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Abstract. Cancer represents a severe challenge to healthcare
systems and individuals worldwide. The development of
multiple drug resistance is a major issue regarding cancer
therapy, which can result in the progression of disease.
Cholesterol is a major constituent of cell membranes and
participates in the regulation of several cellular processes,
such as cell growth, proliferation, differentiation, survival and
apoptosis. Numerous studies have provided correlative support
for a role of cholesterol in cancer development and drug resis-
tance. In the present review, recent insights into the regulation
of cholesterol metabolism, the association between cholesterol
and the efficacy of antitumor agents in preclinical studies, as
well as the possible mechanisms through which cholesterol
influences drug resistance, are summarized. Furthermore, the
clinical relevance of cholesterol to the development of cancer,
as well as strategies targeting cholesterol for therapeutic inter-
vention are detailed. Collectively, studies on various types of
cancer have suggested that increased cholesterol levels promote
resistance to chemotherapeutic drugs in cancer through a
variety of mechanisms, and that the depletion of cholesterol
using statins significantly enhances the sensitivity of the
therapeutic agents. However, additional studies are required
to enhance the current understanding of the involvement of
cholesterol in the development of drug-resistant cancer.
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1. Introduction

At present, cancer remains a serious threat to human life
and poses a significant burden to healthcare systems, and
is gradually becoming the leading cause of disease-related
mortality. A previous study assessing the global burden of
29 types of cancer in 195 countries from 1990-2017 demon-
strated that, when combining all types of cancer in most
countries, the average annual age standardized incidence
rates notably increased with time (1); 24.5 million cancer new
cases and 9.6 million cancer-related deaths were reported
globally in 2017, and the most common types of cancer were
non-melanoma skin cancer, lung cancer, breast cancer, colon
cancer, prostate cancer, stomach cancer, liver cancer, cervical
cancer, non-Hodgkin's lymphoma and bladder cancer (1). The
development of drug resistance in cancer treatment is a major
obstacle. While the initial treatment is successful, acquired
or secondary resistance occurs during repetitive cycles of
therapy, subsequently resulting in tumor progression in several
patients. Additionally, tumor cells which develop resistance
to a single chemotherapeutic drug will often exhibit resis-
tance to other chemotherapeutic drugs, despite the different
characteristics and targets of the second-line therapeutic (2).
This phenomenon is termed multi-drug resistance (MDR), and
is a significant contributor to the decreased success rates of
combination therapeutic regimens.

Drug resistance results in a reduction of the therapeutic
efficacy of the administered drugs, weakening the inhibitory
effects of chemotherapy on the growth and survival of cancer
cells, resulting in the failure of chemotherapy and potentially
increasing the risk of cancer-related mortality. The emergence
of MDR in advanced- and terminal-stage cancer is typically
associated with a poor prognosis and reduced survival rates of
patients (3). Thus, it is necessary to elucidate the underlying
molecular mechanisms of resistance and to develop novel
therapeutic approaches to counter these. MDR in cancer cells
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during chemotherapy may be associated with a diverse range
of molecular mechanisms, including enhanced drug efflux (4),
decreased drug uptake by influx transporters such as solute
carriers (5), alterations in drug metabolism (6), the inactiva-
tion of death signaling pathways (7), the mutation of drug
targets (8), genetic factors and changes in the tumor microen-
vironment (9,10).

Cholesterol is a significant component of plasma membranes
and a precursor of steroid hormones and bile acids. Cholesterol
is considered to play a vital role in human life (11). Cholesterol
has been shown to accumulate in malignant tissues, and this is
now considered a common characteristic of cancer cells (12).
Recently, mechanistic investigations have demonstrated that
cholesterol pathways are involved in the development of MDR
in cancer cells (13,14). Furthermore, epidemiological studies
have suggested that combination chemotherapy (including
targeted therapy) and cholesterol-lowing drugs improve
survival times and lower cancer mortality rates (15,16). The
present review focuses on the roles of cholesterol as signaling
molecules in the regulation of cancer drug resistance and the
therapeutic potential of lowering cholesterol levels in cancer
treatment.

2. Cholesterol metabolism

Cholesterol synthesis. Cholesterol plays a crucial role in life,
performing numerous roles. including serving as a structural
component of membranes to function as a precursor for several
compounds, such as vitamin D, bile acids or steroid hormones.
Cholesterol synthesis occurs through the mevalonate pathway,
in which the progress of synthesis is rate-limited by various
enzymes and transcription factors (17).

The first step in cholesterol synthesis is the formation of
mevalonate from acetate (18). Acetyl-CoA is produced from the
glycolysis of glucose in the mitochondria, and the remaining
steps of cholesterol synthesis occur in the endoplasmic
reticulum (ER) and cytoplasm (19). Acetyl-CoA condenses
with acetoacetyl-CoA to form hydroxyl-methyl-glutaryl-coen-
zyme A (HMG-CoA) which is catalyzed by HMG-CoA
reductase (HMGCR/HMGR). HMGCR is not only the
rate-limiting enzyme for the reduction of HMG-CoA to
mevalonate, but is also a committal step for the entire process.
Mevalonate acts as a precursor of numerous products, such
as geranyl-pyro-phosphate and farnesyl-pyrophospate, both
of which can induce the isoprenylation of the intracellular G
proteins Ras and Rho, which in-turn modulates cell prolifera-
tion and apoptosis (20). The following step is the conversion
of mevalonate into squalene; mevalonate kinase forms meva-
onate-5-phosphate from mevalonate (21). Following a series
of successive condensation reactions of activated isoprenes,
squalene is formed in the presence of squalene synthase. To
form cholesterol, squalene has to initially undergo reactions
in which squalene monooxygenase (SQLE) and lanosterol
synthase catalyze the transformed squalene into cholesterol
following several successive reactions (22).

