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Abstract: During the past decade, “membrane lipid therapy”, which involves the regulation of the structure and function of tumor cell
plasma membranes, has emerged as a new strategy for cancer treatment. Cholesterol is an important component of the tumor plasma
membrane and serves an essential role in tumor initiation and progression. This review elucidates the role of cholesterol in
tumorigenesis (including tumor cell proliferation, invasion/metastasis, drug resistance, and immunosuppressive microenvironment)
and elaborates on the potential therapeutic targets for tumor treatment by regulating cholesterol. More meaningfully, this review
provides an overview of cholesterol-integrated membrane lipid nanotherapeutics for cancer therapy through cholesterol regulation.
These strategies include cholesterol biosynthesis interference, cholesterol uptake disruption, cholesterol metabolism regulation,
cholesterol depletion, and cholesterol-based combination treatments. In summary, this review demonstrates the tumor nanotherapeutics
based on cholesterol regulation, which will provide a reference for the further development of “membrane lipid therapy” for tumors.
Keywords: cholesterol, tumor, plasma membrane, nanotherapeutics

Introduction
Cholesterol plays a vital role in regulating mammalian survival and development. In addition to being a bile acid and
steroid hormone precursor, cholesterol acts as a fundamental component of the plasma membrane, serving an essential
function in maintaining cellular structure and biological activities." Cholesterol metabolism is often dysregulated in
cancer cells. Owing to their accelerated cell proliferation, cancer cells have a higher demand for cholesterol, which is
used in membrane synthesis and various other cellular processes. Tumor cells exhibit marked alterations in cholesterol
homeostasis.” This includes upregulation in cholesterol synthetic genes, increased cholesterol uptake via low-density
lipoprotein receptors, and abnormal cholesterol metabolism. These alterations lead to elevated cellular cholesterol levels,
which in turn contribute to the initiation and progression of cancer.”> Moreover, cholesterol plays an important role in
inhibiting immune-effector cells and antigen presentation. Both preclinical and clinical studies have demonstrated that
altering cholesterol metabolism strongly suppresses tumor development, reconfigures immunological profile, and rein-
forces antitumor immunity.®

In clinical practice, the upregulation of cholesterol levels in patients with cancer is a common observation,> and
increased circulating cholesterol is directly correlated with the development of some cancers.” ® For example, an increase
of 10 mg/dL in cholesterol is related to a 9% higher risk of prostate cancer recurrence.’ In sarcoma, acute myeloid
leukemia and melanoma, augmented cholesterol synthetic activity has been associated with reduced overall survival rate
of patients. However, in low-grade gliomas, it appears to be associated with prolonged patient survival.'® The Cancer
Genome Atlas indicated that upregulated cholesterol biosynthetic genes are strongly associated with shorter overall
survival among patients with tumors such as ovarian cancer.'” In general, abnormal cholesterol metabolism greatly

promotes the occurrence and development of cancers, influencing processes like cell proliferation, migration, and
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invasion.®'""'? Therefore, reducing cholesterol synthesis or blocking cholesterol transport can inhibit the growth and
invasion of tumor cells.'>™'3

Over the past 10 years, many researchers have conducted studies on antitumor therapies by depleting cholesterol, and
a series of effective small molecule drugs against tumors have been identified in preclinical and clinical studies (Table 1).
The therapeutic mechanisms of these small molecules mainly include cholesterol synthesis interference (eg, statins,
bisphosphonates, and terbinafine), inhibition of cholesterol transport (eg, ezetimibe, GRX-104, and itraconazole), and
regulation of cholesterol metabolism (eg, ABTLO0812). It is worth noting that, unlike other specific molecules in tumor
sites, cholesterol is a critical plasma membrane constituent in all cells. Therefore, targeted regulation of cholesterol at the
tumor site is remarkable in reducing the impact on normal cells.

Rapid progress in nanoscience creates novel opportunities for tumor treatment.'®'® The nanocarriers can accumulate
in tumor tissues through the enhanced permeability and retention (EPR) effect and/or actively targeting effect via surface
modifications.'® Nanocarriers containing cholesterol-regulating drugs mitigate the adverse effects of drugs on blood cells
during the circulation. Furthermore, nanoplatforms interact with the plasma membrane before undergoing cellular
endocytosis, providing them with an inherent advantage in the field of membrane lipid therapy focused on cholesterol
regulation.’® For example, liposomes always release drugs around the plasma membrane by merging with the
membrane,”’ and the released molecules could regulate the structure and function of the plasma membrane. In recent
years, some studies have reviewed the association between abnormal cholesterol metabolism and tumor development,
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Table 1 Clinical Trials of Various Cholesterol-Lowering Drugs as a Tumor Therapeutic Strategy
Drug name Mechanism Phase Condition or Disease NTC
Number
Ezetimibe Target NPCILI to block cholesterol Early Phase | Prostate cancer NCTO02534376
traffic to block cholesterol uptake
GRX-104 Target LXR to increase cholesterol Phase | Endometrial cancer and lung cancer NCT02922764
export
Itraconazole Target NPCI to block cholesterol traffic | Early Phase | Esophageal cancer NCT02749513
Simvastatin Inhibit HMG-COA reductase to block Phase 2 Colorectal cancer NCT02026583
cholesterol synthesis
Simvastatin Inhibit HMG-COA reductase to block Phase 2 Breast cancer NCT00334542
cholesterol synthesis
Pitavastatin Inhibit HMG-COA reductase to block Phase 2 Phase Breast cancer NCT04705909

Atorvastatin

Inhibit HMG-COA reductase to block
cholesterol synthesis

Not Applicable

Prostate cancer

NCTO01555632

Rosuvastatin Inhibit HMG-COA reductase to block Phase 2 Rectal cancer NCT02569645
cholesterol synthesis
Fluvastatin Inhibit HMG-COA reductase to block Phase 2 Breast cancer NCT00416403
cholesterol synthesis
Bisphosphonates | Inhibit FDPS to blocking cholesterol Phase 3 Breast cancer NCT00127205
synthesis
Bisphosphonates | Inhibit FDPS to blocking cholesterol Phase 3 Giant cell tumor of bone NCT03295981
synthesis
Terbinafine Inhibit squalene epoxidase to blocking Phase 2 Atavistic chemotherapy and immunotherapy NCTO02366884
cholesterol synthesis in advanced, metastatic, and otherwise
incurable and lethal cancers under
conventional treatments
ABTLO812 Affect cholesterol metabolism Phase | Advanced solid tumors NCTO02201823
Resveratrol Inhibit SREBPs to block cholesterol Phase | Colorectal cancer NTC00920803
synthesis
Metformin & Promote cholesterol efflux and inhibit Early Phase | Breast cancer NCT01980823
Atorvastatin cholesterol synthesis
Paclitaxel & Chemotherapy and inhibit cholesterol Phase 2 Small cell lung cancer NCT04698941
Simvastatin synthesis

Abbreviations: NPCILI, Niemann-Pick Cl-like | protein; NPCI, Niemann-Pick CI protein; LXR, Liver X Receptor; HMG-COA, Hydroxy-Methylglutaryl Coenzyme
A; FDPS, Farnesyl Diphosphate Synthase; SREBPs, Sterol Regulatory Element-binding Proteins.

