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1. Introduction 37 

 38 

Cholesterol plays a critical role in cancer progression by enhancing cell proliferation, 39 

migration, and invasion [1]. Endocrine-related cancers include those affecting the 40 

hormone secreting tissues, such as the adrenal, pancreatic, thyroid, and reproductive 41 

tissues, but also the main endocrine target tissues [4] such as the breast and prostate. 42 

 43 

Intestinal cholesterol absorption is highly variable, but on average only 30% of serum 44 

cholesterol in humans derive from the diet in humans [5,6]. All endocrine cells can 45 

synthesize their own cholesterol, but circulating cholesterol is primarily synthesized in 46 

the liver and is mainly transported to cells through low-density lipoproteins (LDL) [6]. 47 

Indeed, circulating cholesterol balance is mainly determined by the hepatic synthetic 48 

rate of cholesterol and th rate of excretion from the body,  either as cholesterol or bile  49 

[5,6].  50 

 51 

Intracellular cholesterol homeostasis is tightly regulated in most cell types 52 

(MACROFAGOS NO) [7]. Acetyl-CoA is the major precursor of cholesterol synthesis, 53 

producing hydroxyl methylglutaryl-CoA (HMG-CoA). The rate limiting step in the 54 

cholesterol biosynthetic pathway is the reduction of HMG-CoA to mevalonate reaction 55 

catalyzed by the enzyme HMG-CoA reductase (HMGCR). Alternatively, cells may 56 

increase  exogenous cholesterol uptake by upregulating the LDL receptor (LDLR) and 57 

other lipoprotein receptors, such as LDLR-related protein 1 (LRP1) and scavenger 58 

receptor type BI (SR-BI). A reduction of endoplasmic reticulum cholesterol levels 59 

triggers the translocation of the transcriptional factor sterol regulatory element–binding 60 

protein-2 (SREBP-2) to the nucleus, thereby iincresing expression of t HMGCR and and 61 

LDLR expression, promoting both cholesterol biosynthesis and uptake [8]. Conversely, 62 

intracellular cholesterol accumulation inactivates the SREBP-2 pathway. Excess of 63 

intracellular unesterified cholesterol can be accumulated as cholesterol esters, mainly by 64 

the action of acyl-coenzyme A: cholesterol acyltransferase (ACAT) 1  65 

 66 

High-density lipoprotein (HDL) is the main lipoprotein cholesterol transporter to the 67 

major steroidogenic organs. The adrenal and ovary preferentially take up cholesterol 68 

from HDL via the SR-BI [9]. In contrast, the interaction between HDL and the 69 

membrane ATP-binding cassette transporter (ABC) A1 has a key role in HDL-mediated 70 
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efflux of cellular unesterified cholesterol. Some functional oxysterols, such as 24-71 

hydroxycholesterol (HC), 25-HC, or 27-HC, are significant activators of liver X 72 

receptors (LXRαβ ¡¿¿Y LRX ALFA’??) which can upregulate ABCA1, but also repress 73 

LDLR pathway [10,11]. Furthermore, HDL, mainly through  apolipoprotein (APO) A1 74 

and paraoxonase (PON) 1, exhibit potent antioxidant and anti-inflammatory properties, 75 

thus potentially antagonizing two main hallmarks of cancer progression (reviewed in 76 

[12,13]). 77 

 78 

In this article, we aimed to review the progress to date in the studyof e LDL and HDL 79 

on intracellular cholesterol homeostasis impacting carcinogenic pathways in endocrine-80 

related cancers. For this analysis, PubMed was searched comprehensively with 81 

combinations of the keyword breast, prostate, thyroid, pancreatic, ovarian, testicular, 82 

and adrenal cancer and the rest of keywords related with intracellular cholesterol, LDL, 83 

and HDL, as well as those with statins, ezetimibe, proprotein convertase subtilisin/kexin 84 

9 (PCSK9), fibrates, niacin, cholesterol ester transfer protein (CETP) and cancer.  85 
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2. Breast cancer 86 

 87 

Breast cancer was the third most common cancer worldwide in 2016. About 1.7 million 88 

incident cases were estimated, increasing by 29% between 2006 and 2016. Moreover, 89 

breast cancer was the fifth leading cause of cancer deaths , and the leading cause of 90 

cancer death for women. Concretely, it is estimated that 1 in 20 women developed 91 

breast cancer over their lifetime [14].  92 

 93 

Breast cancer is a complex disease which includes a variety of entities with differences 94 

in clinical, morphological, and molecular attributes. Taking into account the expression 95 

of estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth 96 

factor receptor 2 (HER2), breast cancers can be classified for predicting prognosis and 97 

response to treatment [15]. The presence or absence of these biomarkers identifies the 98 

three main sub-types of breast cancer: luminal (ER-positive), HER2-like (mainly ER-99 

negative and HER2-positive), and basal-like (mainly ER-negative, PR-negative, and 100 

HER2-negative, also known as triple-negative) [16]. The two last sub-types are the most 101 

aggressive [17].  102 

 103 

2.1. Cholesterol and breast cancer  104 

Some studies have been published studying the relationship between total serum 105 

cholesterol levels and risk of breast cancer, despite reporting divergent results. A large 106 

prospective study performed in Korea found that high total cholesterol (≥ 240 mg/dL) 107 

was positively associated with breast cancer in women compared with low cholesterol 108 

levels (< 160 mg/dL) [18]. In contrast, total cholesterol was found inversely associated 109 

with breast cancer risk in a French cohort [19], and other studies failed in finding 110 

association [20–24]. These discrepancies may be due to differences in the impact of 111 

cholesterol on the breast cancer sub-types, although this possibility needs further 112 

research [25]. Moreover, dietary cholesterol intake was found positively associated with 113 

the risk of postmenopausal breast cancer in a Canadian case-control study [26], results 114 

that were corroborated by a meta-analysis, which reported that a cholesterol intake 115 

greater than 370 mg/day increased the risk of breast cancer [27]. 116 

The pathogenic role of cholesterol in breast cancer has also been investigated in 117 

different experimental mouse models. In this sense, MMTV-PyMT mice fed a high-118 

fat/high-cholesterol (HFHC) diet showed accelerated and enhanced tumor progression 119 
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[28]. These mice are transgenic for the viral polyoma middle-T (PyMT) antigen under 120 

the control of the murine mammary tumor virus (MMTV) promoter, that specifically 121 

directs expression to the mammary epithelium, and are a model of luminal ER-positive 122 

breast cancer [29]. Similarly, HFHC diet administration to immunodeficient mice 123 

implanted orthotopically with the triple-negative breast cancer cells MDA-MB-231 124 

induced angiogenesis and accelerated breast tumor growth [30]. The effects of 125 

hypercholesterolemia on mammary tumor growth and metastasis were also explored in 126 

APOE knockout mice, which exhibit marked dyslipidemia with elevated cholesterol 127 

remnant lipoproteins. APOE knockout mice were fed HFHC diet and injected with non-128 

metastatic Met-1 and metastatic Mvt-1 mammary cancer cells obtained from PyMT 129 

mice and c-Myc/VEGF tumor explants, respectively. Results showed that APOE 130 

knockout mice displayed increased tumor growth only when the HFHC diet was 131 

administered, not in standard chow diet, thereby indicating that high dietary fat and 132 

cholesterol are necessary to promote tumorigenesis. Moreover, these mice exhibited a 133 

greater number of pulmonary metastases [31]. Finally, two studies evaluated the effects 134 

of a high-cholesterol diet, in order to specific address the effects of cholesterol, without 135 

the interference of high saturated fat, in breast cancer development. PyMT mice 136 

developed palpable tumors earlier when fed a high-cholesterol diet compared to those 137 

fed a chow diet [32]. Similarly, high-cholesterol diet promoted breast tumor growth in 138 

xenograft models of breast cancer, which presented lung metastases more frequently 139 

[33]. Overall, these studies revealed that HFHC diet had deleterious effects in breast 140 

cancer development, at least in part attributed to its high-cholesterol content. 141 