In order to maintain the balance of cholesterol homeo-
stasis in the plasma and intracellular membrane, with the
involvement of enzyme, acyl-CoA acyl-transferase (ACAT) in
the ER, free cholesterol is converted into cholesterol esters,
which are stored as cytosolic lipid droplets when their levels
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increase above the threshold, and is used as cholesterol ester
hydrolase when required (23). The disposal of cholesterol
through 7a-hydroxylated bile acids exerts a significant effect
on cholesterol homeostasis. 7a-hydroxylation is catalyzed by
the enzyme, cytochrome P450 7A1 (CYP7A1), which also
promotes the excretion of fecal sterols (24).

Statins are competitive inhibitors of HMGCR, the
rate-limiting enzyme of the mevalonate pathway required for
the biosynthesis of cholesterol (25). Recently, several preclinical
studies discovered that the cholesterol levels in drug-resistant
cell lines were considerably higher than those in drug-sensitive
cell lines (26-28). Additionally, an additive effect of statins in
terms of the inhibition of cell proliferation was observed; the
related statins are presented in Table I. Multiple mechanisms
connected with cholesterol have been identified, which lead to
drug resistance in different types of cancer. Serum cholesterol
levels, as well as intracellular cholesterol levels appear to be
crucial in cancer drug resistance.

Cholesterol influx. To sustain whole-body cholesterol levels
within a physiological range, lipoproteins mediate the
management and delivery of dietary cholesterol to cells. In
addition to de novo synthesis, cells capture cholesterol through
the uptake of circulating plasma lipoproteins via low-density
lipoprotein receptor (LDL-R) and scavenger receptor class B
type I (SR-BI).

LDL-R, which is present on the plasma membrane of the
majority of cells, is the major endocytic route for uptake of
exogenous cholesterol. LDL or other apolipoprotein E/apoli-
poprotein B-containing lipoproteins bind to the LDL-R, and
the complex is endocytosed by clathrin-coated vesicles. LDL
becomes disassociated in the early endosome, and the LDL-R
is recycled back to plasma membrane. As the early endosome
progresses into a late endosome/lysosome, the non-recycled
cholesterol is delivered to other organs, such as the ER, mito-
chondria and plasma membrane (37,38). SR-BI has been shown
to be of utmost importance in mediating the uptake of choles-
terol from high-density lipoprotein (HDL). HDL binds to an
HDL-receptor with a high affinity (39). SR-BI is expressed
primarily in the liver and non-placental steroidogenic tissues
and mediates selective cholesterol uptake by a mechanism
distinct from the classical LDL receptor pathway (40).
Although SR-BI binds to a variety of ligands, including HDL,
LDL, very low-density lipoproteins and modified lipoproteins,
the most important property of SR-BI is considered its ability
to function as an HDL receptor.

Niemann pick Cl-like 1 (NPCIL1), a protein which is
localized at the brush border membrane of enterocytes, is
responsible for absorption of free cholesterol into cells. In
humans, it is also expressed in the liver, where it transports
newly secreted biliary cholesterol back into the hepatocytes,
and prevents the loss of endogenous cholesterol (41).

Cholesterol efflux. To prevent cholesterol retention, excess
cellular cholesterol from cells is removed. As cells cannot degrade
cholesterol, reverse cholesterol transport (RCT), a mechanism
through which redundant cholesterol is transported from periph-
eral tissues to the liver for reuse or excretion, is necessary for
cholesterol homeostasis (42). It has been shown that ABC trans-
porters, one of the largest families of integral plasma membrane
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Table I. Combination of chemotherapeutic drugs and statins in different cancer entities.
Chemotherapeutic
First author, year drug Statin In vitro In vivo (Refs.)
Yun et al 2019 Doxorubicin Simvastatin Human epidermoid BLAB-C nu/nu (29,30)
carcinoma cell mice with A431
Greife et al 2015 line, A431; Human
bladder cancer cell
line, BFTC-905-DOXO-II
Kong et al 2018 Enzalutamide Simvastatin Human prostate cancer cell Nude mice with 22RV1 3D
lines, MR49F/C4-2R/22RV 1
Kim et al 2019 Paclitaxel Simvastatin Human cell line, A549T BLAB/C nude mice with (32)
A549/T
Gupta et al 2018 Paclitaxel Lovastatin Athymic nude mice with (33)
human pancreatic cancer
cell line, SU.86.86
Glodkowska-Mrowka Imatinib Lovastatin ~ Human chronic myeloid (34)
etal 2014 leukemia cell line, K562
Chen et al 2015 Cetuximab Nystatin Human epidermoid carcinoma BLAB/C nude mice with  (35)
cell line, A431; human A431/A549
pulmonary adenocarcinoma
cell line, A549; human colon
carcinoma cell line, HCT-116
Chen et al 2016 Docetaxel Atorvastatin Human prostate carcinoma (36)
cell lines, PC-3/LNCaP
Chen et al 2018 Gefitinib Lovastatin ~ Human non-small cell BLAB/C nude mice with (28)
lung cancer cell H1975

lines, H1975/PC-9-GR

NSCLC, non-small cell lung cancer.

proteins, are involved in the cholesterol transport across the cell
membrane. The dysfunction of ATP-binding cassette (ABC)
transporters may contribute to various cholesterol-related
diseases. For example, mutations in ABC, subfamily A, member
1 (ABCAL) result in familial HDL deficiency (43).

ABCALI promotes cholesterol efflux to extracellular accep-
tors, such as apolipoprotein Al, resulting in the formation of
HDL particles; the first step in RCT (44). Synergistic mediation
of ABCAI1 and ABC, subfamily G, member 1 (ABCG]1) for
cholesterol efflux to HDL has been shown (45). Additionally,
studies have demonstrated that the combined actions of
ABCAI and ABCGI contributes to the maturation of HDL
through the addition of cellular lipids to the nascent particles
in macrophages (46). Two other ABC transporters, ABCGS5
and ABCGS, which are both expressed on the brush border
membrane of enterocytes and the canalicular membrane of
hepatocytes, transport cholesterol from enterocytes into the
gut lumen for fecal disposal (47).