while summarizing the tumor treatment strategies by targeting cholesterol.*** However, there are few comprehensive
reviews that have summarized the significance of nanotechnology in targeted interventions for membrane lipid modula-
tion based on cholesterol regulation. To demonstrate the effectiveness of nanotherapeutics based on cholesterol regulation
and highlight the importance of such research in this area, this review introduces cholesterol homeostasis within the body
and demonstrates the association between overexpressed cholesterol with proliferation, metastasis, drug resistance of
tumor cells, and influence on tumor immune microenvironment. This section will provide a theoretical basis for finding
highly effective molecular targets and designing therapeutic approaches for cholesterol-integrated membrane lipid
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therapy. The paper further focuses on the current nanotherapeutic strategies based on cholesterol regulation and
demonstrates the advantages of nanotechnology in cholesterol-related tumor membrane lipid therapy (Figure 1).
Moreover, we discuss the potential clinical applications of cholesterol interference strategies in cancer therapy, an area
that is rarely presented in other relevant reviews. In summary, this review illustrates the association between the
overexpressed cholesterol and tumorigenesis, while also highlighting the advantages of nanotechnology in the regulation
of cholesterol in plasma membrane.

Cholesterol-Related Tumorigenesis and Progression

Cholesterol Homeostasis

Cholesterol in mammals primarily comes from two sources including endogenous synthesis in the liver and dietary
absorption.” It is transported through the bloodstream to cells throughout the body in the form of low-density lipoprotein
(LDL) knots."” The free cholesterol within cells moves across the plasma membrane and membrane-associated
organelles."'® Cholesterol in the body mainly exists as free cholesterol and cholesteryl ester, both of which are widely
distributed in various tissues of the body. Among them, the brain, nerve tissues, and glands of steroid hormones (such as
adrenal glands and gonads) have higher cholesterol content, whereas muscle tissues generally contain lower levels of
cholesterol.

CHO-integrated
membrane lipid
nanotherapeutics
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Figure | An overview of plasma membrane cholesterol regulation tumor nanotherapeutics.
Abbreviations: Acetyl-CoA, Acetoacetyl coenzyme A; HMG-CoA, 3-hydroxy-3-methyl glutaryl coenzyme A; LDL, low-density lipoprotein; HDL, high-density lipoprotein;
SCARBI, scavenger receptor type BI.
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Cholesterol homeostasis is closely controlled by an intricate network of proteins." Among them, sterol regulatory element
binding protein transcription factor 2 and liver X receptor (LXR) are key cholesterol homeostatic modulators.! Endoplasmic
reticulum-associated cholesterol functions as a sensor for intracellular cholesterol homeostasis. The reduction of endoplasmic
reticulum cholesterol induces the translocation of sterol regulatory element binding protein transcription factor 2 from
endoplasmic reticulum to Golgi, which in turn translocates to the nucleus to transcribe cholesterol synthesis- and uptake-
related genes (eg, hydroxy-3-methylglutaryl-CoA reductase (HMGCR) and LDL receptors).' Alternatively, enhanced intra-
cellular cholesterol content inhibits cholesterol production while facilitating its efflux through the activation of the LXR by
oxidized sterols, an oxidized derivative of cholesterol.”> Owing to their accelerated cell proliferation, cancer cells always have
a great demand for cholesterol, which is used in membrane synthesis and other vital cellular functions.® The overexpressed
cholesterol can modulate tumorigenic and cancer progression-related networks via covalent protein modification and facil-
itation of specialized membrane microdomain production.”*** The following section focuses on the role of cholesterol in key
events of tumor development to explore more therapeutic targets and treatment strategies in greater detail (Figure 2).
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Figure 2 Schematic diagram of cholesterol-related tumorigenesis and progression. (A) The role of cholesterol in tumor cell proliferation. (B) Cholesterol-mediated
regulation of tumor invasion and metastasis. (C) Cholesterol-mediated regulation of tumor drug resistance. (D) The mechanisms of cholesterol in suppressing the tumor
immune microenvironment.

Abbreviations: GPCRs, G-protein-coupled receptors; mTORCI, mammalian target of rapamycin Cl; STARD3, steroidogenic acute regulatory related lipid transfer
domain-3; SREBP2, sterol regulatory element-binding protein 2; TAM, tumor-associated macrophages; 27-HC, 27-hydroxycholesterol.
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The Role of Cholesterol in Tumor Cell Proliferation

Cholesterol promote the proliferation of tumor cells through the interaction with receptors on the plasma membrane
(Figure 2A). For instance, when cholesterol binds to specific sites on G-protein-coupled receptors (GPCR) like the adenosine
A2A receptor, or GPCR-like transducers such as the Smoothened (Smo) receptors, it can promote the proliferation of tumor
cells.”> Numerous clinical trials have been conducted to test the efficacy of Smo inhibitors in the treatment of tumors (such as
NCT05177770 and NCT01218477). Findings from these trials have shown that Smo inhibitors could effectively delay the
progression of tumors. It has been reported that Smo inhibitors can competitively inhibit the binding of cholesterol to Smo
receptors, thereby inhibiting signaling pathways that enhance tumor growth. Table 1 outlines some compounds (resveratrol
and GRX-104) that modulate the proliferation of tumor cells by regulating cholesterol content. For instance, resveratrol
suppress the synthesis of cholesterol by blocking sterol regulatory element-binding protein 2 (SREBP2), thereby reducing
cholesterol levels and delaying the proliferation of tumor cells.® Another membrane receptor, LXR, regulates the metabolism
of cholesterol by transporting cholesterol out of the cell. Studies have suggested that overactivation of LXR could enhance
cholesterol efflux, which precipitated anti-proliferative effects and inhibited tumor proliferation.””-®

Lipid raft (LR), which contains plentiful cholesterol and sphingolipids, is an important structural domain of the plasma
membrane.” LR is located on cell membranes and facilitates carcinogenic cellular networks.*® Dysregulated cholesterol content
can potentially alter LR configuration, leading to the change of essential molecules such as receptors, calcium channels, and
protein kinases.>’ Among the associated protein kinases, Akt is strongly correlated with LR. Once activated, it relocates to LR
whereby it enhances the proliferation of tumor cells.>'*? Similarly, the methyl-p-cyclodextrin (MBCD, a cholesterol chelator)-
based LR damage strongly induces cellular apoptosis by activating the transcription of common apoptotic bioindicators.>®
Generally, cholesterol can recognize receptors and activate the downstream signaling cascade for tumor proliferation.

Among various cancers, prostate cancer stands out as having the most evident association with overexpressed cholesterol,
which fosters its occurrence and progression.” Fatty acid and cholesterol production is markedly enhanced in prostate cancer
cells. In mice bearing prostate cancer cells, the rise of serum cholesterol could enhance the cholesterol levels in the LR of
tumor cells, change the LR-mediated downstream signal conduction, and promote the proliferation and growth of tumors.**
Long-term statin medication has been associated with a lower risk of prostate cancer.>> Cholesterol can also be negatively
regulated in cancer cells by reducing cholesterol absorption. For instance, the FDA-approved drug ezetimibe suppresses the
proliferation of prostate tumor cells via inhibition of intestinal cholesterol absorption.

