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Abstract

Oxysterols are oxygenated derivatives of cholesterol formed in the human body or ingested in the 

diet. By modulating the activity of many proteins, e.g., liver X receptors, oxysterol-binding 

proteins, or some ATP binding cassette transporters, oxysterols can affect many cellular functions 

and influence various physiological processes, e.g., cholesterol metabolism, membrane fluidity 

regulation, intracellular signaling pathways. Therefore, the role of oxysterols is also important in 

pathological conditions, e.g., atherosclerosis, diabetes mellitus type 2, neurodegenerative 

disorders. Finally, current evidence suggests that oxysterols play a role in malignancies, such as 

breast, prostate, colon, and bile duct cancer.

This review summarizes the physiological importance of oxysterols in the human body, with a 

special emphasis on their roles in various tumors.
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Underlying principles

Oxysterols are 27-carbon derivatives of cholesterol created by enzymatic or radical 

oxidation [1] (Figure 1). Oxygenated forms of plant sterols (phytosterols) and cholesterol 

precursors may also be considered oxysterols. The oxygenation of cholesterol occurs either 

on the side chain or on the sterol nucleus. Side chain oxidation generates 24-

hydroxycholesterol (24-HC), 25-hydroxycholesterol (25-HC), 27-hydroxycholesterol (27-
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HC), or other products while oxidation of the steroid nucleus gives rise to ring oxysterols, 

mostly ring-B oxysterols, e.g., 6-hydroxycholesterol (6-HC), 7α/β-hydroxycholesterol (7α/

β-HC), 7-ketocholesterol (7-KC).

In very low concentrations [2, 3], oxysterols are natural components of the human body and 

mediate many physiological functions. They take part in the regulation of cholesterol 

metabolism (Figure 2, see Boxes 1 and 2). Oxysterols influence several signaling pathways, 

membrane fluidity, and activity of some membrane proteins (Figure 2). However, oxysterol 

action is also connected with human pathologies, e.g., atherosclerosis, Alzheimer’s disease, 

or Parkinson’s disease [4] (Box 3). Apart from that, oxysterols influence carcinogenesis and 

cancer progression. This review focuses especially on their roles in disease onset and 

therapy outcome, with special regard to different types of cancer.

Box 1

Oxysterols and cholesterol metabolism

The regulation of cholesterol synthesis is mediated by both cholesterol and oxysterols. 

Modulation by oxysterols includes both regulation at the level of gene expression and 

direct regulation of the protein activity. The gene expression of key cholesterol 

metabolizing enzymes is regulated by transcription factors termed sterol regulatory 

element binding proteins (SREBPs) (SREPB1; OMIM: 184756 and SREBP2; OMIM: 

600481) [81]. If the cellular level of cholesterol is high, these factors localize in the 

membrane of the endoplasmic reticulum, where they form a complex with SCAP protein 

(SREBP-cleavage activating protein; OMIM: 601510). When the cholesterol level 

decreases, the SREBP-SCAP complex translocates to the Golgi apparatus. Next, the 

SREBP-SCAP complex is cleaved and the released transcription factor SREBP moves to 

the nucleus and activates the expression of appropriate genes [81]. In the presence of 

cholesterol, the sterol-sensing domain of SCAP protein interacts with Insig (insulin-

induced gene; INSIG1; OMIM: 602055 and INSIG2; OMIM: 608660) proteins and the 

SREBP-SCAP complex remains in the endoplasmic reticulum. Both cholesterol and 

oxysterols regulate the SREBP activation – cholesterol by direct binding to SCAP and 

oxysterols through interaction with Insig protein [81].

Cholesterol metabolism is also modulated through 3-hydroxy-3-methylglutarylCoA 

(HMG-CoA) reductase (HMGCR; OMIM: 142910), a key enzyme of the cholesterol 

synthesis pathway. HMG-CoA reductase contains a sterol-sensing domain and thus can 

bind the Insig protein, leading to increased degradation of the HMG-CoA reductase 

protein [82]. Many oxysterols, such as 24-HC, 25-HC, 27-HC, 19-HC, 24(S),25-

epoxycholesterol, and 5-cholesten-3β,16β,27-triol, contribute to the ubiquitination of the 

HMG-CoA reductase protein and its degradation in the proteasome [83].

Regulation of cholesterol level is modulated also by liver X receptors (LXRs). First, 

LXRs form dimers with retinoid X receptors (RXRs) and act as transcription factors, 

which can activate gene expression of sterol transporters, e.g., ABCA1 (OMIM: 600046), 

ABCG1 (OMIM: 603076), ABCG5 (OMIM: 605459), and ABCG8 (OMIM: 605460) 

[18]. Secondly, protein-protein interactions between LXR/RXR dimers and the ABCA1 

transporter also influence LXR-mediated cholesterol levels. Oxysterols bind to LXRs and 
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cause their dissociation from ABCA1 and activation of this cholesterol efflux transporter 

[84]. The most potent activators of LXRs are side-chain oxysterols, such as 24-HC, 25-

HC, or 27-HC [18].