Of note, SR-BI can mediate the bi-directional exchange
of free cholesterol between cells and HDL (48). For example,
J774 macrophages stably overexpressing SR-BI have been
shown to export more cholesterol to HDL than the controls,
indicating the potential role of SR-BI in cholesterol
efflux (49).

Transcriptional regulation of cholesterol synthesis-related
genes. In mammary tissues, the homeostatic control of choles-
terol is reflected in the balance of biosynthesis, and the influx
and efflux of cholesterol. The balance is primarily regulated
by the cooperation of two transcription factor families: The
sterol regulatory element-binding proteins (SREBPs) and the
liver X receptors (LXRs) (50,51).

SREBP family members are synthesized as membrane
proteins in the ER, and SREBP2 primarily regulates the
transcription of genes involved in cholesterol biosynthesis,
and its activity is controlled via a negative feedback loop (52).
Under sterol-rich conditions, SREBP is sequestered by the
SREBP-cleavage-activating protein (SCAP) in the ER, in
which SCAP binds to the insulin-induced gene (INSIG) and
this interaction traps SREBP in the ER membrane. However,
when cholesterol levels decrease below homeostatic levels,
SCAP dissociates from INSIG and escorts SREBP to the
Golgi where the complex is cleaved, subsequently leading
to the translocation of the mature transcription factor to the
nucleus and transcription of SREBP-targeted genes, such as
HMGCR and LDL-R (Fig. 1) (53,54).

In addition to SREBPs, LXRs, which are members of the
nuclear receptor superfamily, also participate in cholesterol
metabolism. LXRs are activated by endogenous ligands,
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Figure 1. Regulation of cholesterol metabolism through modulation of intracellular sterol levels. Under conditions of high sterol levels, endogenous ligands
activate LXRs, thus upregulating the expression of transporters such as ABCG1, ABCG5/G8 and ABCALI to mediate cholesterol efflux. Additionally, LXRs
target CYP7AL to transform cholesterol into bile acids. Excess sterols are converted into esters and stored within lipid droplets. Conversely, under conditions
of low sterol levels, the SCAP-SREBP complex migrates to the Golgi and is cleaved, releasing SREBP, resulting in the migration of the mature transcrip-
tion factor to the nucleus and the transcription of SREBP-targeted genes, such as members of the HMGCR activating mevalonate pathway and LDL-R
enhancing exogenous cholesterol capture. ABC, ATP binding cassette; LXR, liver X receptor; SREBP, sterol regulatory element binding protein; SCAP,
SREBP-cleavage-activating protein; HMGCR, hydroxyl-methyl-glutaryl-coenzyme A reductase; LDL-R, low density lipoprotein-receptor.

includingoxysterols,desmosterol,and24S,25-epoxycholesterol.
Once activated, LXRs upregulate the transcriptional levels of
genes involved in cholesterol transport, including ABCAI,
ABCGI, ABCGS5 and ABCGS (Fig. 1) (50). When intracellular
cholesterol levels exceed physiological limits, LXRs facilitate
the transcription of the aforementioned target genes and thus
RCT, thereby functioning to maintain homeostatic levels (55).
Furthermore, CYP7AL1, which catalyzes the formation of bile
acids, is a target gene of LXRs (Fig. 1). LXR activation can
downregulate NPCIL1 expression in human enterocytes,
accompanied by the reduction of cholesterol absorption (56).

3. Role of cholesterol in drug resistance in cancer

The association between cholesterol homeostasis and drug
resistance has been the subject of numerous studies. Recently,
using data obtained from The Cancer Genome Atlas, it was
demonstrated that there was an association between cholesterol
synthesis and a decreased patient survival, as well as progres-
sion in patients with cancer (57,58). Considering the role of
cholesterol in cancer development and the adverse outcomes
of MDR in cancer patients, it iS necessary to examine the role
of cholesterol in cancer drug resistance (14).

Preclinical studies have also demonstrated the role of
cholesterol in drug resistance in several types of cancer,

including prostate, pancreatic, bladder and breast cancer,
amongst others (30,31,59-61).

In breast cancer, aromatase inhibitor-resistant cells exhibit
activated endogenous cholesterol biosynthesis, resulting in
the constitutive activation of estrogen receptor-a; estrogen
receptor-a binding can be reduced using statins, which in-turn
reduces cell invasion. Furthermore, patients with high levels
of cholesterol biosynthesis are less likely to benefit from
treatment with aromatase inhibitors (62). Another example
in breast cancer includes the association between tamoxifen
resistance and cholesterol. As previously demonstrated,
in tamoxifen-resistant cells, the expression of peroxisome
proliferator-activated receptor-y, which regulates several lipid
droplet proteins, is altered, and the expression of ABCAI,
which functions a cholesterol efflux pump, is downregulated.
Notably, a substantial increase was also observed in neutral
lipids (cholesterol esters and triglycerides), as well as an
accumulation of free cholesterol in the resistant cells (60).
Similar results have been reported in non-small cell lung
cancer cells, where cholesterol levels in gefitinib-resistant cells
were notably higher than in the gefitinib-sensitive cells (28).
Notably, it has been reported that radioresistance in pancreatic
cancer cells is associated with the expression of ACAT-2, fatty
acid synthesis (FASN) and SQLE at the mRNA level, all of
which are involved in cholesterol homeostasis, suggesting that
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Figure 2. Mechanisms through which cholesterol regulates drug resistance in cancer cells. Cholesterol regulates drug resistance in cancer cells via different
mechanisms. Elevated mitochondrial cholesterol levels can induce resistance to apoptotic signals. Moreover, cholesterol levels in lipid rafts regulate related
signal transduction pathways, such as the EGFR signaling pathway and caveolin-1, leading to epithelial-mesenchymal transition or acquisition of cancer-stem
cell like properties. As the cholesterol composition of the cellular membrane is altered, the function of ABC transporters (p-glycoprotein, BCRP and ABCC1)
is changed accordingly. In addition, the change in cholesterol content in cell membranes may affect the permeability to therapeutic drugs and the uptake
of agents. Eventually, drug resistance in cancer cells influences survival, proliferation, differentiation and apoptosis. ABC, ATP binding cassette; EGFR,

epidermal growth factor receptor.