Cholesterol-Mediated Regulation of Tumor Invasion and Metastasis

In addition to its role in tumor cell proliferation, cholesterol also serves critical functions in tumor invasion and
metastasis (Figure 2B). Emerging evidence suggested that lysosomal cholesterol stimulated the mammalian target
of rapamycin C1 (mTORC1),***” which in turn promoted the proliferation, infiltration, and metastasis of tumor
cells.’” Moreover, mitochondrial inner membrane-related cholesterol also possesses physiological activities, such
as bile acid and steroid hormone biosynthesis.>’” Multiple reports have suggested that cholesterol import was
strictly regulated by two critical proteins in mitochondria, namely, steroidogenic acute regulatory (STAR) and
STAR-related lipid transfer domain-3 (STARD?3).’**° Elevated STARD3 levels augment cell proliferation, while
an excess of STARD3 reduces tumor adhesiveness, therefore enabling tumor invasion and metastasis.'*>’

Cell adhesion following tumor cell metastasis is the most important step in ectopic engraftrnent.40 Cholesterol-rich LR
possesses abundant cancer-associated axes and cell adhesion molecules, which in turn promote the metastasis of cancer cells.
For instance, CD44, a cell adhesion protein located in LR, is overexpressed in tumor cells and modulates tumor infiltration and
metastasis.*! LRs rich in cholesterol are rigid and support CD44 located within them, endowing CD44 physiological activity.**
MBCD could induce the shedding of CD44 in tumor cells and inhibit the invasion and metastasis of tumor cells.”

Cholesterol metabolites, such as 27-hydroxycholesterol (27-HC), play an important role in cancer development. In
breast cancer, 27-HC acts as an estrogen receptor agonist, promoting tumor growth and metastasis.*> Statins have
antitumor effects, particularly against mesenchymal cancer cells. When combined with chemotherapy drugs, statins could
effectively inhibit the activity of tumor cells that have undergone epithelial-mesenchymal transition, and thus suppress
the metastasis of tumor cells.** In many clinical studies, statins have been used to inhibit the progression of breast cancer,
colorectal cancer, and prostate cancer by suppressing the metastasis and invasion of tumors (Table 1).
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Cholesterol-Mediated Regulation of Tumor Drug Resistance

In adverse external environments, cancer cells always activate cholesterol production, which in turn benefits their adaptation
and survival. Figure 2C depicts the reported mechanisms of cholesterol-mediated tumor drug resistance. Drug-resistant cell
plasma membranes display higher levels of cholesterol compared to drug-sensitive cells.**” The abundant plasma mem-
brane-associated cholesterol in drug-resistant cancer cells leads to a more rigid plasma membrane, resulting in reduced drug
permeability. This is one of the key factors contributing to the development of tumor drug resistance.****° LRs are
specialized domains within the plasma membrane enriched in cholesterol and sphingomyelin. They play an important role
in various cellular activities such as endocytosis and nutrient transport.’® The drug-resistant phenotype of tumors is highly
correlated with the upregulation of LR contents.>* Increased cholesterol and sphingomyelin levels in the LR of drug-resistant
cancer cells enhance the content, recycling, and bioactivity of multidrug resistance transporters (ABC transporters) localized

in these regions,”'~*

thus accelerating the extracellular transport of chemotherapeutic drugs. Further, cholesterol can change
the stiffness and fluidity of LR, thereby changing the spatial conformation of the drug-resistant protein in the structural
domain. This facilitates the binding of drug-resistant proteins to intracellular chemotherapeutic drugs, allowing for their
transportation out of the cells.” Maintaining the high levels of cholesterol in LR of drug-resistant cells is essential to facilitate
the biological activity of associated p-glycoprotein (p-gp).>* Depletion of cholesterol-sphingomyelin-rich LR with a small
molecule drug (5-aza-2’-deoxycytidine) could successfully reverse drug resistance in tumors.>

In addition to the above two aspects, isoprene produced in the cholesterol production process can act as a second
messenger of cell signalings. It triggers cascading signals related to multiple drug resistance, stimulates the transcription of
drug efflux transporter genes, and enhances metabolic reprogramming in drug-resistant cells.’® For example, higher choles-
terol levels in drug-resistant ovarian cancer cells can simultaneously upregulate the expression of p-gp and liver X receptor 3,
leading to resistance against cisplatin-mediated apoptosis. However, cholesterol clearance through MBCD or silencing of liver
X receptor P could restore the sensitivity of drug-resistant ovarian cells to chemotherapeutic drugs.’”*® Moreover, isoprenoids
produced in the mevalonate pathway can be integrated into the ubiquinone hydrophobic tail to increase the biosynthesis of
adenosine triphosphate (ATP) to provide energy for ABC transporters.>® In previous studies, it was found that statins inhibited
cholesterol synthesis and reversed resistance to paclitaxel in lung cancer. In addition, the cholesterol scavenger (acetyl
plumbagin) reversed the resistance of breast cancer to tamoxifen.®>*! MPCD-mediated cholesterol clearance strategy has been
proposed to reverse drug resistance by damaging the structure of the lipid raft.>! Such strategies have shown promising results
in controlling tumor resistance in clinical practice. In general, abnormal cholesterol metabolism in plasma membrane
promotes the development of drug resistance in cancers by limiting the entry of drugs into tumor cells, regulating the
expression/functions of drug resistance proteins, and activating multiple drug resistance cascade signals. Based on the above
analysis, depleting plasma membrane cholesterol is a possible approach for drug-resistant cancer therapy.°

The Role of Cholesterol in Suppressing the Tumor Immune Microenvironment
Recent studies demonstrated that cholesterol served a crucial function in remodeling tumor immune microenvironment
(Figure 2D).%* Specifically, the membranal cholesterol level influences T-cell activity and function,”® and downstream
cholesterol products are essential for B-cell migration.** A study reported in “Nature” suggested that inhibiting PCSK9,
a protein that regulates cholesterol metabolism, could promote tumor response to immune-check-point therapy by enhancing
major histocompatibility complex class I protein expression on the surface of tumor cells. Such effect upregulated the invasion
of intratumoral cytotoxic T cells.®® Thus, regulating cholesterol metabolism is an effective strategy for tumor immunotherapy.
Abnormal cholesterol metabolism impairs the effectiveness of CD8" T cells.®® Genes related to cholesterol synthesis and
transport are significantly upregulated in early-stage breast cancer or melanoma cocultures. Moreover, augmented cholesterol
ester levels greatly stimulate the senescence of effector CDS" T cells.®” Similarly, a study published in “Cell Metabolism”
suggested that the uptake of free cholesterol by CD8" T cells induced the stress of the endoplasmic reticulum, which eventually
led to the exhaustion of CD8" T cells, thus reducing tumor responsiveness to immune checkpoint inhibitors (ICIs) significantly.’®
In 2020, a study published in ‘“Nature Metabolism” demonstrated that free cholesterol in tumor immune microenvironment
recruited suppressive immune cells, thereby inducing strong antitumor immunosuppression and accelerating tumor cell immune
escape.’” A high cholesterol content inhibits the activation of SREBP2 and SREBP2 drives the mevalonate pathway.
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Subsequently, the decreased intermediates such as farnesyl pyrophosphate and geranylgeranyl pyrophosphate serve as substrates
for prenylation, affecting interactions with intracellular pathways that play an important role in maintaining the biological activity
of T cells.”’