Box 2

Oxysterol-binding proteins

The family of oxysterol-binding proteins (OSBPs) consists at least of 12 members, which 

play a role, particularly in the endoplasmic reticulum and in the Golgi apparatus, where 

they take part in the regulation of metabolism and trafficking of cholesterol and lipid 

molecules. For example, OSBP1 protein influence sterol metabolism via negative 

regulation of ABCA1 transporter through modulation of gene expression and protein 

destabilization [85]. The modulation of cholesterol metabolism may be mediated through 

transcription factors ORP8 was shown to regulate the activity of SREBP, presumably by 

an indirect mechanism [86] and ORP2 binds LXRs and is required for expression of LXR 

target genes [87].

The OSBP family also plays roles also in other cellular processes, such as vesicular 

trafficking [88, 89]. OSPBs also act as scaffolds in cell signaling pathways, or participate 

in cytoskeleton organization and cell adhesion [11, 88].

In addition, there is also evidence connecting OSBPs with cell proliferation and 

carcinogenesis. The level of various OSBPs is altered in tumors or cancer cells on mRNA 

or protein level, suggesting a role of these proteins in tumorigenesis. Moreover, ORP 

inhibitors (named ORPphilins), which are capable of attenuating OSBP or ORP4L, act as 

anti-proliferative agents and inhibit tumor growth [88]. There are many studies revealing 

the putative role of OSBPs in various cancer types (see the main text).

Box 3

Oxysterols and human disease

Besides the physiological effects, indications of linkage exist between oxysterols and 

various cardiovascular, metabolic, neurodegenerative, and cancerous pathologies.

Oxysterols influence a typical cardiovascular disease, atherosclerosis. An increased level 

of various oxysterols, such as 27-HC, 7-KC, 7α-HC, and 7β-HC, was found in 

atherosclerotic lesions and foam cells. Moreover, the evidence suggests that oxysterols, 

e.g. 27-HC, promote atherogenesis by upregulating the inflammatory pathways in 

vascular cells and increasing the accumulation of macrophages in vascular wall [4].

Moreover, oxysterol levels are associated with some metabolic disorders, e.g., the level of 

oxidized cholesterol derivatives is altered in patients with abnormal lipid metabolism 

disorders, such as dyslipidemia or hypercholesterolemia, and presents a risk factor for 

other diseases. Thus, higher oxysterol level in hypercholesteremic patients may further 

impact other metabolic pathologies, e.g., diabetes mellitus type 2, and contribute to the 

disease progression. LXRs, which regulate several metabolic pathways, have been 
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proposed as potential therapeutic targets of lipid metabolism disorders and type 2 

diabetes [90].

Additionally, oxysterols present interesting targets in various neurodegenerative 

disorders, such as multiple sclerosis, Huntington’s disease, Parkinson’s disease, and 

Alzheimer’s disease [4]. 24-HC is predominantly formed in brain tissue and known as 

cerebrosterol; it appears to be the most potent oxysterol that can contribute to the 

development of neurological diseases. The presence of 24-HC, together with 27-HC, 

caused changes in the level of Parkinson’s disease-associated proteins in cell culture 

models in vitro [91] and enhanced β-amyloidogenesis, which is associated with 

Alzheimer’s disease [92]. Oxysterols also play a role in hereditary disorders, such as 

Niemann-Pick disease type C, which is accompanied by cholesterol accumulation in 

various tissues and presents with neurological defects such as dementia or ataxia. 

Consequently, oxysterols such as 7-KC or cholestane-3β,5α,6β-triol (CT) were 

postulated as potential diagnostic and predictive biomarkers of this disease [93]. Altered 

oxysterol levels have been observed in patients with Smith-Lemli-Opitz syndrome 

(SLOS), a disease resulting from mutation in 7-dehydrocholesterol reductase (DHCR7; 

OMIM: 602858), the enzyme responsible for the reduction of 7-dehydrocholesterol to 

cholesterol. Thus, SLOS presents with accumulation of oxysterols formed during 7-

dehydrocholesterol oxidation, e.g., 3β,5α-dihydroxycholest-7-en-6-one, a putative 

biomarker of this oxidation [94].