cholesterol may also be associated with radioresistance (63).
The expression of HMGCR, a crucial enzyme in the meva-
lonate pathway of cholesterol synthesis, is increased in
enzalutamide-resistant prostate cancer cell lines, and HMGCR
knockdown or HMGCR inhibition has been shown to result
in the re-sensitization of resistant cells to enzalutamide,
whereas HMGCR overexpression confers resistance to the
drug (31). The induction of the mevalonate pathway has also
been reported as a mechanism of doxorubicin resistance in
bladder cancer, and co-treatment with simvastatin restores the
sensitivity of resistant cells to doxorubicin (30). Doxorubicin
downregulates HMGCR protein levels, resulting in decreased
levels of cholesterol, which is associated with the inactiva-
tion of the epidermal growth factor receptor (EGFR)-src
pathway (29). Furthermore, HMGCR inhibition or knockdown
enhances doxorubicin toxicity (29), and these results are in
accordance with those of aforementioned studies (30,31). In
addition to cholesterol, the increased accumulation of choles-
terol esters has also been observed in drug-resistant pancreatic
ductal adenocarcinoma and chronic myelogenous leukemia,
and cholesterol esterification inhibition enhances the sensi-
tivity to gemcitabine and imatinib (59,64).

Elevated cholesterol levels in the mitochondria have been
shown to confer resistance to apoptotic signals, thus contrib-
uting to chemotherapeutic resistance in several types of cancer
(Fig. 2) (26,65,66). The mitochondrial cholesterol content in
cases of hepatoma has been shown to be notably increased
compared with that of normal tissues (67). Furthermore, the

mitochondria of hepatocellular carcinoma cells, which are
resistant to mitochondrial membrane permeabilization and
other various stimuli, exhibit increased cholesterol levels. The
sensitivity of cells to chemotherapy increases upon cholesterol
depletion through the inhibition of HMGCR or SQLE. In a
previous study, when steroidogenic acute regulatory protein,
a mitochondrial cholesterol-transporting polypeptide that is
upregulated in hepatocellular carcinoma cells, was knocked
down by small interfering RNA, the cells exhibited increased
sensitivity to chemotherapy (26). Another previous study using
animal experiments also confirmed that cholesterol overload
in the liver contributed to mitochondrial changes, which ulti-
mately conferred resistance to cell death (65).

However, another previous in vitro study demonstrated
an opposite effect of cholesterol on drug resistance (68).
Combined treatment with cholesterol and temozolomide
reversed temozolomide resistance, whereas clinical anti-hyper-
cholesterolemia agents (lovastatin or simvastatin) suppressed
temozolomide-induced cell death. These conflicting results
suggest drug resistance mediated by elevated cholesterol levels
may be restricted to certain cancer types.

4. Mechanisms through which cholesterol regulates drug
resistance

Lipid rafts. In addition to serving as a precursor for steroid
hormones and a key component of the plasma membrane,
cholesterol also plays an essential role in intracellular signal
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transduction (69). The regulation of signal transduction path-
ways in cancer resistance by cholesterol, to a certain degree,
is partly due to membrane microdomains termed lipid rafts,
which are characterized by the enrichment of cholesterol and
sphingolipids, resulting in a lipid phase that is more ordered
than the surrounding membrane (70). A wide number of trans-
duction signals related to cell survival and proliferation, have
been reported to be connected with lipid rafts, such as receptor
tyrosine kinases, platelet-derived growth factor receptor and
EGFR. Of note, cancer cells possess higher numbers of lipid
rafts than their normal counterparts, and the cholesterol
levels in lipid rafts of drug-resistant cancer cells are higher
than drug-sensitive cancer cells (28,71). Thus far, there are
numerous studies available on cancer resistance is mediated
through lipid rafts, within which signaling molecules associ-
ated with cell proliferation, apoptosis, invasion and migration,
are impeded by cholesterol changes, as described below.

In non-small cell lung cancer, the sensitivity of gefitinib, an
EGFR-tyrosine kinase inhibitor, has been shown to be affected
by cholesterol levels in lipid rafts. Following the depletion of
cholesterol in lipid rafts, gefitinib-resistant cell lines exhibit a
high affinity for gefitinib and EGFR, leading to an enhanced
sensitivity to gefitinib, as well as to the decreased phosphory-
lation of AKT, MEK1/2 and ERK1/2 (28). The attenuation of
EGFR signaling is attributed to multiple mechanisms, one
of which is endocytosis, a process through which receptors
are removed from the cell surface and delivered to sites of
inactivation, such as through ER-based phosphatases (72).
Clathrin-independent endocytosis is activated by high levels
of EGF, but is also dependent on the cholesterol levels in the
membrane (73). Thus, sensitivity to gefitinib may be medi-
ated by cholesterol via endocytosis. Similarly, a study in
multiple human carcinoma cell lines highlighted the presence
of a mechanism whereby the uptake of an EGFR-targeting
monoclonal antibody was improved through cholesterol
sequestration, which also enhanced drug internalization
by regulating EGFR trafficking/turnover and facilitating a
switch from lipid rafts to clathrin-mediated endocytosis (35).
ERK1/2 pathway activation mediated by EGFR, and
adipocyte plasma membrane-associated protein (APMAP)
accumulation are involved in the cholesterol-mediated induc-
tion of epithelial-mesenchymal transition (EMT) (Fig. 2).
Mechanistically, APMAP increases the interaction between
EGFR substratel5-related protein, inhibiting the endocytosis
of EGFR by cholesterol, thus promoting EMT (74). Another
example of the role of cholesterol in lipid rafts influencing
EMT-associated drug resistance concerns cell adhesion
proteins. Lipid raft disruption by simvastatin suppresses
integrin-p3 and focal adhesion formation, thus inhibiting
the FAK signaling pathway and re-sensitizing drug-resistant
cancer cells to paclitaxel, and repolarizes tumor-associated
macrophages, increasing TNF-a and attenuating TGF-3, which
ultimately results in the suppression of EMT (Fig. 2) (32). Of
note, integrin signaling is also required for the maintenance of
properties of cancer stem cells (CSCs) (Fig. 2) (75). CSCs are
a subset of cells within the tumor which possess self-renewal,
differentiation and tumorigenic capacity, often underlying the
failure of cancer therapy and eventually resulting in tumor
recurrence and eventually metastasis, due to their consider-
able chemoresistant properties (76). Taken together. these data
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indicate that cholesterol-rich lipid rafts may play a critical role
in cancer drug resistance.