 142 

2.2. LDL and breast cancer 143 

 144 

LDL cholesterol (LDL-C) levels, at diagnosis of breast cancer, were found as a 145 

prognostic factor of breast tumor progression in a prospective study in Portugal. In this 146 

sense, patients with higher levels of LDL-C at diagnosis had larger tumors, with higher 147 

differentiation and proliferative rate, and  with more frequent HER2-like phenotype 148 

[34]. A Mendelian randomization study showed that genetically raised LDL-C was 149 

associated with higher risk of breast cancer, and specifically ER-positive breast cancer 150 

[35]. However, no association was found between LDL-C and breast cancer risk in 151 

another Mendelian randomization analysis [36], or in other meta-analyses and 152 
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prospective studies [21,37–40]. In contrast, two studies found that LDL-C or non-HDL-153 

cholesterol were inversely associated with the risk of breast cancer [20,41]. 154 

 155 

The impact of LDL-C on breast cancer cells is divergent depending on their expression 156 

of the main lipoprotein receptors. LDL-C promoted proliferation [42–44] and migration 157 

[33,45], mainly in ER-negative cell lines, but not in ER-positive cells. LDL-C also 158 

induced proliferation in the HER2-positive cell line BT-474 [33]. These differences may 159 

be explained by the increased LDL-C internalization and esterification in HER2-like or 160 

triple-negative cells, as they presented with  increased expression of LDLR and 161 

increased expression and activity of ACAT1 [43,46]. 162 

 163 

A recent study reported that the treatment of mouse breast cancer 4T1 cells with LDL 164 

increased the levels of reactive oxygen species (ROS), which in turn, induced cell 165 

migration. These effects were counteracted by the addition of an inhibitor of xanthine 166 

oxidase, an enzyme that generates ROS [47]. Similarly, mice that exhibited high LDL-C 167 

levels due to a HFHC diet which were injected with these cells showed increased tumor 168 

growth and metastasis compared to that fed with chow diet, and both were markedly 169 

inhibited by xanthine oxidase inhibition, mainly through  ERK signaling pathway 170 

inhibition [47]. 171 

 172 

Beyond LDL-C levels, the enhanced production of oxidized LDL (oxLDL) is a common 173 

feature of both dyslipidemia and carcinogenesis. Patients with breast cancer showed 174 

increased serum levels of oxLDL, and circulating levels of oxLDL were positively 175 

associated with breast cancer risk [48]. The uptake of oxLDL is also increased in breast 176 

cancer, as the lectin-like oxLDL receptor 1 (OLR1) is overexpressed in breast cancer 177 

tissue [49], as well as in the breast cancer cell line HCC1143 compared to the NO SE 178 

PORQUE DICES NORMAL, NO ES TUMORAL?  mammary epithelial cell line 179 

MCF10A [50]. In line with these results, upregulation of OLR1 in breast cancer cell 180 

lines enhanced cell migration [50,51]. Moreover, ORL1 depletion or inhibition 181 

significantly repressed the invasion and migration of breast cancer cells [50–52]. One of 182 

the mechanisms by which oxLDL promotes breast carcinogenesis could be the 183 

stimulation of miR-21 and the consequent activation of the PI3K/Akt pathway, as was 184 

described in MCF10A cells treated with oxLDL [53]. Further oxLDL and OLR1 185 

activate the inflammatory pathway through the nuclear factor κB (NF-κB), leading to 186 
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transformation [54]. Accordingly, forced overexpression of OLR1 resulted in 187 

upregulation of NF-κB and target pro-oncogenes involved in apoptosis  inhibition and 188 

cell cycle  regulation in both HCC1143 and MCF10A cells [50]. Moreover, TBC1D3, a 189 

hominoid-specific oncogene, induced the expression of OLR1 in breast cancer cells, 190 

regulated by NF-κB signaling [52]. Therefore, OLR1 may act as an oncogene by 191 

activation of NF-κB target genes responsible for proliferation, migration, and apoptosis 192 

inhibition [50]. 193 

 194 

2.2. HDL and breast cancer 195 

Controversy also exists about the association between HDL-cholesterol (HDL-C) levels 196 

and breast cancer risk. Two different Mendelian randomization studies found that 197 

genetically raised HDL-C increased the risk of breast cancer [35,36]. Conversely, a 198 

prospective study found that HDL-C levels were inversely associated with breast cancer 199 

risk [19]. In line with these findings, a retrospective study reported that low HDL-C 200 

levels were significantly associated with worse overall survival in breast cancer patients 201 

[55]. Other studies found the same association taking into account the menopausal 202 

status; some found that low HDL-C among premenopausal women increased breast 203 

cancer risk [37,56,57], whereas others found the same association only in 204 

postmenopausal women [21,58]. Finally, some studies did not find association between 205 

HDL-C and breast cancer risk [38,39,59] or survival [59]. Some in vitro analyses 206 

supported the positive association of HDL-C in breast cancer risk, as HDL increased 207 

proliferation in breast cancer cell lines [44,60], and stimulated migration through the 208 

Akt and ERK1/2 signal transduction pathways [61]. In contrast, the protective role of 209 

HDL in breast cancer can be attributed to some of their components, e.g. PON1 or 210 

APOA1, which possess antioxidant and anti-inflammatory properties. PON1 activity 211 

was found lower in patients with breast cancer compared to controls [62–64]. PON1 212 

activity was found unchanged between metastatic and non-metastatic cancer patients 213 

[62], but it was found lower in patients who needed neoadjuvant chemotherapy [64]. 214 

Moreover, genetic polymorphisms in the antioxidant enzyme PON1 could influence 215 

individual susceptibility to breast cancer. In the case of Q192R polymorphism, QQ 216 

homozygotes had higher risk of the breast disease [63,65,66]. These effects could be 217 

due to the differences in the activity of the Q and R alleles toward some substrates [67]. 218 

However, other studies did not find association between Q192R genotypes and breast 219 

cancer risk [68–71]. Concerning L55M polymorphism, carriers of at least one M allele 220 
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had increased risk for breast cancer [65,66,68–72], probably due to the lower levels of 221 

mRNA and activity of the PON1-55M isoform compared to the 55L isoform [67]. 222 

Therefore, L55M polymorphism could be considered as a molecular biomarker to 223 

identify susceptible women to breast cancer. On the other hand, APOA1 levels were 224 

found inversely associated with breast cancer risk [19,73,74]. However, human APOA1 225 

transgenic mice with increased APOA1-containing HDL was not able to delay or reduce 226 

breast tumor development in PyMT mice despite reducing oxLDL levels [75]. This 227 

point could be related with the large cholesterol-containing HDL particles of PyMT 228 

mice expressing human APOA1 [75]; they could constitute an extra cholesterol source 229 

for the tumor. In contrast, APOA2 (which possesses proinflammatory actions and 230 

decreased capacity to protect against LDL oxidation) overexpression increased breast 231 

tumor burden in PyMT mice [76]. In vitro experiments have demonstrated that 232 

overexpression of APOA1 in breast cancer cells increased the aggressive potential of 233 

the ER-positive MCF-7 cells, while decreased the aggressiveness of the triple-negative 234 

cell line MDA-MBA-231. In this way, overexpression of APOA1 decreased 235 

proliferation and migration in MDA-MBA-231 cells, accompanied by increased ABCA1 236 

levels and increased transfer of cholesterol to the plasma membrane. The opposite 237 

effects were observed in MCF-7 cells, in which the transfer to the plasma membrane 238 

seemed to be inefficient, thereby leading to intracellular accumulation of free-239 

cholesterol [77].  240 

 241 

Women with type 2 diabetes mellitus (T2DM) have an increased risk of developing 242 

breast cancer [78,79]. This association between T2DM and breast cancer could be 243 

attributed, at least in part, to the formation of functionally deficient HDL particles in 244 

T2DM, which involves glycation and oxidation of APOs and other HDL-components of 245 