Cholesterol metabolism and carcinogenesis

Numerous genetic and environmental factors are implicated in the etiology of cancer. For 

instance, obesity increases the risk of postmenopausal ER-positive breast cancer [5], perhaps 

due to the estrogen production by adipose tissue, enhanced level of insulin and insulin-like 

growth factors, and high cholesterol levels, which often accompany obesity. Congruently, 

hypercholesterolemia leads to an increased risk of breast, prostate, and colon cancer, but it is 

also connected to a decreased risk of liver and stomach cancers [6]. Additionally, a high 

level of dietary cholesterol increases the risk of breast cancer in postmenopausal women and 

the risk of cancers of the stomach, colon, rectum, pancreas, lung, kidney, and bladder and 

non-Hodgkin lymphoma [7].

It is currently understood that oxysterols may modify cancer risk in various ways. However, 

it remains to evaluate the exact influence of presence of oxysterols on carcinogenesis, or 

cancer progression, because the effect of oxysterols on various cell lines seems very 

complex. There are many studies declaring the pro-cancerous and pro-proliferative role of 

oxysterols (see below), which could be explained, e.g., by modulation of inflammatory [8, 9] 

and signaling pathways (e.g., Wnt or Hedgehog pathways [10, 11]), or through oxysterol-

binding proteins [12, 13] (Box 2).

Interestingly, oxysterols also have a pro-apoptotic and cytotoxic effects on tumor cells. The 

pro-apoptotic effect of oxysterols is connected to overproduction of reactive oxygen species, 

changes of calcium level in the cell, or modifications of mitochondrial membrane [4]. 
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Oxysterol-induced apoptosis is mediated by both intrinsic mitochondrial pathways [14, 15] 

and an extrinsic death receptor-dependent pathway [16].

Targeting LXR receptors (see Glossary) presents an additional putative mechanism of 

oxysterol-mediated pro-apoptotic effects. Several studies have demonstrated that LXRs are 

also able to inhibit cell proliferation, e.g., in colorectal, ovarian, breast, prostate and 

gallbladder cancer, glioblastoma, melanoma and leukemia [17, 18]. Because LXRs are lipid-

sensing receptors that modulate cholesterol metabolism (Box 1), the anti-proliferative role of 

LXRs may be connected to reduction of cellular cholesterol levels, because cholesterol is 

needed for the cell growth (e.g., for membrane biogenesis) and many studies suggest its role 

in cancer development [19]. In consistence, LXR mediated expression is decreased in highly 

proliferating cells and cancer cells, e.g., by oxysterol deprivation or inactivation by sulfation 

[18] and the addition of LXR ligands inhibits the proliferation. Accordingly, LXRs are 

considered to be potential therapeutic targets for cancers [17, 18].

Moreover, LXRs can also inhibit the inflammatory signaling [11], but on the other hand, 

tumor-derived oxysterols are potent in recruitment of pro-tumor neutrophils and inhibition of 

anti-tumor immune response and thus exert other pro-cancerous actions, both by LXR-

dependent and LXR-independent mechanism [20].

The role of oxysterols in breast cancer

Not only cholesterol, but also oxysterols, may play a role in breast cancer pathology and 

progression. For example, oxysterols produced by osteoblast-like MG63CM cells promote 

migration of MCF7 and MDA-MB-231 breast cancer cells, suggesting that oxysterols are 

important navigators that stimulate the bone metastasis formation in breast cancer patients 

[21, 22]. Moreover, after exposure to 27-HC, breast carcinoma MCF7 cells showed lower 

expression of E-cadherin and β-catenin molecules, indicating the role of 27-HC in the 

process of epithelial-mesenchymal transition [23]. 27-HC also promotes cell growth and 

proliferation in the MCF7 breast cancer cell line [24, 25].

Oxysterols and hormonal therapy of breast cancer

Apart from a role in the progression of breast cancer, oxysterols are suspected of interfering 

with hormonal therapy in breast cancer patients and thus may affect the breast cancer 

treatment outcome. Lappano et al., showed 25-HC to enhance cell proliferation in MCF7 

breast cancer cell line via induction of estrogen receptor α (ESR1; OMIM: 133430) target 

genes [26] and Umetani et al., reported that 27-HC binds to the ER and modulates its 

activity [27]. 27-HC affects both ER regulation of transcription and the non-genomic (rapid-

cytoplasmic) action of ER protein [27]. In addition to a series of synthetic selective estrogen 
receptor modulators (SERMs) used for breast cancer treatment, 27-HC is the first 

endogenous SERM identified, whereas 25-HC acts rather as an agonistic ligand [26].

The presence of 25-HC and 27-HC may be associated with resistance to aromatase 

inhibitors, which block estrogen synthesis, but do not influence the ER protein. However, the 

ER protein may bind not only estrogens, but also oxysterols, which modulates its activity 

and may affect tumor progression. Both 25-HC and 27-HC increased the transcription of ER 
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target genes in breast cancer cell lines MCF7 and HCC1428, which were long-term estrogen 

deprived, suggesting that these oxysterols can substitute estrogen in activation of ER 

mediated expression and can play a potential role in resistance to the therapy [28]. 