Caveolae, a specific subclass of lipid rafts, can be readily
identified by the presence of the cholesterol binding protein,
caveolin-1 (77). In pancreatic cancer cells, high caveolin-1
levels promote resistance to chemotherapeutic agents, such as
gemcitabine and 5-fluorouracil (78). Caveolin-1 expression is
upregulated in resistant colorectal cancer cells (79). In aggres-
sive and metastatic prostate cancer,a high caveolin-1 expression
increases acetyl-CoA carboxylase-1 and FASN expression
in an androgen receptor-independent manner, suggesting
that caveolin-1 promotes hormone resistance through the
regulation of lipid synthesis (80). Cholesterol depletion using
methyl-B-cyclodextrin potentiates the tamoxifen-induced
anticancer effects, and this sensitization is associated with the
downregulation of caveolin-1 (Fig. 2). Thus, cholesterol and
caveolin-1 may interact and influence each other (81).

ABC transporters. The importance of ABC transporters in
the development of drug resistance in several types of cancer
has been the subject of numerous studies spanning several
decades. In view of their localization in the membrane, it
has been hypothesized that the membrane environment of
the transporters is crucial for their function. Several studies
have demonstrated that when the cholesterol composition of
the cellular membrane is altered, the function of these ABC
transporters is altered accordingly.

In human peripheral blood mononuclear cells, elevated
cellular cholesterol levels significantly increase p-glycopro-
tein activity (82). In addition, p-glycoprotein that has been
reconstituted in cholesterol-containing liposomes, exhibit
increased p-glycoprotein ATPase activity (83). In agreement
with these findings, the removal of cholesterol, which modu-
lates the membrane lipid composition, alters the localization
of p-glycoprotein and results in the loss of p-glycoprotein
function (Fig. 2) (84). Furthermore, in human CEM acute
lymphoblastic leukemia cells, which exhibit varying
degrees of chemoresistance, the amount of cholesterol ester
increases linearly with the level of resistance to vinblastine,
whereas the amounts of total and free cholesterol increase
in a non-linear manner. Moreover, membrane cholesterol
controls both ATPase activity and the drug efflux activity
of p-glycoprotein. CEM cells that express increasing levels
of elevated chemoresistance have been shown to increase
the amount of p-glycoprotein to a peak of 40% of total
membrane proteins and this remains unvaried (85). In terms
of increasing the quantity of cholesterol in the membrane
and its association with MDR, it has been strongly suggested
that cholesterol may directly underlie the acquisition of a
typical MDR phenotype. The mechanisms through which
the presence of cholesterol enhances the activity of p-glyco-
protein have also been the subject of numerous studies. Both
the ability of drug binding to p-glycoprotein and drug trans-
port are affected by cholesterol by altering the partitioning
of hydrophobic drug substrates into the membrane and
altering the local lipid environments of p-glycoprotein (86).
A recent study found that p-glycoprotein substrates may
preferentially accumulate in cholesterol-rich regions of the
membrane; thus, the transport activity of p-glycoprotein is
increased in the presence of cholesterol (87). In agreement
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with this finding, in colon cancer cells, following the reduc-
tion of cholesterol synthesis and incorporation in detergent
resistant membranes, the amount of p-glycoprotein, as well
as transport activity, are decreased. The inhibition of choles-
terol synthesis by simvastatin has been found to facilitate
the degradation of B-catenin and decrease p-glycoprotein
expression, subsequently contributing to the sensitivity to
drugs in canine mammary CSCs (88). Of note, [3-catenin is
usually activated in CSCs and leads to the upregulation of
p-glycoprotein (89).

Several studies have established an association between the
levels of cholesterol and the activity of BCRP. A previous study
found that the ATPase activity of human BCRP transfected sf9
cell membranes differed from that of BCRP-overexpressing
human cell membranes, and that the lipid compositions of
the two cell lines differed from each other (90). Of note, in
both cell lines, cholesterol loading prominently improved drug
transport into inside-out membrane vesicles, indicating the
vital role of membrane cholesterol in the function of BCRP.
A similar study later suggested that the cholesterol enrichment
of cell membrane vesicles increases BCRP-driven substrate
uptake, substrate-stimulated ATPase activity, as well as the
formation of a catalytic cycle intermediate, also highlighting
the importance of membrane cholesterol in BCRP transport
activity (Fig. 2) (91). Analogous results have been found in
human erythrocyte membranes in which lucifer yellow (a fluo-
rescent BCRP substrate) uptake decreased when membrane
cholesterol content was increased following treatment with
cholesterol hemisuccinate (92). Taken together, it is reason-
able to ascribe chemoresistance to cholesterol-induced BCRP
expression.

