleus
x HHRGIL] : Free Chol. Acetoacetyl CoA+ Acetyl CoA
: Non functional ABCAT1, Thiolase -
iy — |
Glycolysis Acetyl CoA+ Acetyl CoA Long chain FA
MCD : methyl B-cyclodextrin yeoy g Y s CANCER CELL

Fig. 6.

Schematic representation of cholesterol associated changes in cancer cells and available therapeutic targets. (A) Role of cholesterol in stemness, ROS genera-

tion, intestinal inflammation, migration, sphere formation, activation of different signaling molecules, increased angiogenesis, imparting chemo and radioresistance
as well as reprogramming of cancer-associated immune cells. (B) Conversion of blood cholesterol to oxycholesterol, through enzymatic or radical oxidation. (C) Differ-
ent mode of cholesterol uptake; pathway associated with altered cholesterol biosynthesis and storage of cholesterol along with different agents targeting cholesterol

metabolism for treatment.

cells by interrupting Kras/PI3K and Kras/Raf complexes causing AKT
and ERK activity suppression [214]. Meta-analysis conducted by differ-
ent groups shows a significant decreased in the risk of gastric cancer
ranging from 27 to 32% in statin users [215,216]. Similarly, a 32% de-
creased in ovarian cancer risk was also reported in statin users as com-
pared to non-users [205]. Also, in hepatocellular carcinoma, lovastatin
in combination with eicosapentaenoic acid (EPA) regulate HMG-CoA
and LDLR expression thereby inhibiting the proliferation of HepG2 cells
[202]. Moreover, administration of anti-proprotein convertase subtil-
isin/kexin 9 (PCSK9) antibody nanoliposomes in mice helps in decreas-
ing colorectal cancer progression. Targeting PCSK9 is among the recent
steerages used for reducing blood cholesterol levels [217].

Other than statin various blockers/inhibitor/knockdown approaches
were explored for controlling tumor progression. Use of FDA approved
cholesterol uptake blocker drug ezetimibe retards in vivo prostate can-
cer progression by inhibiting angiogenesis. Ezetimibe specifically blocks
NPC1L1 which plays an important role in dietary cholesterol uptake; in-
hibition of NPC1L1 decreases the level of blood cholesterol [90]. Knock-
down of SREBP1 and SREBP2 causes a decreased in, fatty acid syn-
thesis, mitochondrial respiration, fatty acid oxidation as well as gly-
colysis, which reduces colon cancer xenograft tumor formation [218].
In breast cancer cells (ER+) cholesterol biosynthesis genes were up-
regulated and targeting these genes through siRNA decreased prolifera-
tion [219]. Other compounds like naringenin (NGEN) were reported to
inhibit hepatocellular carcinoma cell proliferation by decreasing plasma
fatty acid composition [220]. Use of a peroxisome proliferator-activated
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receptor gamma (PPAR gamma) agonist (pioglitazone) or HDL mimet-
ics L-4F (an apolipoprotein A-I mimetic peptide) were also shown to
have an inhibitory effect on colon cancer progression. Both pioglitazone
and L-4F decreases the incidence of intestine polyp’s occurrence. More-
over, treatment with HDL mimetics L-4F also decreases serum biomarker
(Iysophosphatidic acid (LPA)) of colon cancer in mice [221,222]. Like-
wise targeting cholesterol associated metabolic pathway together with
chemotherapeutic drugs increases the cytotoxic potential of these drugs.
Earlier studies from our laboratory have reported that membrane choles-
terol depletion through MCD enhances the cytotoxic potential of ta-
moxifen, doxorubicin, carboplatin, and 5-fluorouracil in melanoma,
breast, and hepatocellular carcinoma cells [198,223,224]. Also, target-
ing cholesterol uptake by using shRNA for LDLR increases the efficacy
of gemcitabine in pancreatic cancer [28]. Another aspect of targeting
cholesterol metabolism is through the inhibition of the cholesterol ester-
ification process. Inhibition of cholesterol esterification enzyme ACAT1
through avasimibe or by using ACAT1 shRNA inhibits proliferation of
prostate cancer and myelogenous leukemia (CML) cells [225]. More-
over, in the xenograft model of CML (K562R cell, resistant to imatinib)
the combination treatment of avasimibe and imatinib shows a synergis-
tic effect in reducing the tumor burden [226].