Interestingly, breast cancer patients treated with aromatase inhibitors had significantly 

increased plasma level of 27-HC and moderately increased the level of 25-HC after 28 days 

of treatment [29], supporting the potential role of 25-HC and 27-HC level and therapy 

outcome of patients.

27-HC acts as a partial agonist of ERs and has different effects on various cell types. In the 

ER-expressing breast cancer cell line MCF7, it functions as an activator of ER, but the 

activation slightly differs from the activation by estrogen itself, namely in that 27-HC 

binding to the ER causes a unique conformational change, which is not seen with estrogen 

or synthetic SERMs. In the MCF7 breast cancer line, this change is followed by 

transcriptional activation of genes leading to cell growth and proliferation, e.g., cyclin D1 or 

E2F transcription factor [30]. Congruently, 27-HC promotes faster growth and proliferation 

of mouse mammary gland tumors. Tumors grew faster in a knock-out mouse model lacking 

the 27-HC-metabolizing cytochrome P450 enzyme CYP7B1 (OMIM: 603711) than in the 

model with a defect in the 27-HC synthesizing cytochrome P450 enzyme CYP27A1 

(OMIM: 606530) [31].

Because 27-HC modulates the activity of ER, its role in hormonal therapy outcome or 

association with the risk of the disease relapse may be expected. 27-HC is one of the most 

abundant oxysterols in humans and its levels tend to increase with age and are positively 

correlated with the level of cholesterol [32]. Taken together, postmenopausal and obese 

women have the highest risk of breast cancer relapse linked to 27-HC. Patient studies have 

yielded similar results as a study in a mouse model, i.e., an association between low 

CYP7B1 expression in ER-expressing tumors and poor disease-free survival in breast cancer 

patients [30, 31]. Moreover, higher expression levels of CYP27A1 were found among 

patients with high tumor grade, i.e., with less differentiated tumor cells [31].

CYP27A1 is a potential target for breast carcinoma treatment and is a subject of interest. 

Mast et al. tested the effects of marketed drugs used for treatment of various disorders on 

CYP27A1 enzyme activity. Interestingly, four strong inhibitors of CYP27A1 (inhibition ≥ 

75 %) were found, including two breast cancer drugs anastrozole and fadrozole. Moreover, 

the inhibitory effect of anastrozole treatment was confirmed in a mouse model in vivo [33].

Additionally, it has been shown that 27-HC acts not only by affecting the ER protein but also 

through interaction with the LXR protein. In this case, 27-HC is not important for tumor 

growth but rather for metastasis formation. By affecting gene expression via the LXR 

protein, 27-HC contributes to the epithelial-mesenchymal transition of cancer cells [31]. The 

role of 27-HC as a SERM is even more interesting because this oxysterol is synthesized in 

macrophages. Macrophages infiltrate the tumor environment in breast cancer patients and 

higher levels of macrophages in tumors are connected to poorer prognosis [34].

Some oxysterols bind to anti-estrogen binding sites (AEBS). Hormonal therapeutics, e.g., 

tamoxifen and toremifene, as well as B-ring oxysterols, such as 7-KC, 7-ketocholestanol, 
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and 6-ketocholestanol [35] bind to AEBS. Binding of AEBS ligands results in decreased 

cholesterol levels and, conversely, increased levels of the intermediates of cholesterol 

synthesis [36]. Accumulation of these intermediates affects cell growth by causing cell cycle 

arrest in the G0 – G1 phase [37] and stimulates apoptosis or autophagy [38], possibly by 

increasing the level of reactive oxygen species and auto-oxidized sterols. Antiestrogens and 

oxysterols also inhibit cholesterol epoxide hydrolase (ChEH) activity. Since the substrates 

of ChEH, cholestane-5α,6α-epoxy-3β-ol (α-CE) and cholestane-5β,6β-epoxy-3β-ol (β-CE) 

induce cell differentiation and death [39], and inversely, the product of ChEH metabolism, 

cholestane-3β,5α,6β-triol (CT), is mutagenic [40], inhibition of this activity presents 

another antitumor effect of hormonal therapeutics, as well as oxysterols.

Oxysterols and prostate cancer

Prostate carcinoma is also potentially influenced by oxysterols. Prostate cancer belongs to 

the group of hormonally-dependent tumors; in this case, it is dependent on androgens. 

Similar to estrogens, androgen action is mediated via a receptor protein, the androgen 

receptor (AR; OMIM: 313700). AR triggers proliferation of prostate cancer cells, and a high 

level of AR has been connected to poor disease-free survival of patients [41]. Additionally, 

AR is able to down-regulate the activity of the LXR protein [42] suggesting a potential 

modulatory role of oxysterols. Moreover, androgens also modulate expression of the 

cholesterol efflux ABCA1 (OMIM: 600046) transporter and thus influence the levels of 

cholesterol and oxysterols in prostate tissue [43].