ABC subfamily C, member 1 (ABCCI) is another ABC
transporter whose functionality appears to be regulated by
cholesterol. It was suggested that ABCC1 functionality was
associated with its localization in cholesterol-rich membrane
microdomains, and depletion of membrane cholesterol below
40% caused a partial shift of ABCCI to the high-density frac-
tion, and decreased functionality (Fig. 2) (93). In this regard,
there is some resemblance between BCRP and ABCCI, as
their localization in the cell membrane and functionality is
regulated by cholesterol.

Drug uptake is modulated by cholesterol. There have been
some studies which have demonstrated the role of choles-
terol in modulating the uptake of chemotherapeutic drugs.
Compared with the parental cell line, vincristine-resistant
cells exhibit lower rates of drug delivery in murine leukemic
lymphoblasts. Furthermore, the cholesterol content in resis-
tant cells is directly proportional to the relative resistance
to vincristine; cholesterol depletion results in an increase
in the rate of drug uptake, which is reversed by cholesterol
reloading (94). Similar results have been found in breast
cancer cells, where decreased cholesterol levels have been
shown to result in the increased uptake of doxorubicin (27).
A possible explanation for these findings is that the change in
the cholesterol content in cancer cell membranes significantly
affects their permeability to therapeutic drugs (Fig. 2) (95).
The cholesterol-modulated uptake of chemotherapeutic
agents is considered one of the mechanisms underlying the
initiation of drug resistance.
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5. Clinical relevance of cholesterol in cancer

Cholesterol levels in patients with drug-resistant cancer. The
accumulation of cholesterol is a well-known feature observed
in several types of cancer (96). The mechanisms through which
cholesterol influences carcinogenesis have been extensively
investigated for decades. Clinical studies have also suggested
an association between cancer drug resistance and cholesterol
levels in certain types of cancer. In lung cancer, compared
with patients who exhibit the delayed acquisition of resistance,
patients who acquire chemoresistance exhibit elevated serum
levels of cholesterol at a relatively rapid rate (14). In breast
cancer, cholesterol biosynthesis-related genes are progressively
upregulated as the cancer progresses, and patients with high
levels of cholesterol biosynthesis are unlikely to benefit from
aromatase inhibitor treatment (62). Similarly, the increased
expression of enzymes in the cholesterol biosynthesis pathway
has been shown to be significantly associated with a poor
response to endocrine therapy (97), and a high expression of
cholesterol biosynthesis genes is an independent prognostic
factor of shorter recurrence-free and overall survival (98).
For patients with ovarian cancer, elevated cholesterol levels
in ascites have been shown to be associated with chemoresis-
tance, as well as shorter recurrence-free survival times (99).
However, additional studies are required to fully determine the
effects of cholesterol on cancer development and to elucidate
the mechanisms through it modulates cancer drug resistance.

Prognostic significance of cholesterol in cancer. The prog-
nostic significance of serum total cholesterol (TC), triglycerides
(TG), HDL-C and LDL-C in cancer has been extensively
studied. Recently, a systematic review and meta-analysis
covering 26 studies, including 24,655 individuals, found that
only the TC and HDL-C levels were significantly associated
with cancer mortality (100). Similarly, the existing literature
are more supportive of the role of TC and HDL-C as prog-
nostic predictors than TG and LDL-C. Herein, the prognostic
value of TC and HDL-C in different types of cancer are
discussed (101-103).

A retrospective study comprising 184 patients with gastric
cancer undergoing gastrectomy found that the patients in the
low-HDL-C group had a significantly higher rate of gastric
cancer mortality, as well as increased lymphatic and vascular
invasion compared with the normal-HDL-C group (104).
Moreover, a multivariate analysis of the factors influencing
gastric cancer mortality rates revealed that the HDL-C value
was an independent prognostic factor. In soft tissue sarcoma,
both univariate and multivariate analysis revealed that
decreased HDL-C levels were significantly associated with
the decreased overall survival and decreased disease-free
survival of patients with extensive and radical surgical resec-
tion, suggesting the potential prognostic utility of plasma
HDL-C levels as an independent factor (105). Similarly, in
breast cancer, the prognostic significance of HDL-C has
been shown. A case-controlled study, including 1,081 patients
demonstrated that HDL-C levels in the patient group were
notably lower than those in the control group (106). For
patients with triple-negative breast cancer, a higher proportion
of HDL-C to TC represents a lower overall risk of mortality.
However, no associations have been observed between
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HDL-C and prognostic outcome amongst all the breast cancer
cases (including luminal A, luminal B, HER2-enriched and
triple-negative breast cancer), suggesting that the impact
of pre-diagnostic HDL-C on breast cancer recurrence and
survival may be limited by cancer subtype (102). In agreement
with these studies, a recent meta-analysis demonstrated that
disease-free survival and overall survival were increased in
patients with high HDL-C levels compared with patients with
low HDL-C levels. Across the included types of cancer (breast
cancer, lung cancer, hepatocellular carcinoma and renal cell
carcinoma), the most prominent prognostic effect of HDL-C
was observed in lung cancer (100). The HDL-C level has
emerged as a valuable prognostic factor in different types of
cancer, and the clinical value of HDL-C levels requires further
verification.

The prognostic role of TC also has been established by
numerous independent studies. The negative association of
serum cholesterol levels with cancer mortality was previously
investigated in a prospective study as early as 1980 (107).
Similar results were later found in the multiple risk factor
intervention trial (108). In a study on gastric cancer, the serum
cholesterol levels were significantly lower in the cancer patients
compared with the healthy subjects. Additionally, decreased
levels of cholesterol were accompanied by tumor progres-
sion, suggesting that serum cholesterol levels may be used as
a marker of cancer progression (109). In clear cell renal cell
carcinoma, lower pre-operative serum TC levels were associ-
ated with a lower recurrence-free survival and cancer-specific
survival rates. Furthermore, multivariate analysis indicated
that serum TC levels were an independent predictor of clear
cell renal cell carcinoma (110). A study on 198 patients with
non-small cell lung cancer revealed the prognostic role of
pre-operative TC levels in both univariate and multivariate
analysis. Lower serum TC levels were shown to be associated
with shorter overall survival times (111). Conversely, a positive
association between high levels of TC and overall mortality
has been observed in breast cancer patients (103). Given the
contrasting results based on the type of cancer studied, the
prognostic role of TC requires further investigations; however,
it appears to be cancer type-specific.