HDL [80]. Accordingly, HDL from T2DM patients (and also glycated and oxidized 246 

HDL particles produced in vitro) promoted cell proliferation, migration, and invasion of 247 

breast cancer cells through the Akt/ERK pathway [81]. When breast cancer cells were 248 

pre-treated with these modified HDLs and injected into mice, a promotion of pulmonary 249 

and hepatic metastasis was found compared to cells pre-treated with normal HDL [82]. 250 

Moreover, these pre-treated breast cancer cells also showed increased adhesion to 251 

human umbilical vein endothelial cells (HUVEC) and extracellular matrix in vitro, 252 

mainly due to elevated protein kinase C (PKC) activity and integrin secretion, which are 253 

vital in promoting breast cancer cell metastasis [82]. Similarly, HDL isolated from 254 
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breast cancer patients complicated with T2DM promoted breast cancer cells adhesion to 255 

HUVECs by activating PKC, which in turn stimulated the expression of intercellular 256 

adhesion molecule 1 (ICAM-1) and vascular cell adhesion molecule 1 (VCAM-1), 257 

compared to HDL isolated from healthy or breast cancer patients. Thus, HDL from 258 

breast cancer and T2DM subjects can elevate the levels of ICAM-1 and VCAM-1 in 259 

cells in circulation, but not within the tumor tissue, contributing to metastasis [83].  260 

 261 

2.4. Intracellular cholesterol metabolism and breast carcinogenesis  262 

In order to supply the augmented need of cholesterol, proliferating breast cancer cells 263 

can increase cholesterol uptake from the circulation. In this way, both LDLR and 264 

SCARB1 expression, which codifies SR-BI, were found upregulated in breast cancer 265 

tissue, which could (ATENCIÓN A INFERIR FUNCIONES A PARTIR DE DATOS 266 

DE RNAm) increase the uptake of LDL-C and HDL-C from the bloodstream, 267 

respectively [84,85]. As indicated above, tumors with higher LDLR (SI ES RNA VA 268 

EN ITALICAS) expression were HER2-like and triple-negative, had higher histological 269 

grades, Ki-67 expression, and tumor necrosis [46,86], and high LDLR expression was 270 

associated with decreased recurrence-free survival, particularly in patients treated with 271 

systemic therapies [87]. Similarly, high SR-BI expression was associated to tumor 272 

aggressiveness and poor prognosis in breast cancer [46,86,88,89]. SR-BI expression 273 

was upregulated concomitantly with the increase in the number and the size of the 274 

tumors in PyMT mice fed a HFHC diet [28]. Moreover, in vitro knockdown of SR-BI in 275 

breast cancer cells inhibited proliferation and migration, as well as decreased tumor 276 

burden when injected to mice, effects that were associated with a reduction of Akt and 277 

ERK1/2 activation [61].  278 

 279 

In contrast, loss of ABCA1 protein expression was found associated with a more 280 

aggressive phenotype in human breast cancer patients [90], which was in accordance 281 

with the notion that ABCA1 exerts antitumor effects by preventing the accumulation of 282 

free cholesterol in cancer cells, inhibiting the release of tumor necrosis factor  283 

progression [91]. However, in a recent report, the expression of ABCA1 in triple-284 

negative breast cancer was found higher than in non-cancerous mammary tissue, 285 

whereas ABCG1 levels were not differentially expressed [92]. These discrepancies 286 

could be explained by a study that found that ER-positive cells were more sensitive to 287 
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LXR induced G0/G1 arrest than ER-negative cells, but that LXR stimulation led to 288 

higher induction of ABCA1 in ER-negative than in ER-positive cells [93]. 289 

 290 

Apart from bloodstream uptake, cells can obtain cholesterol by de novo biosynthesis. 291 

This pathway was found increased in cancer stem cells derived from ER-negative breast 292 

cancers, which exhibit resistance to conventional therapy. Moreover, increased 293 

cholesterol biosynthesis showed correlation with shorter relapse-free survival in a large 294 

breast cancer cohort [94]. 295 

 296 

Once inside the cell, cholesterol can be esterified or metabolized. One of the most 297 

prevalent oxysterols is 27-HC, generated by sterol 27-hydroxylase CYP27A1, and 298 

catabolized by oxysterol 7α-hydroxylase CYP7B1 [95]. 27-HC was increased in human 299 

breast cancer tissue, concomitant with CYP7B1 downregulation, whereas CYP27A1 300 

remained unchanged [96]. Furthermore, CYP7B1 gene (UP-REGULATION??) 301 

expression was found to correlate with better survival [96], whereas CYP27A1 protein 302 

expression was increased in higher grade tumors [32]. In vivo, 27-HC increased tumor 303 

growth in murine or human cancer cell xenografts and in PyMT mice, in which 27-HC 304 

also hastened metastasis to the lungs, an effect that implicated LXR activation [32,96]. 305 

Moreover, 27-HC was found to stimulate the proliferation of ER-positive MCF-7 cells, 306 

but not that of ER-negative cells, associated with increased protein levels of the E3 307 

ubiquitin protein ligase mouse double minute 2 (MDM2) and decreased levels of the 308 

tumor suppressor protein p53 [97]. It was also found to activate Myc (a critical 309 

oncoprotein that can promote the proliferation, migration and invasion of cancer cells) 310 

by increasing its protein stability [98]. 27-HC also induced angiogenesis by enhancing 311 

the expression of vascular endothelial growth factor (VEGF) by the classical 312 

ERα/VEGF signaling pathway in ER-positive breast cancer cells, or by promoting the 313 

generation of ROS, which in turn activated the signal transducer and activator of 314 

transcription (STAT)3/VEGF signaling in an ER independent manner [99]. Moreover, 315 

27-HC induced epithelial-mesenchymal transition (EMT) by decreasing the expression 316 

of E-cadherin and β-catenin [100], and by increasing the phosphorylation of STAT3, 317 

that in turn promoted MMP9 expression [101]. Tumor associated macrophages (TAMs) 318 

are the main source for local 27-HC production in breast tissues, and the 319 

hypermethylation of the CYP7B1 promoter in breast cancer cells further attenuates de 320 

degradation of 27-HC, resulting in its accumulation in tumor tissue [102]. The elevated 321 
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27-HC levels, a part from inducing cell proliferation and migration, increased the 322 

secretion of chemokines such as CCL2, CCL3, and CCL4 from TAMs, which further 323 

attract monocytes to tumor sites, and can be polarized to M2 type macrophages, which 324 

woud further produce 27-HC [102].  325 

 326 

Collectively, these results indicate that targeting cholesterol uptake and conversion to 327 

27-HC could be a good strategy for the treatment of breast cancer patients. A summary 328 

of the main lipoprotein-mediated uptake and cholesterol-related downstream pathways 329 

and their effects on oncogenic signaling pathways in breast cancer cells is shown in 330 

Figure 1A.   331 
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3. Prostate cancer 332 

Prostate cancer is the most commonly diagnosed cancer in men older than 50 years of 333 

age and more than 98% have a glandular origin. Nevertheless, the anatomopathological 334 

studies conducted in autopsies have also revealed their presence in men younger than 30 335 

years of age, without previous symptomatology, suggesting that these tumors are able to 336 

have a slow growth. In 2018, this disease represented the 7.1 % of all cancers diagnosed 337 

in men, causing the 3.8% of all deaths, being in this sex the second most common cause 338 

of cancer-related mortality in developed countries after lung cancer [103]. SIMPLISTA 339 

The main biomarker for the prostate tumors screening is prostate-specific antigen (PSA) 340 

serum level. PSA serum levels above 4.0 ng/mL represents a suspicion of neoplasia. 341 