27-HC may influence prostate carcinoma by stimulation of proliferation of prostatic cells, 

enhancing the expression of prostate specific antigen (PSA) and also by increasing AR 

transcriptional activity [44]. Moreover, 27-HC can suppress apoptosis induced by docetaxel 

[44] and thus evoke drug resistance. On the other hand, CT reduced colony formation and 

cell proliferation in prostate cancer cell models, LNCaP CDXR-3, DU-145, and PC-3, and 

the authors of the study proposed CT as a promising therapy to metastatic prostate 

carcinomas [45]. Previously CT was showed to be mutagenic [40].

Oxysterols and digestive tract malignancies

Due the fact that dietary oxysterols pass through the digestive tract and are absorbed by the 

intestine, it is not surprising that these compounds are suspected to influence malignancies 

arising in the gastrointestinal tract. In addition, because some oxysterols are generated as 

intermediates of bile acid synthesis pathway, they can influence the progression of 

gallbladder cancer and bile duct cancer, i.e., cholangiocarcinoma.

The available evidence suggests that oxysterols exert anti-proliferative and pro-apoptotic 

effects in colon adenocarcinoma cell lines, e.g., 7β-HC inhibits cell growth and induces 

apoptotic process in CaCo-2 cell cultures [46]. Application of a diet-representative mixture 

of oxysterols to CaCo-2 cells caused pro-apoptotic effects, but only in a spontaneously 

differentiated subtype of the cell line [47]. Treatment with a mixture of 7α-HC, 7β-HC, 7-

KC, α-CE, and β-CE caused activation of caspases 3 and 7 and release of cytochrome c in 
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vitro [47, 48]. In addition, 25-HC is able to induce anoikis, a programmed cell death in 

response to loss of anchorage, in DLD-1 colon tumor cell line [49].

Similarly to other cancers, oxysterols have an anti-proliferative effect via targeting LXR 

receptors in colorectal cancer, as the activation of LXR proteins inhibited proliferation of 

both colorectal cancer cell lines and colorectal tumors in a mouse model [17].

However, oxysterols also exert pro-inflammatory effects [47, 48, 50], potentially leading to 

development of cancer in some tissues, including the colon. Moreover, the presence of 

oxysterols modulates the expression of the transcription factor TGF-β1 in fibroblasts and 

macrophages and thus influences the TGF-β1 signaling pathway. Since these cells also 

reside in intestinal tissue and compose the tumor stroma, TGF-β1 activation may promote 

dedifferentiation and clonal expansion of neoplastic cells in the colon, leading to 

carcinogenesis [51]. A pro-cancerous effect of oxidized sterols has also been shown on the 

mouse model with induced intestinal pre-neoplasia. Mice fed by dietary oxysterols showed 

increased cell proliferation and aberrant crypt foci formation [52].

As some oxysterols arise directly in human body, the investigation of key enzymes of 

cholesterol metabolism is also important. The expression level of oxysterol metabolizing 

cytochrome P450 proteins was evaluated in colorectal carcinoma samples and the 

overexpression of some enzymes and association with cancer prognosis was found, e.g., the 

levels of the 27-HC metabolizing enzymes CYP27A1 and CYP7B1 showed similar 

association to patient prognosis as in breast cancer patients – higher expression of CYP27A1 

was associated with poor outcome of patients and increased level of CYP7B1 was associated 

with good prognosis of patients [53], suggesting a potential role of 27-HC in patients with 

colorectal carcinoma.

Cholangiocarcinoma, a malignant cancer of bile duct epithelium, may also be modulated by 

oxysterols. For example, oxysterols stabilize cyclooxygenase-2 mRNA and thus increase its 

expression, contributing to tumor progression [8]. Moreover, the presence of oxidative 

derivatives, including oxysterols in biliary ducts, has a direct link to infection and 

consequently can further impact on disease progression to cancer. Oxysterols were found in 

fresh bile samples, as well as in gallstones, and the occurrence of these oxysterols correlated 

with the presence of bacteria in the same samples [54]. It has been hypothesized that 

leukocytes are responsible for oxysterol formation in this case [55], connecting these 

oxysterols with carcinogenesis of gallbladder or bile duct cells. Moreover, the increased 

level of several oxysterol-binding proteins (OSBPs) was found in cholangiocarcinoma 

patients, suggesting that oxysterols take part in progression of this cancer via OSBPs and 

that OSBPs play a potential role as molecular markers of cholangiocarcinoma [56].