6. Strategies targeting cholesterol metabolism to overcome
cancer resistance

The characteristics of cholesterol, as well as its involvement in
several mechanisms associated with drug resistance in various
types of cancer are discussed below. Targeting cholesterol
homeostasis pathways is a potential target for modulating drug
resistance. Examples of drugs targeting cholesterol homeo-
stasis pathways are summarized in Table II.

Targeting cholesterol synthesis. Multiple enzymes and
proteins are involved in cholesterol homeostasis as mentioned
above. Therapeutic drugs targeting cholesterol synthesis
have been investigated, and statins are the most extensively
studied class. Statins are potent competitive inhibitors of
HMGCR, with exhibit synergistic activity with numerous
chemotherapeutic agents, preventing the development of
MDR in cancer cells. For example, lovastatin synergistically
potentiates the anti-leukemic activity of imatinib with chronic
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myeloid leukemia cells from patients with different stages of
the disease, including those resistant to imatinib (34). The
effect was ascribed to increased intracellular concentration
of imatinib through lovastatin, inhibiting efflux of the drug
by ABCBI1 and ABCG2. Several retrospective studies have
demonstrated that statin use is associated with the prognosis
and survival of various types of cancer, and the benefit of
drugs appears to be statin-type and follow-up time depen-
dent (15,16,112,113). A recent example of a cohort study of
patients with endometrial cancer demonstrated that, compared
with patients who had never used statins, the continuous use
of statins (pre-diagnosis and post-diagnosis) and those who
had only used statins at post-diagnosis, exhibited reduced
mortality rates and an improved survival (15). More compre-
hensive studies are required to confirm the benefits of statins
in cancer.

Omega 3 polyunsaturated fatty acids docosahexaenoic acid
(DHA) is another therapeutic targeting the ubiquitination of
HMG-CoA reductase, thus reducing cholesterol biosynthesis.
It has been shown that DHA restores the antitumor effects of
different chemotherapeutic drugs in MDR cells (88).

Farnesyl diphosphate synthesis (FDPS) is a key enzyme
involved in cholesterol biosynthesis. Alendronate and
zoledronate, which both inhibit FDPS, significantly reduce
the formation and the embryonic stem cell signature of
glioblastoma spheres (114). The acquisition of stem-cell-like
characteristics (stemness) has been hypothesized to be closely
associated with the chemoresistance of glioblastoma. Protein
geranylgeranylation, a branch of the cholesterol synthesis
pathway, has been found to be critical for breast CSC main-
tenance. An inhibitor of the geranylgeranyl transferase I
(GGTI) enzyme, GGTI-288, reduces the CSC subpopulation
in breast cancer both in vitro and in primary breast cancer
xenografts (115). Taken together, these preclinical studies
suggest that targeting cholesterol synthesis pathways may be
beneficial for modulating drug resistance.

Targeting cholesterol transport. Preclinical studies have
demonstrated the potential of disrupting cholesterol trans-
port in cancer chemotherapy. LXR, which plays key roles
in the regulation of the expression of ABC transporters, is
implicated in cholesterol efflux as mentioned above. LXR
agonists, including T0901317, 22(R)-hydroxycholesterol and
conjugated linoleic acids (CLA) isomers (t9 and t11-CLA),
inhibit the proliferation of multiple types of cancer cells
by increasing the expression of LXR target proteins (such
as ABCA1 and ABCG]) involved in cholesterol efflux,
thus reducing the intracellular and membrane-associated
cholesterol levels (116-118). Lycopene increases the protein
and mRNA expression levels of LXR and ABCA1 in
androgen-independent prostate cancer cells. Moreover, the
combination of lycopene and T0901317 has been shown to
exert synergistic effects on cell proliferation (116). Notably,
etoposide and teniposide, which are DNA topoisomerase
IT inhibitors that are frequently used in the treatment of
various types of cancer, have been reported to increase the
expression of ABCA1 and ABCGI in macrophages in vitro
and to enhance RCT from macrophages to the feces in vivo,
highlighting the potential role of ABCA1 and ABCGI in
anti-tumorigenesis (119).
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Table II. Agents targeting cholesterol in different types of cancer.

1111

Cholesterol-related

First author, year targets Agent Cancer (Refs.)
Glodkowska-Mrowka Synthesis HMGCR Statins Chronic myeloid (34)
etal 2014 leukemia

Gelsomino et al 2013 DHA Colon cancer (88)
Kim et al 2018 FDPS Alendronate, zoledronate Glioblastoma (114)
Ginestier et al 2012 GGTI GGTI-288 Breast cancer (115)
Yang et al 2016 Transport LXRs T0901317 Prostate cancer (116)
El Roz A et al 2012 22(R)-hydroxycholesterol Breast cancer (117)
El Roz A et al 2013 t9, t11-CLA, Lycopene Breast cancer (118)
Kuzu et al 2014 NPCl1 Leelamine Colon cancer, melanoma  (121)
Rios-Marco e al 2013 Alkylphospholipids, itraconazole Glioblastoma (123,124)
Liu et al 2014

Kuzu et al 2017 Perphenazine Melanoma (125)
Solomon et al 2009 Absorption Ezetimibe Prostate cancer (131)
Xu et al 2016 SC09 Multiple myeloma (132)
Li et al 2018 Esterification ACAT-1 Avasimibe Chronic myeloid 59)

leukemia

HMGCR, hydroxyl-methyl-glutaryl-coenzyme A reductase; DHA, Omega 3 polyunsaturated fatty acids docosahexaenoic acid; FDPS,
farnesyl diphosphate synthesis; GGTI, geranylgeranyl transferase I; LXR, liver X receptor; NPC1, Niemann-Pick type C1; ACAT-1, acyl-CoA

acyl-transferase-1.