The role of lipids/cholesterol in chemotherapeutic response warrants
more in-depth studies. HMG-CoA reductase inhibitors (i.e., statin) are
commonly used for the treatment of cardiovascular diseases, however,
its role as an anti-cancer agent is still debatable. For proper management
of various cancers, it would be interesting to see how targeting altered
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Table 2
Altered cholesterol metabolism and drug resistance.
S. No Cancer Types Resistant Drugs in vitro/in vivo/ Cell line/ Animal model/ Outcome of Treatment/ Effect /Treatment  Ref.
/Inhibitors Clinical Studies Patient Information modalities
1 Prostate Simvastatin in vitro & in vivo PC3, LNCaP & 22RV1 cells, Low dose treatment of simvastatin [208]
Hsd: Athymic increases the aggressiveness of
Nude-Foxn1 prostate cancer in mice models.
nu/nu mice.
2 Ovarian Cisplatin, Paclitaxel in vitro & Clinical PA-1, OVCAR-3, SKOV-3 Cholesterol increases expression of [25]
cells MDR1 through LXRa/p activation
and imparts chemoresistance of
cisplatin and paclitaxel
3 Ovarian Cisplatin in vitro A2780 cell SREBP2 imparts cisplatin resistance [254]
via upregulation of LDLR, FDFT1,
and HMGCR in A2780 cell
4 Ovarian Cisplatin, Lovastatin in vitro PEA1, PEA2, PEO14 cells Inhibition of cholesterol biosynthesis [209]
with statin increases cisplatin
chemoresistance in ovarian cancer
5 Chronic Imatinib in vitro K562R (imatinib resistant) A high level of cholesterol ester [226]
myelogenous cell accumulation is associated with
leukemia resistance to imatinib in chronic
myelogenous leukemia cells
6 Lung Cisplatin, in vitro & Clinical A549 cell, Pretreatment of cholesterol increases [229]
Carboplatin, Patient sample the expression of ABCG2 which
Oxaliplatin, imparts chemoresistance to
Cholesterol platinum-based drugs.
7 Hepato-cellular Doxorubicin, in vitro Huh-7, HepG2 cells 7-Ketocholesterol regulate P-gp [230]
Carcinoma through PI3K/mTOR signaling and
decreases the efficacy of
Doxorubicin
8 Hepato-cellular Sorafenib in vitro HepG2, HUH7 cells Pre-treatment of LDLc decreases HCC [232]
carcinoma cell death from sorafenib.

lipid/cholesterol metabolism with specific inhibitors either alone or in
combination with chemotherapeutic drugs could influence tumor pro-
gression. A schematic representation of different approaches for target-
ing cholesterol metabolism of cancer cells, along with different functions
of cholesterol in helping cancer progression is depicted in Fig. 6.

Cholesterol and resistance to cancer therapy

Targeting cholesterol/lipid metabolism has a profound effect on can-
cer cell proliferation and progression. One of the major hurdles faced
by cancer patients in conventional therapy is resistance to chemother-
apy or radiotherapy. Numerous reports suggest that alteration in
lipid/cholesterol metabolism contributes to the ineffectiveness of vari-
ous anticancer drugs and radiation therapy (Table 2) [25,227,228,229].
Montero J, et al., group, reported that the increase in mitochondrial
cholesterol level causes chemoresistance in hepatocellular carcinoma
[227]. In hepatocellular carcinoma cells, it has been shown that 7-
Ketocholesterol (7-KC) up-regulates the expression of P-glycoprotein (P-
gp) through PI3K/mTOR signaling thereby diminishing the efficacy of
doxorubicin [230]. Studies in chemoresistant ovarian cancer cells show
more cholesterol uptake via up-regulation of LDLR and a decrease in en-
dogenous cholesterol biosynthesis through downregulation of enzymes
involve in cholesterol biosynthesis i.e., Farnesyl Diphosphate Synthase
(FDPS) and oxidosqualene cyclase (OSC) [209].