An increase of some oxysterols was seen in hamsters infected by Opisthorchis viverrini (so 

called Southeast Asian liver fluke), which infects the biliary tract in humans [57], indirectly 

linking oxysterols to the development of cholangiocarcinoma. Oxysterols induced DNA 

fragmentation and apoptosis in the human cholangiocyte cell line MMNK-1, and the authors 

concluded that oxysterols, together with reactive oxygen species and lipid peroxidation 

products, caused DNA damage leading either to apoptosis or DNA repair. Incorrect or 
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deficient DNA repair frequently leads to carcinogenesis [57, 58] (Figure 3). Similarly, 

oxysterols induced apoptosis in canine gallbladder cells in vitro, suggesting that they may 

play a role in pathogenesis of gallbladder cancer [59].

Oxysterol levels were also elevated in a rat model of hepatocellular carcinoma [60]. 

Consistent with this observation, the levels of 4β-HC, 7α-HC, and 25-HC were elevated by 

29, 236, and 44 %, respectively, in patients with chronic hepatitis type C, and the previously 

established higher risk of hepatocellular carcinoma in these patients also points to a potential 

contribution of oxysterols to liver carcinogenesis [61]. On the other hand, the oxysterol-

binding protein ORP8 seems to promote Fas-ligand mediated apoptosis [62] and also 

mediates the cytotoxicity of 25-HC in hepatoma cell lines [63]. The apoptosis activation and 

dampening the tumor growth by ORP8 was also shown in gastric cancer cells [64].

Oxysterols also influence carcinogenesis in pancreatic tissue, e.g., the development of 

pancreatic neuroendocrine tumor (pNET; islet cell tumor). The tumorigenesis of pNET is 

accompanied by high expression of the 24-HC forming enzyme CYP46A1 (OMIM: 

604087), and 24-HC is suggested to recruit pro-tumor neutrophils and thus promote the 

angiogenesis [65]. Additionally, in various pancreatic cell lines, the expression of ORP5 has 

been associated with invasiveness and patients with the ORP5-expressing pancreatic tumors 

have poor prognosis [66].

Oxysterols and lung cancer

A study evaluating 7α-HC, 7β-HC, α-CE, β-CE, CT, and 7-KC found a positive association 

between 7β-HC levels and lung cancer risk after adjustment for physical activity, suggesting 

its potential predictive value [67]. Congruently, 7β-HC had anti-proliferative effects and 

induced apoptosis via activation of the intrinsic apoptotic pathway in the lung cancer cell 

line NCI-H460 [14]. On the other hand, there is also a suggested role of LXRs in lung 

carcinoma etiology. Inactivation of genes coding LXRα and LXRβ leads to chronic 

inflammation of lung tissue and squamous cell carcinoma-like lesions in mice [68]. 

Similarly, LXRα was shown to be a potential prognostic factor of better survival in non-

small-cell lung carcinoma patients [69].

Recently, another role of oxysterols in lung cancer promotion was identified, namely the 

mediation of the activity of OSBPs, evidenced by the observed higher expression of ORP5 

protein in lung cancer cases with metastatic disease compared to patients with locally 

advanced tumors, suggesting a diagnostic potential for OPR5 in lung cancer patients [13].

Other malignancies

In addition to the carcinomas mentioned above, there are other tumors with a potential link 

to oxysterols. In the C6 glioblastoma cell line, 7β-HC slowed the cell cycle and caused cell 

death [70, 71]. On the other hand, expression of cholesterol 25-hydroxylase (CH25H; 

OMIM: 604551) was upregulated by the inflammatory cytokines TNFα and IL1β while the 

25-HC synthesized by CH25H modulated migration of tumor-associated macrophages/

monocytes [72]. In BG-1 ovarian cancer cell line, 25-HC induced cell proliferation [26]. 
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Similarly, ORP4 variant, ORP4L was shown to promote the proliferation of cervical cancer 

cell lines [12].

The pro-apoptotic or cytostatic activity of oxysterols observed in various model cancer cell 

lines, e.g., murine lymphoma [73], human lymphoma and leukemic cells [74–76], as well as 

in non-tumor cells, e.g., thymocytes [73], retina-derived cells [77], adipose tissue-derived 

mesenchymal stem cells [78] and rat and human vascular smooth muscle cells [15, 16], 

suggests that these effects have universal importance.

Concluding Remarks and Future Perspectives

Despite rather low concentrations of most oxysterols found in the circulation, these 

compounds are very important regulators in the human body. Apart from physiological 

functions, many studies provide evidence that oxysterols play roles in the development and 

progression of various cancer types. Oxysterols influence inflammation by modulating 

diverse signaling pathways and reactive oxygen species formation, conditions previously 

linked to a higher risk of carcinogenesis.