However, this marker alone is not enough for diagnosis of prostate cancer, because the 342 

false-negative and also false-positive test results are frequent [104]. The degree of 343 

malignancy of the tumor is determined by the  Gleason Score, based on histological 344 

analysis, thereby grading the prostate cancer from low-grade (score 6) to high-grade 345 

cancers (8 to 10 score) [105]. 346 

 347 

 3.1. Cholesterol and prostate cancer 348 

 349 

Some evidence indicates that high serum levels of cholesterol are associated with the 350 

risk of developing aggressive prostate cancer, thus indicating that hypercholesterolemia 351 

could be a critical factor for prostate cancer progression. A large prospective study 352 

conducted in Korean adults, with a follow up to 14 years, showed that plasma 353 

cholesterol levels were positively associated with the risk of prostate cancer, particularly 354 

when individuals  with total cholesterol levels ≥ 240 mg/dL) werecompared with those 355 

with < 160 mg/dL [18]. In line with these findings, a prospective trial reported that men 356 

with cholesterol levels < 200 mg/dL had a lower risk of high-grade prostate cancer 357 

[106]. However, higher total cholesterol levels were associated with increased short-358 

term prostate cancer risk but an inverse risk association was observed with 20-year lag 359 

time [107]. 360 

Two meta-analysis did not find association of serum cholesterol levels with the risk of 361 

prostate cancer [108] or with prostate cancer recurrence after radical prostatectomy 362 

[109]. Similarly, the Swedish “Apolipoprotein MOrtality RISk” (AMORIS) prospective 363 

study did not provide evidence for an association between serum total cholesterol and 364 

prostate cancer risk [110].The REDUCE randomized trial conducted in men that 365 
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presented elevated PSA and a negative baseline biopsy, did not demonstrate that the 366 

total cholesterol levels were related to either overall or low-grade prostate cancer risk. 367 

However, the stratification of the patients with high total serum cholesterol showed 368 

positive association with the increase risk of high-grade prostate cancer diagnosis [111]. 369 

Overall, these findings do not convincingly support the association between high serum 370 

cholesterol levels and prostate cancer risk. 371 

 372 

Some epidemiological studies showed that Western diets with an excess of saturated fat 373 

and cholesterol promoted prostate cancer development in association with  increased 374 

androgens levels [112,113]; however  but the role of dietary cholesterol is unclear. 375 

Several preclinical models have assessed the effects of dietary cholesterol in the 376 

development of prostate cancer. A HFHC diet promoted tumor growth and intratumoral 377 

levels of testosterone in xenograft mice bearing LNCaP, androgen-dependent human 378 

prostate cancer cells. These results suggested that the diet-induced increase in tumor 379 

androgen concentrations is due to de novo synthesis from exogenous cholesterol [114]. 380 

Interestingly, intra-epithelial neoplasia was also enhanced by the HFHC diet in 381 

C57BL/6:129Sv mice, but this increase was dependent on the accumulation of 382 

cholesterol in the prostatic gland under LXRαβ deficient conditions [115]. It is 383 

noteworthy that these dietary interventions used distinct high saturated fat diets and do 384 

not allow to determine  a direct, independent effect of the cholesterol content. 385 

Therefore, the translation of these experimental results into humans could not be 386 

anticipated [116]. Rather surprisingly, a large Canadian population-based case-control 387 

study found an inverse association between dietary cholesterol intake and the risk of 388 

prostate cancer [26]. Also, cholesterol intake was not associated with prostate cancer 389 

risk in another case-control study conducted in Italy [117],  suggesting that higher 390 

cholesterol intake per se does not increase prostate cancer in humans. 391 

 392 

 3.2. LDL and prostate cancer 393 

 394 

Few epidemiological studies investigated the association between LDL-C and malignant 395 

prostate disease or with their aggressiveness, but results were  contradictory. Several 396 

studies did not support the association between LDL-C and the risk of aggressive 397 

prostate cancer, as reported in a meta-analysis of 14 prospective studies that failed to 398 

show association between risk of prostate cancer and blood levels of LDL-C [108]. 399 
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Furthermore, data from a French prospective study with a follow-up time of 11.5 years 400 

did not show association between the prostate cancer risk and serum concentrations of 401 

LDL-C or APOB100, HDL-C or APOA1 [19], similarly than a nested case-control 402 

study conducted in U.S. with a follow-up of 2-years [118]. In contrast, another 403 

prospective study from the Netherlands showed that LDL-C levels were associated with 404 

an increased risk of prostate cancer, and also with its aggressive behavior [119]. 405 

Interestingly, a large Mendelian randomization study found a weak evidence that 406 

higher-C LDL levels increase aggressive prostate cancer risk [120]. These divergent 407 

results may be explained by the heterogeneity in the approaches used and the large 408 

differences on follow-up of these studies. 409 

 410 

Other experimental approaches showed increased proliferative effect of LDL on 411 

different cancer prostatic cell lines,  compared with that of normal prostate cells. These 412 

findings were concomitant with an upregulation of HMGCR, whereas ABCA1 was 413 

downregulated [121]. The LDL-mediated effects on proliferation of prostate cancer 414 

cells were induced by PTEN loss and activation of the Akt and ERK signaling 415 

pathways, which in turn upregulate LDLR [122].  416 

 417 

Some studies pointed out to oxLDL, and its main receptor OLR1, in prostate cancer. In 418 

this way, oxLDL levels were found to correlate with prostate cancer stage, and OLR1 419 

expression correlated with lymph node metastasis [123].  oxLDL levels were increased 420 

in benign prostatic hyperplasia, but not in prostate cancer patients of another small 421 

cohort [124]. OLR1 was also overexpressed in prostate adenocarcinomas and 422 

inassociation with high Gleason score [125]. In vitro, oxLDL stimulated proliferation, 423 

migration, and invasion of prostate cancer cells, in part by promoting β-catenin, cMyc, 424 

NF-κB, STAT1, and STAT3 signaling pathways [123]. OLR1 was also found 425 

overexpressed in prostate cancer cell lines, and its activation by oxLDL promoted EMT 426 

by increasing mesenchymal markers (vimentin, N-cadherin, snail, slug, MMP2, and 427 

MMP9) and reducing epithelial markers (E-cadherin and plakoglobin) [125]. OLR1 428 

silencing in prostate cancer cells exhibited lower tumorigenic potential in a xenograft 429 

mouse model [125]. These data indicates that both oxLDL and OLR1 are major 430 

determinants of accelerated prostate tumor progression and metastatis. 431 

 432 

3.3. HDL and prostate cancer 433 
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 434 

A randomized, controlled trial in men with elevated PSA and a negative baseline biopsy 435 

found that elevated serum HDL-C was associated with increased risk of both overall 436 

and high-grade prostate cancer [111]. However, as occurred with LDL-C, some studies 437 

did not support this association. A meta-analysis of 14 large prospective studies did not 438 

find any association between HDL-C and high-grade prostate cancer [108]. Also, a large 439 

Mendelian randomization trial reported above did not find evidence that genetically 440 

predicted changes in HDL-C changed prostate cancer risk [120]. The lack of androgen-441 

dependent status data in some studies could explain the divergent results on the 442 

association between HDL-C and prostate cancer risk [126]. 443 

 444 

Since HDL also exhibited antioxidant properties, a recent report investigated the 445 

potential of HDL or reconstituted APOA1-containing HDL on prostate cancer cell 446 

proliferation induced by oxidative stress. Both native HDL and small APOA1-447 

containing HDL reduced ROS levels in prostate cancer cells, thus inhibiting ROS-448 

induced cell entry in the G2/M phase. Of note, these effects were independent of 449 

androgen receptor activation or the modulation of the cell cholesterol content [127]. On 450 

the other hand, HDL induced cell proliferation and migration of androgen-independent 451 

prostate cancer cells through ERK1/2 and Akt, but these effects were not found in 452 

androgen-dependent prostate cancer cells [128]. HDL also promoted migration and 453 

invasion, concomitant with the increase of Ser727 phosphorylation of STAT3 via 454 