Clinicopathological studies in ovarian cancer have shown a signifi-
cant correlation of high ascites cholesterol content with poor progno-
sis and chemoresistance. High cholesterol content hampers the sensi-
tivity of paclitaxel and cisplatin through up-regulation of ABCG2 and
MDR1 (drug efflux pump) along with an increase in cholesterol receptor
(LXRa/p) expression [25]. Moreover, the increase in cholesterol biosyn-
thesis genes imparts resistance to estrogen deprivation in ER+ breast
cancer cells [219]. It also contributes to statin resistance along with a
decrease in the survival of breast cancer patients [231]. Furthermore,
the accumulation of cholesterol esters due to ACAT-1 enzyme was cor-
related with reduced efficacy of imatinib in CLM cells (226). Earlier, our
group has reported by in vitro studies that pretreatment of hepatocellular
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carcinoma cells with LDLc decreases sorafenib induced cell death [232].
A similar observation was reported in lung adenocarcinoma where pre-
treatment or co-treatment of cholesterol with oxaliplatin or carboplatin
decreased the cytotoxic potential of these drugs in A549 cells [229].
In gastric cancer supplementation of 25-HC in both in vitro and in vivo
models decreases the sensitivity of 5-FU mediated cytotoxicity (157).
Additionally, studies from Souchek JJ (2014) group had shown that
genes involved in radioresistance (FDPS, ACAT2, AG2, CLDN7, DHCR?7,
ELFN2, FASN, SC4MOL, SIX6, SLC12A2, and SQLE) are mostly associ-
ated with the cholesterol biosynthesis pathway [228]. Therefore, it is
evident from the available literature that cholesterol has an important
role in imparting resistance to various therapeutic interventions. How-
ever, it is needful to focus more on clinical studies for understanding the
relevance of high blood cholesterol towards the therapeutic response of
various cancers. Moreover, the underlying molecular mechanism needs
further investigation to understand the mode of action through which
cholesterol or its metabolism directly or indirectly interferes with the
efficacy of various drugs.

Conclusion

Global Health Observatory (GHO) data indicates that there has been
a substantial increase in the percentage of the adult population with el-
evated total blood cholesterol (> 5.0 mmol/1) level worldwide which is
up to 39% of the adult population [233]. Increased blood cholesterol
is very common in obesity and familial hypercholesterolemia patients.
Thus, with the increasing population of hypercholesterolemic people,
elevated blood cholesterol levels may have a profound effect on vari-
ous cancers. Enormous work has been done towards understanding the
structural and functional aspects of cholesterol in human physiology
as well as its role in various diseases. Previous studies have already
hinted at the importance of cholesterol in cancer however the corre-
lation between these two is not fully elucidated to date. In-spite of sev-
eral intriguing studies there are still many unsolved questions that need
to be answered. The ability of cancer cells in reprogramming choles-
terol metabolism through intrinsic cues and the impact of extracellular
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cholesterol in providing extrinsic signals to the cancer cells needs to be
investigated at the molecular level. It will be quite fascinating to under-
stand the interrelationship between the availability of cholesterol or its
intermediate, with cholesterol metabolism of cancer cells and how they
regulate each other. It is evident from earlier findings that cholesterol
may directly or indirectly help in the progression of various cancers. Ad-
ditionally, in preclinical and clinical studies the expression of LDLR was
up-regulated in most of the cancers which could be an important target
for further studies. However, the role of cholesterol in cancer initiation
is still elusive and needs further investigation. Recent studies emphasize
targeting cholesterol metabolism for the treatment of various cancers.
Therefore, targeting cholesterol metabolism in hypercholesteremia and
obesity might open yet unexplored avenues for the management of var-
ious cancers.
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