Tumor-infiltrating immune cells, such as neutrophils, tumor-associated macrophages (TAMs), and dendritic cells undergo
reprogramming due to alterations in cholesterol metabolism. In the presence of a high-cholesterol diet, 27-HC recruits
polymorphonuclear neutrophils and v T cells to downregulate cytotoxic CD8" T cells, thereby augmenting tumor metastasis
in a breast cancer model.”® Cancer cell-mediated hyaluronic acid oligomer secretion increases cholesterol efflux from TAMs,
directing them towards an M2-like phenotype which further promotes tumor progression.”’ Improving the response rate of
ICIs is an urgent challenge in the field of tumor immunotherapy. Over the past five years, cholesterol and associated
metabolites have attracted greater scientific significance for reshaping the tumor immune microenvironment. Clinically,
retrospective studies can be employed for investigating the impact of cholesterol-lowering drugs on the response rate and
efficacy of ICIs. If the response rate of ICIs can be improved by cholesterol-lowering drugs, it will potentially mark a new era
of tumor immunotherapy.

The above discussion provides a theoretical basis for the formulation of new clinical treatment strategies. Firstly,
considering that cholesterol is strongly related to tumor metastasis, drug resistance, and influences the immunosuppres-
sive microenvironment, tumor treatment bottlenecks encountered in clinical practice could be overcome from the
perspective of regulating cholesterol metabolism. Secondly, the majority of clinical trials have mainly tested drugs that
inhibit the synthesis of cholesterol. This paper demonstrated that the prevention of cholesterol uptake and promotion of
cholesterol efflux/consumption can also suppress the tumorigenesis effectively. The discussion in this section suggests
that drugs that target various aspects of cholesterol metabolism are potential agents in cancer therapy.

Cholesterol-Integrated Tumor Nanotherapeutics

As discussed in Cholesterol-Related Tumorigenesis and Progression, the alteration in cholesterol level of tumor cells is
a potential strategy for tumor therapy. Compared with other antitumor drugs, cholesterol regulating agent requires more
potential tumor targeting effect, as cholesterol is also one of the major components of normal tissue cell membranes.
Results shown in Table 2 suggest that cholesterol-regulating nanoplatforms can be functionalized with tumor-targeting
ligands (such as CD44, RGD, folic acid, and transferrin) to achieve targeted therapy.”>’* The particle size of nanoplat-
forms designed to regulate cholesterol levels predominantly ranged from 1 to 100 nm. Nanopreparations featuring
smaller particle sizes exhibit enhanced cellular uptake and improved deep tumor tissue penetration. Table 2 outlines
a variety of nanomaterials, comprising inorganic and organic substances. Notably, some organic materials possess

Table 2 The Classification and Mechanisms of Cholesterol-Depleting Nanoplatforms in Cancer Therapy

Classification | Cholesterol-Depleting Mechanisms Functional Cargoes Cancer Types | Ref
Nanoplatforms
Affecting Promoting cellular cholesterol efflux and Gold nanoparticle template | High density Lymphoma [74]
cholesterol limiting cholesterol delivery. lipoprotein
uptake
Efflux of excess cholesterol from cells Synthetic high-density Withalongolide Adrenocortical [75]
lipoproteins A 4,19,27-triacetate | carcinoma
Targeting and blocking cholesterol uptake Gold nanoparticles Alipoprotein A-l Diffuse large [76]
B-cell
lymphoma
Effluxes cholesterol from cells Synthetic-HDL / Adrenocortical [77]
nanoparticles carcinomas
Binds to SCARBI High-density lipoprotein- / Lymphoma [78]
like nanoparticles

(Continued)
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Table 2 (Continued).

Classification | Cholesterol-Depleting Mechanisms Functional Cargoes Cancer Types | Ref
Nanoplatforms
Interference of | Inhibiting HMGCR to block cholesterol Legumain-activatable cell- Simvastatin, Drug-resistance | [61]
cholesterol biosynthesis penetrating liposome paclitaxel lung cancer
biosynthesis
Inhibiting HMGCR to block cholesterol Statins-loaded angiopep- Simvastatin, Breast cancer [79]
biosynthesis 2-anchored nanoparticles doxorubicin with brain
metastases
Inhibiting SREBP2 to block cholesterol HA-modified black TiO, Pphine Foam cells [80]
biosynthesis nanoparticles
Inhibiting BKT to block cholesterol HDL-like nanoparticles Ibrutinib SUDHL4 and [76]
biosynthesis TMD8 cells
Cholesterol Increase cholesterol depletion CD44 targeting MBCD Breast cancer [81]
depletion nanoassembly
Increase cholesterol depletion Cholesterol-depleting Erlotinib Lung and liver [82]
cyclodextrin nanoparticles cancer
Cholesterol Blocking cholesterol esterification Human serumal bumin Avasimibe Prostate cancer | [83]
metabolism and colon
interference cancer
Blocking cholesterol esterification Liposomes modified with Paclitaxel Melanoma [84]
pH sensitive TH peptide andimmunoadjuvant
aGC
Blocking cholesterol esterification Matrix metalloproteinase- Avasimibe, Melanoma [85]
2-sensitive iRGD- pheophorbide A
engineered liposomes
Cholesterol oxidase catalyze cholesterol Cancer cell membrane- DOX and Breast cancer [86]
consumption coated metal—organic cholesterol oxidase
framework
Cholesterol oxidase catalyze cholesterol Chondroitin sulfate gel Cholesterol oxidase, | Breast cancer [87]
consumption coated metal—organic DOX
framework
Combination Reversal of drug resistance and tumor- Legumain-activatable cell- Simvastatin, Lung cancer [61]
treatment associated macrophage polarization by penetrating liposome paclitaxel
blocking cholesterol synthesis
Combination of two antineoplastic agents Fluvastatin-melittin nano- Fluvastatin, melittin Ovarian cancer | [88]
conjugates
Enhanced delivery and synthesis blocking and | Simvastatin-HDL NPs Simvastatin Head and neck | [89]
cholesterol efflux squamous cell
carcinoma
Inhibition of HMG-CoA reductase Hybrid formula of Fluvastatin, melittin Colon cancer [90]
phospholipid with alpha
lipoic acid nanoparticles

Abbreviations: HDL, high-density lipoprotein; SCARBI, scavenger receptor type Bl; HMGCR, hydroxy-3-methylglutaryl-CoA reductase; SREBP2, sterol regulatory
element-binding protein 2; HA, hyaluronic acid; MBCD, methyl-B-cyclodextrin; DOX, doxorubicin.
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inherent cholesterol-regulating capabilities. For instance, artificial high-density lipoprotein nanoparticles (HDL NPs) can
bind to scavenger receptor type Bl (SCARBI1) and suppress the uptake of cholesterol, while MBCD can absorb and
deplete cholesterol in tumor cells. In the following section, the existing nanotechnology-based cholesterol regulation
strategies (Table 2) and their therapeutic effects on tumors will be introduced in detail.