ERK1/2 in androgen-independent prostate cancer cells, which was dependent on the 455 

delivery of sphingosine-1-phosphate (S1P) [129]. SEGURO QUE S1P  ES 456 

PROCANCERIGENO EN ESTAS CIRCUNSTANCIAS?? These findings emphasize 457 

the critical role of S1P in HDL-induced cell progression of androgen-independent 458 

prostate cancer cells. 459 

 460 

3.4. Intracellular cholesterol metabolism and prostate cancer 461 

 462 

Cholesterol was found increased in the cytoplasmic fractions of prostate cancer tissue, 463 

along with an upregulation of LDLR and the peripheral-type benzodiazepine receptor 464 

involved in transferring cholesterol from the cytosol to the inner mitochondrial 465 

membrane [130]. Cholesterol levels were also increased in the nucleus fraction, 466 

concomitant with a high expression of Cyclin E, which could be enhancing cell division 467 
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[130]. The accumulation of cholesterol esters in lipid droplets was also found in high-468 

grade and metastatic human prostate cancer tissue, but not in normal prostate, benign 469 

prostatic hyperplasia, prostatitis, or prostatic intraepithelial neoplasia [122]. As 470 

commented above, PTEN loss activated PI3K/Akt signaling leading to accumulation of 471 

cholesterol by increasing cholesterol uptake and, also,  esterification in vitro [122]. 472 

Importantly, the pharmacological inhibition of cholesterol esterification via ACAT1 473 

significantly suppressed cancer proliferation, migration, invasion, and tumor growth in 474 

xenograft mice [122], thereby indicating that cholesterol esters serve as a reservoir of 475 

cholesterol for prostate cancer cell proliferation. However, dedifferentiated tumors and 476 

those with lethal outcomes had lower expression of LDLR and ACAT1, but higher levels 477 

of squalene monooxygenase, the second rate-limiting enzyme of cholesterol synthesis, 478 

thus indicating a greater reliance on cholesterol synthesis than uptake in aggressive 479 

prostate cancer [131]. Another report also found that cholesterol accumulation also 480 

promoted EMT in prostate cancer cells via the ERK1/2 pathway; epidermal growth 481 

factor receptor and adipocyte plasma membrane-associated protein accumulation in 482 

lipid rafts [132]. These findings indicate that cholesterol biosynthesis and uptake during 483 

cancer progression is extremely complex and remains to be clarified.  484 

 485 

Noteworthy, androgen receptor has also been linked to cholesterol synthesis in prostate 486 

cancer cells [133]. It is known that the androgen receptor binds an androgen-response 487 

element within an intron of SCAP, upregulating SCAP expression and resulting in a 488 

shift in the cellular equilibrium between SCAP and Insig, thereby promoting  SREBP2  489 

[134,135]. Thus, androgen receptor signalling may affect  cholesterol synthesis [135]. In 490 

line with these findings, an androgen responsive element can upregulate the enzyme 3β-491 

hydroxysterol Δ24- reductase (DHCR24) in androgen receptor-positive prostate cancer 492 

cells, thereby promoting cholesterol accumulation. Furthermore, the amount of 493 

DHCR24 protein and mRNA expression was higher in prostate cancer tissues than in 494 

adjacent normal tissues [136].  495 

 496 

Importantly, HDL did not affect the cholesterol content ofprostate cancer cells and the 497 

(lower response DE QUE TIPO?) of androgen-dependent cancer cells correlated with a 498 

low level of ABCA1 [128]. It should be noted that androgens inhibit ABCA1 expression 499 

in androgen-dependent prostate cancer cells, and  this change enhanced growth rate 500 

[128,137]. ¿¿¿NO SE ENTIENDEThese latter findings were not related with HDL??? 501 
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[133]. Taken together, these findings support a role of ABCA1 on prostate cancer 502 

growth,but would seem independent of cell cholesterol content. Furthermore, an 503 

analysis of clinical prostate samples for mRNA and prostate tissue biopsy cores for 504 

protein expression found a higher SR-BI expression in high Gleason grade versus low 505 

Gleason grade prostate cancer samples, but their consequences in HDL-C uptake or 506 

oncogenic signaling remain to be clarified [138]. Overall, these findings emphasized the 507 

critical role of ABCA1 and SR-BI on cell progression of prostate cancer cells, although 508 

the role of ABCA1 is highly-dependent of androgen status. 509 

 510 

Some metabolites of cholesterol such as 22(R)-hydroxycholesterol and 24(S)-511 

hydroxycholesterol are natural ligands of LXR and its activation inhibits prostate cancer 512 

cell proliferation [139]. In the same way, LXR can prevent cholesterol accumulation in 513 

the prostate and protect  from abnormal cell proliferation when exposed to high dietary 514 

cholesterol, mainly by downregulating LDLR and upregulating ABCA1 protein 515 

expression [115]. A link was found between cholesterol accumulation and the 516 

proliferative process through the oncogene and histone methyl transferase Enhancer of 517 

Zeste Homolog 2 (EZH2)  [115], which has been associated with aggressive human 518 

prostate carcinomas [140]. Also, cholestane-3β, 5α, 6β-triol suppressed proliferation in 519 

human prostate cancer cells and reduced the growth of tumor xenografts in nude mice 520 

[141]. This treatment reduced the expression of Akt1, c-Myc, and Skp2 protein levels 521 

whereas increased the cell cycle inhibitor p27(Kip) levels and the main proteins 522 

associated with EMT. However, 27-HC stimulated the proliferation of prostatic cells 523 

and induced the expression of PSA by increasing androgen receptor transcriptional 524 

activity in prostate epithelial cells [142]. Also, 27-HC suppressed apoptosis induced by 525 

docetaxel [142]. Consistently, CYP7B1, the main enzyme involved in 27-HC 526 

catabolism, was highly expressed in high-grade prostatic intraepithelial neoplasia and 527 

adenocarcinomas [143].  528 

 529 

Overall, these results indicate that targeting cholesterol uptake, synthesis and efflux and 530 

their effects on intracellular cholesterol storage and conversion to 27-HC could be a 531 

good strategy for the treatment of prostate cancer (summarized in Figure 1B).   532 
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4. Epithelial thyroid cancer  533 

 534 

Thyroid cancer is a common endocrine malignancy whose incidence has increased in 535 

the last past decades. This neoplasia corresponds the 2.1% of all cancer diagnoses 536 

worldwide, affecting more women than men. Approximately 95% of thyroid cancer 537 

cases have the origin in the follicular epithelium with an array of different histological 538 

patterns and biological behavior [144,145]. Thyroid cancer is classified in two major 539 

types. First, the well-differentiated thyroid carcinomas (DTC) which include the 540 

papillary thyroid cancer (PTC), representing about 80 % of cases, is more common in 541 

women, and can metastasized throughout lymph nodes in the neck or close to the 542 

thyroid. This group also include the non-invasive follicular thyroid neoplasm with 543 

papillary-like nuclear features (NIFTP); and the follicular thyroid cancer (FTC), that 544 

represents about 5 to 10% of the diagnostic cases and can spread throughout lungs or 545 

bones. The second group of tumors correspond to dedifferentiated thyroid cancer, that 546 

include the poorly differentiated thyroid carcinoma (PDTC), formed by heterogeneous 547 

tumors with a prevalence of 0.23% to 2.6%, and associated with high risk of cancer 548 

recurrence including spread to lung and/or bones. This second group also include  the 549 

anaplastic thyroid carcinoma (ATC), represents 1% to 2% of thyroid cancers , an is  the 550 

tumor with the most aggressive behavior [4]. 551 

 552 

 4.1. Cholesterol and thyroid cancer 553 

 554 

Only few studies have investigated the association between serum cholesterol levels and 555 

thyroid cancer. A retrospective study investigated the lipoprotein profile of Chinese 556 

patients with thyroid cancer. Serum cholesterol levels were lower in subjects with 557 

thyroid cancer, mainly including patients with PTC and FTC [146]. This study also 558 

reported significant differences between the metastatic and non-metastatic groups in 559 

patients with PTC, but not in FTC patients [146]. Conversely, another retrospective 560 

study from South Korea found that increased BMI was associated with the lymph node 561 

metastases of patients with PTC, and other invasive features including large tumor size, 562 

extra-thyroidal invasion, and multifocality, but these effects were independent of  serum 563 

cholesterol levels [147]. Another case-control study form Italy did not reveal significant 564 

differences in serum cholesterol levels of DTC patients with suppressed thyrotropin 565 