Various studies have shown strong associations between oxysterols and apoptosis, inhibition 

of proliferation, and cell cycle arrest. Jusakul et al., provided an explanation of this 

phenomenon in the case of cholangiocarcinoma formation. Oxysterols mediate oxidative 

DNA damage, which needs to be repaired. In the absence of or erroneous DNA repair these 

changes lead either to cell death or carcinogenesis [58]. Additionally, the anti-proliferative 

role may also be modulated by oxysterol receptors, the LXRs.

Nevertheless, various oxysterols exert different actions in various cell models. For instance, 

a mutagenic effect of CT was shown using the Ames test. Treatment of Chinese hamster 

ovary epithelial cells (CHO-K1) with CT also increased reactive oxygen species formation 

and chromosome aberrations [40]. On the other hand, the CT precursor cholestane-5α,6α-

epoxy-3β-ol had anti-proliferative effects, causing cell cycle arrest in human leukemic cell 

lines HL-60 and Molt-4 [79]. In addition, the cytotoxicity of oxysterols differs in various 

cell lines, e.g., IC50 values of 25-HC and 7β-HC were variable in eight human leukemia cell 

lines (5 – 40 μM and 10 – 32 μM, respectively) [76].

Oxysterols produce different effects when applied separately or in mixtures. For example, a 

mixture of 7β-HC and 25-HC had weaker pro-apoptotic effects compared to the application 

of 7β-HC alone [75]. The cell-specific effect of oxysterol action was seen in U-937 cells, but 

not in a HC-60 monocytic cell line. The different effects of oxysterols administered 

individually or in a mixture have also been described in other studies [80]. Therefore, studies 

on dietary representative combinations of oxysterols should become more informative.

Certain proteins related to oxysterol action are already considered as potential targets for 

design of cancer therapeutics. For instance, activating LXR receptors could help inhibit 

proliferation. Also, targeting CYP27A1 or CYP7B1, which regulate the level of 27-HC in 

cells, may affect roles of LXRs, for example in breast carcinoma. However, the area of 

genetics of these markers is rather underexplored, and the missing functional link to both the 
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circulating and target tissue oxysterol levels in human cancer patients precludes the 

translation of these results in clinical practice.

In summary, further studies of oxysterols are needed to elucidate their roles in 

carcinogenesis and their potential in cancer prevention or treatment. Such studies need to 

employ genomic, proteomic, and metabolomic profiling of a series of samples from the 

circulation and target tissues of patients with different pathologies to address the clinical 

utility of oxysterols in diagnosis and therapy (see Outstanding Questions Box).

Outstanding Questions

Oxysterols, intrinsic products of cholesterol metabolism and exogenous 

substances ingested in the diet, interfere with a plethora of signaling pathways in 

cell- and tissue-specific manner implicating their role in human pathology. A key 

issue is to distinguish between positive and negative roles of oxysterols bearing in 

mind concentration ranges and compositions of oxysterol and other sterol 

mixtures in context with variety of cell compartments and tissue biology.

For answering the above questions, the development and validation of precise 

methods for detection of oxysterols and optimal sample handling protocols are 

necessary. Recent advances in lipidomics show that such approaches exist and 

may help to delineate clues about inter- and intra-individual variations in 

circulating and target tissue concentrations of oxysterols, their circadian rhythm 

dependence, and changes with age, gender, and dietary status of healthy and 

diseased individuals. These crucial conditions are currently unknown. After filling 

these gaps we can finally raise the prudent question: Can we generate knowledge 

about circulating or tissue oxysterol spectra enabling its use for prediction the 

disease risk, its prevention, improving its diagnosis and prognosis or even therapy?

Equally important are questions about relations between oxysterols and genotype 

and phenotype of cholesterol and oxysterol signaling and sensing genes. Can we 

link their hereditary variations or sporadic mutations in target tissues with 

individual differences in oxysterols levels? Are among them any invasive (tissue, 

blood) or noninvasive (saliva, urine, feces) markers useful for prediction the 

pathology risk? Are there markers suggesting a potential preventive measures, i.e., 

the use of oxysterols for decreasing the risk of disease? And finally, can some 

genes or proteins from the oxysterol pathway be used as targets for individualized 

therapies?
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Glossary Box

Anti-estrogen binding sites (AEBS)
sites composed of two cholesterol metabolizing enzymes – 3β-hydroxycholesterol-Δ7-

reductase (DHCR7; OMIM: 602858) and 3β-hydroxycholesterol-Δ8Δ7-isomerase (EBP; 

OMIM: 300205). Additionally, the AEBS complex is also reported to have cholesterol 

epoxide hydrolase (ChEH) activity.