Interference of Cholesterol Biosynthesis

Inhibiting Cholesterol Biosynthesis by Statins

Cholesterol is synthesized through the mevalonate pathway, which consists of three stages: acetyl CoA synthesis of isopentane
pyrophosphate, squalene synthesis, and squalene conversion to cholesterol. HMGCR and squalene epoxidase are major
cholesterol biosynthetic enzymes.®’' Blocking cholesterol biosynthesis is a promising and highly effective strategy for cancer
intervention. Statins, as competitive HMGCR inhibitors, are commonly used as lipid-depleting drugs. They effectively
suppress the activity of HMGCR, thus blocking the mevalonate pathway. The use of statins has been intricately linked to
reduced risk of melanoma, non-Hodgkin’s lymphoma, endometrial cancer, and breast cancer.'® A randomized controlled
clinical trial (NCT04705909) investigated the effect of pitavastatin combined with neoadjuvant chemotherapy on breast
cancer patients. In this study, 70 female patients with pathologically-proven invasive breast cancer were randomized to receive
with or without pitavastatin once daily concomitantly with standard neoadjuvant chemotherapy protocols for 6 months. It was
observed that patients in the pitavastatin group had significantly higher median reduction in tumor size compared with those in
the control group. Subgroup analysis of the pitavastatin group revealed that patients with positive human epidermal growth
receptor 2 had higher median reduction in Ki67 analysis relative to those with negative human epidermal growth receptor 2.7
These results demonstrated that regulating cholesterol biosynthesis may be an effective strategy for treating breast cancer
patients. Table 1 displays several clinical programs (NCT02026583, NCT04705909, NCT02569645, NCT00416403 and
NCTO01555632) performed to test the efficacy of statins in different tumors.

After reviewing the results of the above clinical studies, our groups found that statins alone have failed to demonstrate
satisfactory tumor suppressive effects. Many studies also have explored the tumor therapeutic effect of statins combined with
other anticancer drugs. In one research, researchers designed a liposome for the co-delivery of simvastatin (SV) and paclitaxel
(PTX) for combating drug-resistant lung cancer (Figure 3A).°' The liposome modified with cell-penetrating peptide delivered
SV to block cholesterol biosynthesis of tumor cells. Results of the study demonstrated that drug resistance of A549T cells was
reversed by SV (Figure 3B). It can be seen in Figure 3C that AS49T cells formed stronger rapid fibronectin adhesion to
fibronectin, an integrin f3-binding extracellular matrix, as opposed to parental A549 cells. The above results indicated that SV
abrogated the integrin 33 and fibronectin association in A549T cells, therefore re-sensitizing cells to PTX. When treated with SV,
the expression of integrin f3 and the level of LR in tumor cells significantly decreased (Figure 3D and E). Results demonstrated
that SV repolarized M2 to M1 phenotype, by downregulating the M2 biomarker CD206 and a protumor cytokine TGF-f
(Figure 3F and G). In animal models, multidrug-loaded liposomes were found to have the best antitumor effect (Figure 3H). It
suggested that SV regulated macrophage polarization and epithelial-mesenchymal transition (EMT) in cancer cells by blocking
cholesterol synthesis. As demonstrated in Cholesterol-Mediated Regulation of Tumor Drug Resistance, cholesterol is essential
for maintaining the function of p-gp multidrug efflux pumps.”* In conclusion, regulating cholesterol metabolism could reverse
EMT and repolarize TAM to treat drug-resistant cancer, and the new application of statins has significant clinical value against
tumor drug resistance. In another study, Guo et al designed and developed a low density lipoprotein receptor related protein
1-upregulated nanoparticles system for the codelivery of SV and doxorubicin (DOX) to multifocal and infiltrative brain cancer.”
The results demonstrated that the inhibition of HMGCR led to the consumption of intracellular cholesterol and the activity
decrease of p-gp for brain cancer therapy.

Inhibiting Cholesterol Biosynthesis by Other Pathways

Cholesterol synthesis is regulated by a complex interplay of transcriptional and post-translational regulatory systems. Among
them, SREBP2 is the principal transcriptional regulator responsible for governing cholesterol production.”’ SREBP2 is regarded
as a sensor that regulates lipid homeostasis. When cholesterol levels are low, an imbalance in SREBP2 appears and the SREBP2
pathway is activated to synthesize cholesterol. In clinical trials (NCT00127205, NCT03295981 and NCT02366884), bispho-
sphonates and terbinafine inhibited cholesterol synthesis by inhibiting farnesyl diphosphate synthase (FDPS) or squalene
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Figure 3 (A) Schematic illustrating the effect of multifunctional liposome on drug-resistance tumor. (B) SV sensitized A549T cells to PTX. (C) Adherent fractions of
fibronectin (FN) and cationic poly-L-lysine (PLL) in A549T and A549 cells. (D and E) Integrin B3 level and lipid raft formation in A549T cells were reduced by SV. (F)
Quantitative analysis of CD206 expression. (G) SV suppressed CD206 and TGF-B| expression in M2. (H) Tumor growth of A549T tumors after different treatments. *p <
0.05, **p < 0.01, ***p < 0.001, and n.s. = no significant difference.

Notes: Reproduced from Jin, H, He Y, Zhao P, et al Targeting lipid metabolism to overcome EMT-associated drug resistance via integrin beta3/FAK pathway and tumor-
associated macrophage repolarization using legumain-activatable delivery. Theranostics. 2019; 9(1): 265-278. Creative Commons.®'

Abbreviations: TNF-q, an Ml-associated marker; CD206, an M2 marker; SV, simvastatin; PTX, paclitaxel.

epoxidase. Dai et al employed a phototherapy approach mediated by black TiO, nanoprobe to reduce intracellular lipid levels by
modulating cholesterol pathways, as part of their strategy for treating atherosclerosis.*® In another study, Rink et al designed
a functional lipoprotein nanoparticle for the specific targeting of cellular cholesterol in diffuse large B-cell lymphoma (DLBCL).”®
In their study, HDL nanoparticles combined with ibrutinib showed remarkable therapeutic effects in SUDHL4 and TMDS cells by
inhibiting cholesterol synthesis and increasing cholesterol depletion. Functional nanoparticles can target the delivery of drugs to
tumors and reduce the side effects. Therefore, incorporating ibrutinib into functional nanoparticles may offer an improved
approach to inhibiting cholesterol synthesis in cancer cells. The content of this section inspired us that nanotechnology could make
cholesterol blocking more efficient, and can realize the combined treatment of cholesterol synthesis inhibitors and cytotoxic drugs.
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Cholesterol Uptake Interference

After synthesized in the liver, cholesterol is transported to the outside of the liver by binding to high-density lipoprotein. In
clinical trials (NCT02534376 and NCT02749513), ezetimibe and itraconazole could block cholesterol uptake by targeting
Niemann-Pick C1 protein (NPC1) for tumor therapy. In another clinical trial (NCT02922764), GRX-104 increased cholesterol
export by targeting LXR for endometrial cancer and lung cancer therapy. During the past two decades, there has been
a growing interest among researchers in designing HDL-mimicking nanotherapeutics. These nanotherapeutics are intended to
serve as a supplemental therapeutic intervention for cardiovascular disease patients who are already consuming drugs to lower
atherogenic lipoproteins.”® Similar to cardiovascular disease, the progression of adrenocortical carcinoma is closely related to
cholesterol. The bio-inspired HDL nanoparticles, which specifically bind to the SCARBI, can disrupt cellular cholesterol and

cholesteryl ester homeostasis by inhibiting free cholesterol uptake through the SCARB1,”*%°

which results in the depletion of
cellular cholesterol and cholesteryl esters.”>® For cells rich in cholesterol such as SUDHL4 cells, a reduction in cellular
cholesterol could cause apoptosis after incubation with HDL nanoparticles in a dose-dependent manner.”® Thus, SCARBI is
a potential target for dysregulated cholesterol homeostasis.”> *®