(TSH) due to levo-thyroxine therapy compared to that of the euthyroid subjects [148]. 566 
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 567 

4.2. LDL and thyroid cancer 568 

 569 

As occurred with serum cholesterol, only few studies investigated the association 570 

between LDL-C and thyroid cancer risk. In the Chinese retrospective study reported 571 

above, LDL-C levels were also lower in the large cohort of women with thyroid cancer 572 

and those showing metastasis in the PTC group [146]. In line with these findings, we 573 

recently reported that patients bearing aggressive thyroid tumors presented an important 574 

decrease in both systemic serum LDL-C levels and APOB100 levels along with an 575 

upregulation of the LDLR expression in tumor tissue [149]. Noteworthy, LDL-C 576 

promoted proliferation and migration in anaplastic thyroid cells, but these effects were 577 

independent of changes in MAPK, PI3K, and mTOR signaling [149]. 578 

 579 

4.3. HDL and thyroid cancer 580 

 581 

The serum lipid profile of Chinese patients with thyroid cancer reported lower HDL-C 582 

and APOA1 levels in women with thyroid cancer compared to the control group, and in 583 

metastatic compared to non-metastatic patients with PTC [146]. However, we reported 584 

that serum HDL-C levels were similar in patients with aggressive thyroid cancer 585 

compared with those presenting a benign thyroid carcinoma [149].  586 

 587 

Since HDL-C may not be an accurate reflect of HDL function, a report evaluated one of 588 

the main antioxidant and anti-inflammatory HDL component, PON1. A small case-589 

control study revealed that PON1 activity was significantly lower in patients with PTC 590 

compared to the control group, although HDL-C, lipid hydroperoxide, and total free 591 

sulfhydryl levels remained unchanged [150]. However, we did not found differences 592 

neither in the APOA1 levels nor in PON1 and PAF-AH activities between patients with 593 

the malignant thyroid tumors (PTC, PDTC, and FTC) and those patients with benign 594 

thyroid tumors (Figure 2, panel A). Additional long-term and larger scale studies are 595 

needed to clarify this issue. 596 

It is noteworthy that we found that SCARB1 gene expression was upregulated in thyroid 597 

carcinoma tissues of PTC and FTC compared to benign tumors, whereas ABCA1 and 598 

ABCG1 expression remained unchanged (Figure 2, panel B). Furthermore, the 599 

exogenous administration of HDL in anaplastic cells promoted cell proliferation along 600 
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with an upregulation of SCARB1 expression when compared with the effects of HDL on 601 

thyroid follicular epithelial cells. HDL also enhanced cell migration in both cell lines 602 

(Figure 2, panel C). These data rather suggest a differential effect of HDL in thyroid 603 

tumorigenic cells; further, the role of SR-BI in thyroid carcinoma deserve further 604 

investigation. 605 

 606 

4.4. Intracellular cholesterol metabolism and thyroid cancer 607 

 608 

Little is known about the regulation of intracellular cholesterol metabolism in the 609 

thyroid carcinoma. As commented above, we found an upregulation of thyroid LDLR in 610 

tumor tissues, whereas HMGCR and NR1H3, which codifies LXRα, were strongly 611 

downregulated in malignant tumors, thus indicating a greater reliance on cholesterol 612 

uptake in more aggressive thyroid tumors [149]. We also reported that the tumors with 613 

worse prognosis showed higher levels of 27-HC which correlated with a of CYP7B1  614 

downregulation. Importantly, the overexpression of CYP7B1 in anaplastic thyroid cell 615 

lines arrested growth and reduced cellular migration, indicating that the accumulation of 616 

27-HC (NO SERIA AL REVÉS??) in the thyroid cells may be promoting the 617 

development and progression of epithelial thyroid cancer [149]. The identification of 618 

positive ER (α/β) in thyroid tumor samples could partly explain the 27-HC-mediated 619 

effects on cell proliferation [149]. 620 

 621 

Taken together, these results indicate that targeting LDL-C uptake and the synthesis of 622 

27-HC may be a therapeutic strategy for controlling epithelial thyroid cancer 623 

(summarized in Figure 1C).  624 
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5. Pancreatic cancer 625 

 626 

Pancreatic cancer is a malignancy of the digestive system that has ranked the 11th most 627 

common cancer in the world [151]. The majority of cases occur in the exocrine 628 

component that produces digestive enzymes. Pancreatic adenocarcinoma accounts for 629 

85% of all pancreatic cancers [152]. Worldwide incidence of pancreatic cancer 630 

correlates with increasing age and is more common in men than in women [103]. The 631 

disease is classified form early to late stages (I to IV) but most of the patients are 632 

asymptomatic until the disease develops to an advanced stage [153]. For this reason, 633 

pancreatic cancer has a very poor prognosis, and most patients will eventually have 634 

recurrence; only 25% of people survive 5 years after complete resection [154]. Because 635 

of its poor prognosis, pancreatic cancer is the seventh leading cause of mortality from 636 

all malignant tumors in Western Societies [103]. The lack of specific biomarkers for 637 

early diagnosis may also help explain the high mortality of these patients. Modifiable 638 

risk factors include smoking, alcohol, obesity, dietary factors, and exposure to toxic 639 

substances. 640 

 641 

 5.1. Cholesterol and pancreatic cancer 642 

 643 

Two large Mendelian randomization studies that investigated the causal relevance of 644 

metabolic factors on pancreatic cancer did not found evidence for an association of 645 

genetically predicted serum cholesterol and pancreatic adenocarcinoma [155,156]. 646 

Furthermore, several large prospective studies reported null associations between serum 647 

total cholesterol and the risk of pancreatic cancer [157–159]. Data analysis of some 648 

large cohorts of Asian and Australia/New Zealand did not reveal any association 649 

between total serum cholesterol and mortality from pancreatic cancer [160]. These 650 

results were also confirmed in a large prospective cohort from UK [161]. However, two 651 

prospective analyses of US population and seven cohorts from Norway, Austria, and 652 

Sweden showed an inverse association between serum cholesterol levels and the risk of 653 

pancreatic cancer [162,163]. Noteworthy, a meta-analysis that included eight large 654 

studies from Asian and Europe revealed that serum cholesterol levels were not 655 

significantly associated with the risk of pancreatic cancer [164]. However, this meta-656 

analysis showed a significant association of dietary cholesterol with the risk of 657 

pancreatic cancer in 6 studies conducted in North America [164].  658 
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 659 

The potential of dietary cholesterol was also analyzed in a meta-analysis of 19 studies 660 

conducted in Europe, US, and Asia, but the association between dietary cholesterol and 661 

pancreatic cancer risk was only significant in European studies [165]. However, in 662 

another meta-analysis of 16 studies, mainly from Europe and North America, 663 

demonstrated that cholesterol intake might increase the risk of pancreatic cancer, 664 

particularly in US and Canada [166]. These effects were also observed in a case-control 665 

study conducted in Japan [167]. Overall, these large studies found a general association 666 

between cholesterol intake and pancreatic cancer, but the association varied between 667 

geographical locations and their effects on serum cholesterol levels were rather limited 668 

in most studies. Early studies in experimental modelsdemonstrated that N-nitrosobis-669 

induced pancreatic carcinogenesis in hamster was promoted by a cholesterol-containing 670 

diet [168], whereas cholesterol-free diets did not affect pancreatic neoplastic lesions 671 