Cholesterol epoxide hydrolase (ChEH)
has enzymatic activity that converts cholestane-5α,6α-epoxy-3β-ol (α-CE) and 

cholestane-5β,6β-epoxy-3β-ol (β-CE) to cholestane-3β,5α,6β-triol (CT). ChEH activity is 

localized to endoplasmic reticulum; it is present in most mammalian tissues with the highest 

abundance in liver.

Liver X receptors (LXRs)
a group of proteins influenced by the presence of oxysterols (also called oxysterol 

receptors). LXRα/NR1H3 (OMIM: 602423) and LXRβ/NR1H2 (OMIM: 600380) form 

heterodimers with retinoid X receptors (RXRs). These heterodimers sense the level of 

sterols in cells and influence cholesterol adsorption, cholesterol transport, and bile acid 

synthesis. Both regulation of gene expression and protein-protein interactions take part in 

this mechanism.

Oxysterol binding proteins (OSBPs)
proteins that mediate the oxysterol activity in cells. The OSBP family contains at least 12 

members, which play a role in lipid metabolism, cell signaling, or vesicle transport in 

response to ligand binding. The OSBP family is characterized by conserved domain (OHD – 

OSBP homology domain) that can bind oxysterols, cholesterol, or phospholipids. The first 

member of OSBP group is OSBP1 (OMIM: 167040) protein. Other members are ORPs 

(OSPB-related proteins) or OSBPLs (OSBP-like proteins).

Selective estrogen receptor modulators (SERMs)
drugs commonly used as a treatment of estrogen receptor (ER) positive breast cancer 

patients. SERMs bind to the ER protein and modulate its activity resulting in inhibition of 

ER-related proliferation. The most used SERM is tamoxifen.
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Trends

• Oxysterols are oxidative derivatives of cholesterol, which are a natural 

component of a diet, or arise enzymatically or non-enzymatically in human 

organism.

• By interaction with some proteins and transcription factors, e.g., liver X 

receptors, oxysterol-binding proteins, or Insig protein, oxysterols take part in 

regulation of cholesterol metabolism, enzyme activity, and signaling pathways 

as Hedgehog, Wnt, or MAP kinase pathway.

• A role of oxysterols in some pathological, e.g., atherosclerosis and 

neurodegenerative disorder conditions, has recently been suggested. 

Oxysterols are also able to modulate cancerous conditions by influencing cell 

proliferation or apoptosis.

• 25- and 27-hydroxycholesterol increase the transcription of estrogen receptor 

target genes in breast cancer models in vitro, suggesting their potential role in 

resistance to hormonal therapy and implicating clinical applications.
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Figure 1. Structures of common oxysterols
Oxysterols are formed by both enzymatic and non-enzymatic reactions. The enzymatic 

pathways are mediated by enzymes from the cytochrome P450 (CYP) family and 

cholesterol-25-hydroxylase (CH25H). Enzymatic oxidation of cholesterol gives rise to side-

chain oxysterols (blue), and ring-oxysterols are generated by non-enzymatic oxidation 

mediated by reactive oxygen species (ROS, red). Some oxysterols are generated by both 

enzymatic and non-enzymatic reactions (purple).
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Figure 2. The role of oxysterols in physiological cellular processes
Oxysterols are important regulators of many biological processes in the cell. The regulation 

of sterol metabolism is mediated by various ways – through transcription factors (liver X 

receptors - LXRs, or sterol regulatory binding proteins - SREBPs), by interaction with 

oxysterol-binding proteins - OSBPs, or by regulation of 3-hydroxy-3-methylglutaryl CoA 

(HMG-CoA) reductase, a key enzyme of cholesterol metabolism. Oxysterols influence the 

biophysical properties of lipid membranes, such as the ordering of the bilayer [4] and play 

role in vesicular transport. Oxysterols also interact with integral or peripheral membrane 

proteins and are capable of modulation of their activity. They modulate the activity, e.g., of 

ABC transporters, or Na+/K+ ATPase. Oxysterols also interact with signaling pathway 

proteins and may modulate the Hedgehog, Wnt, or MAP kinase signaling.

Kloudova et al. Page 19

Trends Endocrinol Metab. Author manuscript; available in PMC 2018 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. The role of oxysterols in carcinogenesis and modulation of cell proliferation
The model of pro-apoptotic and pro-cancerous role of oxysterols is adapted from the 

proposed scheme of cholangiocarcinogenesis by Jusakul et al.,[58], suggesting that this 

model could be applied also to other cancers. The scheme is specifically focused on 

oxysterol effects in breast carcinoma where oxysterols can interfere with hormonal therapy 

by binding to anti-estrogen binding sites (AEBS) and estrogen receptor (ER) molecules. The 

anti-proliferative and pro-apoptotic action of oxysterols is marked by blue rectangles and the 

pro-proliferative and pro-cancerous effect by red ones.
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