In a study, Rink et al employed HDL-NPs for DLBCL treatment by directly blocking SCARB1-mediated cholesterol
uptake (Figure 4A).”® The results showed that all B-cell lymphoma cell lines exhibited dose-dependent cellular death upon
exposure to HDL-NPs (Figure 4B). It was further shown that germinal center DLBCL line SUDHL4 was more sensitive to
HDL-NPs than activated B cell DLBCL lines (Figure 4B). They further investigated the HDL-NPs-mediated regulation of
cholesterol efflux from DLBCL lines (Figure 4C and D). It was found that following HDL NPs exposure, both SUDHL4 and
TMDS cells released cholesterol. The blocking antibodies partially disrupted the association of HDL-NPs with cholesterol
efflux, a phenomenon that was not observed in the case of isotype control antibodies. The above results suggest a strong
association between nanoparticles and SCARB1 which regulate cholesterol transfer across the receptor. Furthermore, in
SUDHLA4 cells, HDL NPs diminished total cholesterol in a dose-dependent manner (Figure 4E). Changes of the cholesterol
biosynthetic gene expression after HDL NPs or human HDL treatment in SUHDL4, TMDS, and HBL-1 cell lines were also
investigated. It was found that, with the exposure of HDL NPs, cholesterol biosynthetic gene DHCR7 was strongly elevated in
SUHDLA cells (Figure 4F). The combination of HDL-NPs and ibrutinib exhibited a synergistic effect, leading to a significant
reduction in the total cholesterol levels of both TMDS8 and HBL-1 cells. In vivo experiment showed that upon HDL NPs
treatment, the tumor volumes of SUDHL4 xenografts SCID-beige mice were significantly reduced (Figure 4G). These results
demonstrated the feasibility of cholesterol depleting strategy as a therapeutic intervention for lymphoma.

In another study, Kuai et al constructed synthetic HDL (sHDL) nanodisks with a tumor-targeting effect.” In their study, sHDL
nanodisks were prepared with ApoA; mimetic peptide (22A) in combination with phospholipid. These nanodisks were then
loaded with a novel semisynthetic compound, withalongolide A 4,19,27-triacetate (WGA-TA), which demonstrated highly
effective antitumor activity.” The cytotoxicity experiments showed that blank-sHDL possessed an antitumor effect in the H295R
cell line which expressed a high level of SCARBI. Such effect was attributed to sHDL-mediated regulation of cholesterol efflux
and the inhibition of corticosteroid synthesis. In addition, the SCARBI antibody downregulated WGA-TA-sHDL regulation in
H295 cells. Finally, the research group verified the WGA-TA-sHDL nanodisk-mediated suppression of ACC growth in H295R
xenografts in vivo. Based on the above results, the tumor volume in WGA-TA-sHDL-treated group was substantially reduced
relative to the other groups, thereby suggesting a major benefit of employing sHDL for WGA-TA in cancer treatment.

Cholesterol Metabolism Interference

Interference with Cholesterol Esterification

In addition to obtaining large amounts of cholesterol from de novo biosynthetic pathway and increased uptake, the
anomalous metabolic requirements drive cancer cells to convert excess cholesterol to less toxic cholesterol esters (CE)
via acyl-CoA cholesterol acyltransferase-1 (ACAT-1) in the endoplasmic reticulum and reserve them as cholesteryl ester
transfer protein-mediated lipid droplets.®* Cholesteryl ester transfer protein knockout breast cancer cells have been
reported to pose less resistance toward cytotoxic compounds.'®® ACAT-1 is widely expressed in most tissues and
overexpressed in tumors like pancreatic cancer, glioblastoma, and prostate cancer.> CE serves as a cholesterol reservoir,
and cancer cells use it via a swift transition between CE and free cholesterol when demand increases. Besides, CE offers
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Figure 4 (A) Schematic illustrating the effect of HDL NPs on Diffuse Large B-Cell Lymphoma. (B) HDL NPs (solid line) induce cell death in the GC DLBCL cell line
SUDHLA4, but human HDL (dotted line) does not induce lymphoma cell death. *p < 0.05 vs PBS control. (C and D) HDL NPs efflux cholesterol from SUDHL4 (left) and
TMDS8 (right) cells. *p < 0.05 vs no antibody. (E) Total cell cholesterol content treated with PBS or HDL NPs. *p < 0.05 vs 0 nM HDL NP. (F) HDL NPs modulate cholesterol
biosynthesis gene expression. *p < 0.05 vs PBS control. (G) Tumor growth of SUDHL4 tumors after different treatments. *p < 0.0001 vs all other treatment groups by one-
way ANOVA. Tp < 0.0001 vs PBS control only by one-way ANOVA,

Notes: Rink, JS, Yang S, Cen O, et al. Rational Targeting of Cellular Cholesterol in Diffuse Large B-Cell Lymphoma (DLBCL) Enabled by Functional Lipoprotein
Nanoparticles: A Therapeutic Strategy Dependent on Cell of Origin. Mol Pharm. 2017; 14(11): 4042—4051. Copyright 2017 American Chemical Society.76
Abbreviations: SCARBI, scavenger receptor type Bl; HDL, high-density lipoprotein; DLBCL, diffuse large B-cell lymphoma.

considerable advantages to cancer cells when they encounter adverse stimuli like drug therapy.® Inhibition of ACAT1
reduces CE levels and dampens cell proliferation and aggressiveness of tumors.

In one study, a kind of systemically injectable nanodrug was developed to encapsulate avasimibe (an ACAT-1
inhibitor) within human serum albumin aiming at blocking cholesterol esterification in tumors.*> Reduced CE packing in
lipid droplets and enhanced intracellular free cholesterol contents appear to stiffen the endoplasmic reticulum membrane,
thus leading to apoptosis and proliferation inhibition in human prostate, pancreatic, lung, and colon cancer cells. The
accumulation of nanodrugs in tumor tissue was 4 times higher than the half maximal inhibitory concentration evidenced
by the significantly suppressed tumor growth.
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Targeted CE also reinvigorates the cancer-suppressing effect of CD8" T cells. Unfortunately, T cell metabolism is often
regulated by tumor cells, thus weakening the antitumor response. Elevating the membranal cholesterol levels promotes T-cell
antigen receptor accumulation and activates CD8" T cells.'”" Liu et al developed an intelligent liposome for codelivery of
avasimibe and photosensitizers.'°* Blocking cholesterol esterification resulted in increased cholesterol levels in B16-F10 cells,
downregulated SREBP2, decreased membrane cholesterol and subsequently dampened membrane cholesterol-dependent
integrin-induced migration. Similarly, blocking cholesterol metabolism reduced cholesterol levels in T cells’ plasma mem-
branes and reinvigorated T cells. Results demonstrated that nanovesicles coupled with irradiation showed great potential to
induce ICDs to generate adaptive antigens in the in vivo and in vivo studies. The infiltration of activated phenotype of TNFo."
CD8" T cells in TME was increased in B16-F10 mouse tumor model. As a result, the cholesterol metabolism and
photodynamic cancer immunotherapy significantly delayed the growth of tumors and prolonged the survival rate of animals.
However, it was reported that excess cholesterol in TME promotes CD8" T cell exhaustion via the endoplasmic reticulum
stress-XBP1 network.®®
role of cholesterol in various immune cells within different tumor types will aid in the development of more precise therapies.