[169]. 672 

 673 

5.2. LDL and pancreatic cancer 674 

 675 

The large Mendelian randomization studies reported above revealed that the main trait 676 

associated with pancreatic adenocarcinoma was genetically predicted by body mass 677 

index [155,156], but only one study found that genetically higher levels of LDL-C were 678 

associated with pancreatic cancer, although LDL showed a BMI-mediated causal effect 679 

[156]. Furthermore, a long-term detailed prospective Swedish cohort analysis did not 680 

find evidence for an association between prostate cancer risk and LDL-C and neither 681 

with the main LDLR ligand gene, APOB [170]. 682 

 683 

OLR1 may also play a critical role in pancreatic cancer. A very recent study have 684 

demonstrated that OLR1 expression was highly expressed in pancreatic cancer tissue 685 

compared with that of adjacent normal tissue [171]. Furthermore, inhibition of OLR1 686 

expression decreased the proliferation and metastasis of pancreatic cancer cells both in 687 

vitro and in a xenograft mouse model. OLR1 promoted metastasis of pancreatic cancer 688 

cells through increasing transcription of High mobility group AT-hook 2 (HMGA2) 689 

through c-Myc [171]. It should be noted that human pancreatic adenocarcinoma cells 690 

incubated with oxLDL and acetylated LDL, but not native LDL, enhanced their 691 

cytokine production when they were cultured with human monocytes. Furthermore, 692 



24 

 

anti-CD36 antibody inhibited this stimulatory effect [172]. These findings establish a 693 

potential role of modified LDL and their main receptors in pancreatic cancer 694 

development. 695 

 696 

5.3. HDL and pancreatic cancer 697 

 698 

The analyses of two large Mendelian randomization studies did not provide any 699 

evidence that genetically altered HDL-C were causally associated with an increased 700 

pancreatic cancer risk [155,156]. Similar results were reported in a large Finnish 701 

prospective analysis [157], and neither HDL-C was associated with pancreatic cancer 702 

risk in the Alpha-Tocopherol, Beta-Carotene Study (ATBC) of Finnish male smokers 703 

that investigated potentially modifiable factors for this cancer [173]. However, HDL-C 704 

was found inversely associated with pancreatic cancer risk in other studies. In four 705 

randomized controlled intervention studies of postmenopausal women from US, a 706 

modest but significant inverse association of HDL-C with pancreatic cancer was found; 707 

nevertheless, the inverse association dissapeared when women who lost significant 708 

weight were excluded [174]. Interestingly, serum HDL-C levels were significantly 709 

lower in pancreatic cancer postmenopausal women of a case-control study conducted in 710 

Greece. [175]. 711 

 712 

It is noteworthy that in several studies APOA1 levels was the main metabolic factor 713 

inversely associated with pancreatic cancer, as occurred in a case-control study of 714 

China, a prospective study of Sweden, and a retrospective study of Japan [170,176,177]. 715 

In line with these findings, both APOA1 and the second quantitatively most important 716 

HDL protein, APOA2, was found downregulated in proteomic serum analyses of 717 

pancreatic adenocarcinoma patients [178–180]. The mechanism responsible for the link 718 

between APOA1 and APOA2 and pancreatic cancer remains unclear. Reconstituted 719 

APOA2-containing HDL increased lipid uptake and cell proliferation in human 720 

pancreatic cancer cells and enhanced lipid uptake in xenograft tumors implanted in 721 

mice, likely by upregulating SR-BI [181]. Furthermore, serum PON1 levels were 722 

downregulated in a small case-control study conducted in patients with pancreatic 723 

cancer [182]. 724 

 725 

 5.4. Intracellular cholesterol metabolism and pancreatic cancer 726 
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 727 

Beyond LDL-C levels, the use of a global transcriptomic microarray technology 728 

revealed that invasive genetically-engineered murine pancreatic adenocarcinoma 729 

samples showed a strongest upregulation of LDLR concomitant with an increased 730 

cholesterol uptake [183]. The authors also demonstrated that pancreatic cancer cell 731 

disruption of LDLR downregulated cholesterol uptake, impairing proliferative and 732 

tumorigenic capacities and inhibiting the ERK-dependent survival pathway [183]. 733 

Furthermore, elevated LDLR expression was correlated with an increased rate of relapse 734 

in patients with pancreatic adenocarcinoma [183]. In line with these findings, an 735 

independent study also showed that LDLR mRNA expression was associated with 736 

decreased patient survival in pancreatic adenocarcinoma [184], thereby emphasizing the 737 

significant contribution of LDL-C uptake to pancreatic cancer development. 738 

 739 

The use of microarray technology also revealed that invasive genetically-engineered 740 

murine pancreatic adenocarcinoma samples showed a strongest upregulation of critical 741 

genes involved in de novo cholesterol synthesis, cholesterol storage and 742 

oxysterol/steroid synthesis, particularly in HMGCR, 24-dehydrocholesterol reductase, 743 

ACAT1, lipase A and 3-oxo-5α-steroid 4-dehydrogenase 1 genes [183]. Indeed, 744 

increased levels of cholesterol were also observed in human pancreatic adenocarcinoma 745 

cells [185]. Furthermore, these changes altered the ratio of cellular free/esterified 746 

cholesterol [183]. In line with these findings, a significant accumulation of cholesteryl 747 

esters mediated by ACAT1 was found in human pancreatic cancer specimens and cell 748 

lines [186]. More importantly, expression of ACAT1, detected by 749 

immunohistochemistry, showed a correlation with poor patient survival and, also, the 750 

blockage of cholesterol esterification either by an ACAT1 inhibitor or by 751 

downregulating ACAT1 expression suppressed tumor growth and metastasis in an 752 

orthotopic mouse model of pancreatic cancer [186]. Similar results were found in a 753 

xenograft mouse model of pancreatic adenocarcinoma treated with the ACAT1 inhibitor 754 

avasimibe and the chemotherapy agent gemcitabine, in part by downregulating Akt 755 

pathway [187]. Melittin, a Chinese traditional medicine for treating chronic 756 

inflammation, immunological diseases, and cancer, also inhibited tumor growth in 757 

pancreatic ductal adenocarcinoma xenograft mouse model by downregulating the main 758 

genes involved in cholesterol biosynthesis, and also enhanced the antitumoral effects of 759 

gemcitabine [188]. Other genes involved in cholesterol biosynthesis were associated 760 
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with radioresistance in pancreatic cancer cells [189]. Finally, caveolin-1, an active 761 

component of caveolae affecting cholesterol signaling, plays a critical role in pancreas 762 

cancer progression [190]. Caveolin-1 downregulation also resulted in a decrease 763 

chemoresistant and metastatic phenotype of pancreatic cancer cells [191].  764 

 765 

Taken together, these findings indicate that targeting metabolic pathways involved in 766 

cholesterol uptake, biosynthesis, and storage may be a successful strategy for the 767 

treatment of patients with pancreatic adenocarcinoma (summarized in Figure 1D). 768 

  769 
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6. Ovarian cancer 770 

 771 

Ovarian cancer has the highest mortality rate of all gynecological cancers worldwide 772 

[103]. About 90% of ovarian cancers are epithelial tumors, including serous tumor, 773 

endometrioid tumor, and mucinous cystadenocarcinoma [192]. The disease is often 774 

asymptomatic or shows non-specific symptoms being, in many cases, diagnosed at 775 

advanced stages [193]. More than one third of ovarian cancer patients present with 776 

malignant ascites at diagnosis [194]. Usual treatments include optimal debulking 777 

surgery followed by chemotherapy, mainly with platinum-based drugs [195]. Five-year 778 

cause-specific survival for all epithelial ovarian cancers is 47%; however, advanced-779 

stage disease is a highly chemoresistant disease and the 5-year survival rate is only of 780 

20% [192]. 781 

 782 

 6.1. Cholesterol and ovarian cancer 783 

 784 

A recent meta-analysis which included 12 studies regarding association of ovarian 785 

cancer risk with blood lipid level suggested that high cholesterol was associated with an 786 

increased ovarian cancer risk [196]. The same association was observed in two 787 

prospective studies that included cohorts from Austria, Norway, Sweden, and USA 788 