NPCl1 is a transmembrane efflux pump involved in choles-
terol trafficking. Previous studies have indicated that NPC1 is
associated with resistance against imatinib in acute lympho-
blastic leukemia cells (120). It was demonstrated that leelamine
mediated cancer cell death through inhibiting autophagic flux
and inducing cholesterol accumulation in lysosomal/endo-
somal cell compartments (121). A subsequent study found
that the active derivatives of leelamine hindered xenografted
melanoma tumor development by binding to NPC1 (122).
Alkylphospholipids, itraconazole and perphenazine are exam-
ples of inhibitors targeting intracellular cholesterol transport,
which in preclinical studies suppresses tumor cell growth by
disrupting autophagic flux and inducing autophagy (123-125).
The potential of these agents in suppressing melanoma cells
or modulating cancer resistance remains to be determined, as
well as the clinical value of targeting cholesterol transport.

Other cholesterol-directed treatment approaches. The role
of dietary cholesterol in cancer development and prognosis is
contested. A recent study found that a high-cholesterol-diet
attenuated the anticancer activity of doxorubicin in epidermoid
carcinoma xenografts (29). Several case-control studies have
suggested a positive association between the risk of several
types of cancer and dietary cholesterol uptake (126-129).
However, several other studies have not found any evidence
of an association between dietary cholesterol intake, and the
risk of lung cancer and ovarian cancer (127,130). Furthermore,
dietary surveys may be unreliable. Based on the above, the
effect of increased dietary cholesterol on the development
of cancer requires further study. The inhibition of intestinal
cholesterol absorption reduces the levels of cholesterol in

cancer cells. For example, ezetimibe, an FDA-approved
drug for blocking cholesterol uptake, reduces the growth
of human prostate cancer xenograft tumors by inhibiting
cholesterol absorption (131). Similarly, in a separate study,
the tumor-promoting effects of a Western diet on human
xenografts were reduced when ezetimibe was used to inhibit
the intestinal uptake of cholesterol (126). SC09, an inhibitor
of cholesterol absorption, has been shown to induce multiple
myeloma cell death in vitro and attenuate multiple myeloma
tumor growth in vivo (132). While targeting dietary cholesterol
uptake reduces tumor development in preclinical studies, the
clinical efficacy of this approach requires further validation.

Targeting cholesterol esterification inhibition is another
method with which to reduce cancer resistance. For example,
avasimibe, a potent inhibitor of ACAT-1, combined with
imatinib, has been shown to result in a significant syner-
gistic inhibition of cell proliferation in chronic myelogenous
leukemia (64). The synergistic effects were confirmed in a
xenograft mouse model. Of note, similar results have been
observed in pancreatic ductal adenocarcinoma when avasimibe
was used in combination with gemcitabine (59).

7. Concluding remarks and future directions

The potential causative factors and therapeutic strategies of
cancer and cancer drug resistance are both substantial health-
care concerns. To date, numerous studies have demonstrated
the significant role of cholesterol in cancer development (57,58).
The effect of cholesterol on the acquisition of drug resistance
in cancer is increasingly being studied. Increased cholesterol
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levels, as well as altered protein expression levels are involved
in cholesterol metabolism and have been observed in various
types of chemoresistant cancer cells. These proteins include
FASN, SQLE, ACAT and HMGCR, amongst others. The
mechanisms through which increased cellular cholesterol
levels enhance drug resistance are summarized as follows:
i) Lipid rafts/caveolae disruption induces altered signal
transduction in several cellular behaviors including apoptosis,
invasion and proliferation; ii) The improved functionality of
ABC transporters accelerates the efflux of chemotherapeutic
drugs from cancer cells; and iii) Decreased membrane perme-
ability to therapeutic agents directly results in reduced drug
uptake (Fig. 2). Furthermore, epidemiological studies (106-108)
have provided additional support for the use of cholesterol as
a prognostic factor for certain cancer types, indicating the
importance of regulating cholesterol homeostasis.

Lipids are a varied class of molecules, which include
cholesterol. Over the past few years, the importance of lipids
in various aspects of cancer biology has been elucidated, and
lipid signal mediators involved in the development of cancer
drug resistance have garnered increasing attention. In addi-
tion to cholesterol, other types of lipids, including fatty acids
and sphingolipids have also been shown to participate in drug
resistance. FASN is the major lipogenic enzyme catalyzing the
synthesis of fatty acids. The inhibition of FASN-driven lipid
rafts negatively affects EGFR-her2/neu crosstalk, thus reducing
trastuzumab resistance (133). In a spontaneous pancreatic
cancer mouse model, a significant increase in FASN expres-
sion was associated with increased disease progression (134).
In accordance with this, a high FASN expression has been
shown to be associated with the poor survival of patients, and
with less sensitivity to gemcitabine in cell lines via the induc-
tion of ER stress that results in apoptosis. Another example
of the lipid-mediated regulation of drug resistance is sphin-
gomyelinase, an essential component of the cell membrane.
Decitabine treatment may increase sphingomyelinase activity,
thus leading to decreased sphingomyelin levels, which
affects lipid composition and membrane fluidity (135). Such
alterations in doxorubicin-resistant cells eventually facilitate
drug transport and enhance drug efficacy. The function of
membrane fluidity based on lipid profile, which ultimately
affects anticancer drug transport and drug resistance, has also
been studied (136). However, the influence of lipid profiles on
cancer drug resistance requires further study.

In conclusion, although not conclusive, dysregulated
cholesterol metabolism appears to be an essential contributing
factor in the acquisition of drug resistance in several types of
cancer. Therefore, preclinical models are required to confirm
the regulation of cholesterol metabolism in cancer resistance,
and preclinical results translating into useful practices in the
clinic may provide an additional therapeutic approach to slow
the progression of tumors.
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