The effect of cholesterol on T-cell function seems controversial. Therefore, understanding the specific

Promotion of Membrane Cholesterol Oxidation

Elevated cholesterol is a prerequisite for the rapid proliferation of cancer cells to achieve membrane biogenesis and other
functional requirements.® LRs are densely populated cholesterol- and sphingolipid-enrich domains within the plasma
membrane and are involved in cancer proliferation, adhesion, migration, and drug resistance®® as described in
Cholesterol-Related Tumorigenesis And Progression of this paper. Cholesterol regulates LR signaling, increases mem-
brane ordering, and reduces membrane fluidity and permeability.**'®® Multidrug resistance (MDR) cells display
increased cholesterol content and decreased membrane fluidity for antagonizing drug penetration.>® Further, MDR efflux
transporters, members of the ATP-binding cassette superfamily, reside in LR, contributing to drug efflux. ABC in LR
regulates intracellular cholesterol homeostasis, whereas, in turn, cholesterol influences ABC transporter content, recy-
cling, and physiological activity.”**® Based on the above analysis, cholesterol consumption is expected to improve the
mobility of MDR plasma membranes and potentially reverse drug resistance.

In 2022, Du et al designed a nanosystem with cholesterol cascade catalytic consumption capacity.®” This system involved
immobilizing cholesterol oxidase (COD) onto a metal-organic framework (MOF) carrier to facilitate cholesterol consump-
tion. The nanosystem was further modified with a chondroitin sulfate gel shell for CD44 targeting (Figure 5A). To investigate
the cholesterol consumption capacity of the nanosystem and evaluate its influence on plasma membrane fluidity, MBCD was
applied as a positive control agent. Results showed that the DOX@MOF-COD@CS group significantly reduced the
cholesterol content of drug-resistant cells (Figure 5B) and enhanced plasma membrane fluidity similar to the function of
MBCD (Figure 5C). Meanwhile, the confocal laser microscope results showed slight green fluorescence in drug-treated
groups, suggesting that cholesterol consumption strongly influences LR production within the plasma membrane (Figure 5D).
As depicted in Figure 5E, the MOF cells catalyzed the formation of hydroxyl radicals from intracellular H,O,, thus, emitting
green fluorescence. Moreover, stronger green fluorescence was seen in the DOX@MOF-COD@CS group, suggesting that
COD could release additional H,O,_ In vivo antitumor experiment revealed that the DOX@MOF-COD@CS group reversed
tumor doxorubicin resistance and had the best antitumor effect (Figure 5F). Elsewhere, a dual drug (COD and DOX)-loaded
tumor cell membrane-coated metal-organic framework was designed for drug-resistant tumor therapy. The researchers
demonstrated that COD catalyzed the oxidative metabolism of cholesterol leading to the production of H,O,. Then, H,O,
would be catalytically decomposed by metal—organic framework to form hydroxyl radicals. Therefore, the designed nanodrug
could effectively treat drug-resistant breast cancer.®® Taking cholesterol in drug resistance cell membranes as
a “breakthrough”, combined with the cholesterol-related anti-apoptotic pathway in the drug resistance mechanism, the
above studies will provide a novel sense for reversing multidrug resistance of tumors.

Cholesterol Depletion

In addition to inhibiting the synthesis of cholesterol, interfering with cellular uptake, promoting its biological metabolism, or
extracting cholesterol from the cell membrane could be another potential strategy to disrupt the structure of tumor plasma
membrane. MBCD is utilized to deplete cholesterol by forming a complex (host-guest interaction) with cholesterol extracted
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Notes: Reproduced from Du, B, Zheng M, Ma HZ, et al. Nanozyme-natural enzymes cascade catalyze cholesterol consumption and reverse cancer multidrug resistance.
Journal of nanobiotechnology. 2022; 20(1): 209-223. Creative Commons.®”

Abbreviations: DOX@MOF-COD@CS, doxorubicin loaded nanosystem with a cholesterol cascade catalytic consumption; CS, chondroitin sulfate gel.
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from the plasma membrane.'® It is reported that MPCD decreased membrane cholesterol by disrupting LR and induced
apoptosis by disrupting signal transduction between phosphoinositide 3-kinases and protein kinase B.'>!% The combination
of MBCD and tamoxifen was employed for the treatment of melanoma. MBCD was used to lower cholesterol levels and

197" All of these results suggest that

enhance the cell sensitivity to tamoxifen, resulting in a 75% decrease in tumor weight.
MBCD is a potential antitumor drug. Song et al designed a nano-assembly (NA) targeting the CD44 receptor, which effectively
damaged the structure of LR as a potential approach for breast cancer therapy.®! In their study, MBCD was ligated to
a hyaluronic acid-ceramide (HACE) structure through an ester linkage. Hyaluronic acid (HA) was employed to target tumor
cells due to its binding affinity with CD44, which is often overexpressed in these cells (Figure 6A). Anticancer potentials of
HACE-MbCD NA were investigated, showing that MDA-MB-231 cells displayed reduced cell proliferation and enhanced cell
apoptosis (Figure 6B and C). Filipin III selectively binds to free plasma membrane cholesterol. Therefore, filipin III staining
was used to assess the cholesterol efflux from the plasma membrane by MBCD. HACE-MbCD NA significantly increased

cholesterol outflow through the plasma membrane (Figure 6D). When tested in the animal model, HACE-MbCD NA showed
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Figure 6 (A) Schematic illustrating the effect of HACE-MbCD NA on MDA-MB-231 tumor. (B) Antiproliferation assay of MbCD and HACE-MbCD in NIH3T3, HUVEC,
and MDA-MB-231 cells. (C) Apoptotic efficacies of HACE-MbCD NA in MDA-MB-231 cells. *p < 0.05 vs the control group. &p < 0.05 vs the MbCD group. #p < 0.05 vs the
HACE NA group. (D) Cholesterol capture assay of HACE-MbCD NA in MDA-MB-231 cells. (E) Tumor growth of MDA-MB-23| tumors after different treatments. *p < 0.05
vs the control group. #p < 0.05 vs the HACE NA group. &p < 0.05 vs the MbCD group.

Notes: Lee, SY, Ko SH, Shim JS, et al. Tumor Targeting and Lipid Rafts Disrupting Hyaluronic Acid-Cyclodextrin-Based Nanoassembled Structure for Cancer Therapy. ACS
applied materials & interfaces. 2018; 10(43): 36628-36640. Copyright 2018 American Chemical Society.®'

Abbreviations: HACE-MbCD, hyaluronic acid-ceramide- methyl-B-cyclodextrin nanoassembly; HA, hyaluronic acid; DOX, doxorubicin.
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the strongest antitumor effect than other treatments (Figure 6E). All these findings suggested that CD44 receptor-targeted
HACE-MbCD NA, retaining cholesterol depletion activity from cancer cells, might be one of remarkable nanosystems for
breast cancer therapy. Erlotinib received approval for clinical applications in non-small cell lung cancer. In another study,
Gamze et al designed a cholesterol-deleting cyclodextrin nanoparticle that encapsulated erlotinib to combat drug-resistant
cancer.® The results showed that nanoplatforms were able to extract membrane cholesterol to overcome drug resistance and
improve antitumor efficacy.

Combination Treatment

The regulation of cholesterol homeostasis is complex. Targeting only one pathway of cholesterol metabolism may have limited
anticancer effects, as it may not account for feedback loops or activation of other pro-oncogenic pathways. Nanoplatform can
achieve combined effects in cholesterol synthesis, absorption, and esterification. Meanwhile, cholesterol regulating strategies can
work in synergy with other strategies, such as chemotherapy and immunotherapy, to enhance their anticancer impact.
Nanoplatforms offer an avenue for loading drugs with different therapeutic mechanisms and delivering them to tumor sites.
After verifying the combined therapeutic effect of metformin and atorvastatin in a clinical study (NCT01980823), constructing
tumor-targeted nanoplatforms can further improve the concentration of drugs in tumor sites and reduce side effects. Another
clinical trial (NCT04698941) applied the combined usage of paclitaxel and simvastatin against non-small cell lung cancer. The
following studies can integrate cholesterol modulators into commercially available paclitaxel nanoformulations (such as
Cynviloq®, Abraxane®, and Lipusu®) to achieve nanocarrier-mediated combination therapy of tumors. Combination thera-
peutic nanodrugs developed in this way will be more likely to achieve clinical translation.

Nanoplatforms combining cholesterol metabolism inhibitors and chemotherapy enable the reversal of drug resistance.
For instance, Jin et al developed legumain-activatable liposomes containing the cholesterol synthesis inhibitor (SV) and
PTX. When administered intravenously, the liposomes could deliver SV and PTX to the tumor site through the EPR
effect. Subsequently, the liposome released the SV to disrupt the structure of lipid raft and suppress the expression of
integrin-B3, leading to inhibition of the focal adhesion kinase signaling pathway and re-sensitizing the drug-resistant
cancer cells to PTX. In this study, the developed nanoplatform achieved co-delivery and specific release of two drugs to
the tumor site, thereby providing synergistic tumor treatment.®'

As stated before, HDL nanoparticles as a carrier not only increase the accumulation of cholesterol in TME via
SCARBI but also regulate cholesterol homeostasis in the plasma membrane. A parenteral SV-loaded HDL nanoformula-
tion consisting of DPPC and ApoA-1 mimicking peptide was developed and combined with radiotherapy for potent
anticancer effects.®” The researchers found that the effluxed cholesterol content was substantially enhanced (137.8 +
18.1% vs non-treated cells) after being treated with the HDL nanoformulations for 5 h. The enhanced SV intracellular
level and HDL-induced cholesterol efflux may confer radiosensitization of NPs equivalent to 10-fold and 5-fold doses of
free SV in 2D and 3D cultures. In vivo experiments also showed that the mean tumor size in the simvastatin-HDL NPs
and radiation combination group was the smallest among all treated and control groups, indicating the excellent
collaborative therapy effect of HDL nanoformulations. HDL NPs and SV regulate cholesterol homeostasis in the cell
membrane. Moreover, the membrane cholesterol content altered the radiation sensitivity of cancer cells and cellular
signaling related to radiation-induced immune responses, thus achieving synergistic anti-tumor effects.

Nanoplatforms for combination treatments targeting cholesterol metabolism hold great promise in clinical cancer
therapy. For instance, nanoplatforms facilitate the implementation of personalized medicine that is customized to each
patient. By developing nanoplatforms tailored to meet individual patients’ tumor types, genetic profiles and disease
progression, patients can minimize side effects and maximize efficacy during treatment. Advances in specific research
fields may accelerate the application of nanoplatforms in combination therapies targeting cholesterol metabolism in
cancer. Firstly, future studies should expand our understanding of the mechanisms underlying cancer-related cholesterol
metabolism, particularly its role in drug resistance. Secondly, researchers should design co-delivery technologies for
multiple drugs harboring different properties and improve targeting delivery efficiency to boost the clinical application of
combination therapy nanoplatforms. Furthermore, the dose-effect relationship, release sequence/cycle, and pharmacoki-
netic studies of multiple drugs in combined therapy nanoplatforms need to be elucidated in preclinical studies, rather than
simply mixing different drugs in a random ratio.
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Summary and Prospects

This paper demonstrates the role of cholesterol in tumorigenesis and provides an overview of cholesterol-integrated
membrane lipid nanotherapeutics for cancer therapy. As epidemiological studies have shown the correlation between
high cholesterol expression and tumor development, a large number of clinical studies on the combination of cholesterol-
lowering drugs (like statins) with chemotherapy drugs have sprung up worldwide (Table 1). Although combined tumor
treatments have shown promising advances in clinical trials, current clinical studies have primarily focused on inhibiting
cholesterol synthesis in tumor cells, which may be a relatively limited approach. Building on the insights presented in
this article, future research should aim to reveal novel therapeutic options and treatment strategies. This includes
exploring avenues like cholesterol uptake, transport, metabolism, and the blockade of cholesterol-related signaling
pathways as promising targets for drug development. Regarding nanodrugs designed to disrupt cholesterol synthesis in
tumor cells, safe and functional materials (like high-density lipoprotein) or organic molecules (like MBCD) should be
created to improve patient management. Incorporation of cholesterol metabolism interfering agents into commercially
available nanodrugs may be a promising strategy for clinical translation.

Despite substantial improvements in cholesterol regulation tumor nanotherapeutics, the clinical applications of these
approaches are still constrained by several challenges. Firstly, cholesterol-modulating therapy strategies have only been
applied to a few cancer types, such as breast and prostate cancer. Therefore, before implementing a therapeutic strategy based
on cholesterol regulation, it is necessary to elucidate the degree of cholesterol expression and its related roles in different types
of tumors. The application of high-throughput siRNA screen technology in screening cholesterol-related genes in cancer
patients could achieve personalized treatment of tumors. Secondly, a majority of the aforementioned nanotherapeutics focused
on assessing curative efficacy rather than safety. The safety of tumor nanotherapeutics at the organismal level demands more
comprehensive investigations. Moreover, further studies are warranted to examine the downstream outcomes of cholesterol
depletion intervention, involving different signaling pathways. It is also important to gain a better understanding of potential
side effects and the long-term therapeutic outcomes associated with these interventions. Lastly, the industrial feasibility and
economic aspects of membranal cholesterol-regulating nanoformulations should also be investigated, such as simple
prescription, controllable cost, easy transportation, and long-term stability. Developing a simple yet effective approach in
this regard is likely to facilitate the clinical translation of these therapies. Thus, we recommend additional mechanistic
investigations involving cancer-related cholesterol metabolism to augment future cancer therapies. In general, the content
described here is only the tip of the iceberg in this field. We expect that further research will increasingly concentrate on
cholesterol-integrated tumor therapeutic strategies to advance toward their clinical applications.
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