[197,198]. 789 

 790 

In contrast, reduced serum cholesterol levels were observed in ovarian cancer patients, 791 

compared to healthy women in several case-control and prospective studies [199–202] 792 

and in a recent meta-analysis which included 12 studies [203]. Compared with the 793 

patients in stage I-II, the patients in stage III-IV had lower levels of cholesterol [199]. 794 

Moreover, patients who were in complete remission of the cancer had higher cholesterol 795 

compared to diagnosis, whereas patients who died from their ovarian cancer presented a 796 

reduction in serum cholesterol [201]. The hypocholesterolemia observed in advanced 797 

ovarian cancer patients could be due to increased cholesterol uptake by the tumor. 798 

 799 

Concerning cholesterol intake, a meta-analysis that included 7 studies found 1% greater 800 

risk of ovarian cancer per 50 mg/day increase in cholesterol intake [204]. A positive 801 

association between ovarian cancer risk and higher consumption of dietary cholesterol 802 
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was also observed in a case-control study from Canada [205], and in the prospective 803 

Nurses’ Health Study (NHS), although NHS2 study did not find this association [206]. 804 

Another meta-analysis, as well as the European Prospective Investigation into Cancer 805 

and Nutrition, and Netherlands Cohort Study failed to find an association between 806 

cholesterol intake and ovarian cancer risk [207–209]. 807 

 808 

 6.2. LDL and ovarian cancer 809 

 810 

A Mendelian randomization analysis of 22 406 women with invasive epithelial ovarian 811 

cancer did not found any association between genetically variation ¿¿proxied?? in in 812 

controlling  circulating LDL-C and risk of epithelial ovarian cancer [210]. Similarly, the 813 

AMORIS database did not find  association between LDL or APOB levels and ovarian 814 

cancer risk [40]. However, LDL was suggested as a predictor of clinical outcome in a 815 

retrospective study from the U.S.A., since longer progression-free survival and overall 816 

disease-specific survival was found in patients with normal LDL levels compared to 817 

patients with elevated LDL [211]. On contrary, another retrospective study conducted in 818 

China found that elevated preoperative LDL was associated with an improved 819 

recurrence-free survival in women with ovarian cancer [212].  820 

 821 

Discrepancies were also found concerning LDL-C levels in different ovarian cancer 822 

stages. Low LDL-C levels were observed in a small study conducted in Pakistan [200]. 823 

In another case-control study from Israel, elevated LDL-C levels were observed in 824 

early-stage ovarian and endometrial cancer patients compared to controls, but levels 825 

dropped at advanced stages of the disease [213]. In contrast, no differences in LDL-C 826 

levels were observed between low and high severity endothelial ovarian cancer patients 827 

in a retrospective study conducted in China [214].  828 

 829 

When ovarian carcinoma cell lines CAOV3 and SKOV3 were treated with LDL, 830 

proliferation rates remained unchanged [215]. However, concentrations of oxLDL as 831 

small as 0.1 µg/mL stimulated proliferation in these cell lines, accompanied by an 832 

induction of the expression of the cytokine cardiotrophin 1, which has anti-apoptotic 833 

effects. These changes were counteracted when cells were treated with LXR agonists, 834 

concomitantly to oxLDL [215]. Interestingly, increased levels of oxLDL were observed 835 
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in ovarian cancer patients compared to control subjects [48]. These results rather 836 

indicate that oxLDL appears to have an important role in ovarian cancer development.  837 

 838 

 6.3. HDL and ovarian cancer 839 

 840 

A large genome-wide analysis identified several loci involved in HDL transport 841 

(including CETP, APOA1, and ABCG1) associated with epithelial ovarian cancer in 842 

patients following first-line chemotherapy [216]. The role of HDL-C on ovarian cancer 843 

was also supported by the results of a large meta-analysis that reported low HDL-C 844 

levels in ovarian cancer patients [203]. And those of another meta-analysis that showed 845 

an association between high HDL-C levels and lower ovarian cancer risk [196]. The 846 

results of one of these studies also concluded that women with ovarian malignant 847 

tumors had both significant lower APOA1 and HDL-C levels, particularly in the small 848 

HDL3 fraction [217]. Other two retrospective studies also reported that low HDL-C 849 

levels were strongly associated with severity of epithelial ovarian cancer [199,214]. In 850 

line with these findings, HDL-C levels and PON1 activity were also lower in patients 851 

with newly diagnosed epithelial ovarian cancer and this was associated with histological 852 

grade of tumors and high lipid hydroperoxide levels [218]. 853 

 854 

Importantly, a prospective study also revealed that serum LCAT activity, mainly 855 

involved in the conversion of HDL3 to large HDL2, was lower in patients bearing 856 

indolent ovarian tumors; noteworthy, this activity together with other two serum 857 

biomarkers, were strongly associated with poor prognosis [219]. The use of 858 

experimental models provided conclusive evidence of the anti-tumorigenic effects of 859 

APOA1 in ovarian cancer since overexpression of human APOA1 increased HDL-C 860 

levels, reduced tumor development, and increased survival in mice bearing ovarian 861 

epithelial papillary serous adenocarcinoma cells [220]. Furthermore, human APOA1 862 

incubation significantly inhibited proliferation of these adenocarcinoma cells [220]. 863 

 864 

 6.4. Intracellular cholesterol metabolism and ovarian cancer 865 

The genome-wide analyses reported above identified that genetic inhibition of HMGCR 866 

was significantly associated with lower odds of ovarian cancer [216]. In contrast, 867 

microarray data analysis showed that SERBP2, HMGCR, and DHCR7 were strongly 868 

repressed in ovarian carcinomas compared to normal and benign tissues [221]. Also, 869 
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patients with ovarian tumors expressing high levels of HMGCR had a significantly 870 

favorable prognosis [222]. Other works also revealed potential divergent results in the 871 

association of enzymes controlling the mevalonate pathway and ovarian cancer. Ovarian 872 

cell carcinomas with functional mutations in AT-rich interactive domain-containing 873 

protein 1A, showed a downregulation in several enzymes of mevalonate pathway, 874 

including HMGCS and FDPS [223]. However, exposure to the ovarian 875 

microenvironment upregulated the expression of many genes involved mevalonate 876 

pathway in murine ovarian cancer cells, including HMGCR, HMGCS, and FDPS [224].  877 

 878 

It should be noted that intracellular cholesterol levels were elevated in high grade serous 879 

ovarian cancer cells and malignant ascites.This feature modulated the sensitivity of 880 

ovarian cancer cells to chemoresitance [225,226]. Furthermore, platinum-resistant 881 

ovarian cancer cells also showed LDLR upregulation  and this was associated with 882 

worse survival in ovarian cancer patients [226]. In line with these findings, LDLR was 883 

also upregulated in the microarray data analyses of ovarian carcinomas [221], thus 884 

indicating a greater reliance on cholesterol uptake in in the ovarian tumor cells. 885 

Cholesterol esters were also found to be increased in human ovarian carcinoma cell 886 

lines along with an upregulation of ACAT1 [227]. ACAT1 inhibition reduced cell 887 

proliferation, invasion, and viability in these ovarian cancer cells, mainly by increasing 888 

both caspase 3/7 activities and p53, and by reducing ROS production [227]. 889 

 890 

Gene expression and immunohystochemical analyses revealed that high expression of 891 

ABCA1 in primary tumors was strongly associated with reduced survival in two cohorts 892 

of serous ovarian cancer patients [228]. ABCA1 downregulation also inhibited ovarian 893 

cancer cell growth and migration in vitro [228]. EN OTROS TUMORES AUMENTAR 894 

ABCA1 ERA POSITIVO, LO QUE CUADRABA CON UNA MENOR TENDENCIA 895 

A ACUMULAR COLESTEROL. EN OVARIO ES LO CONTRARIO ¿PORQUÉ? 896 

Importantly, a very recent report found that ovarian cancer cells injected in mice, 897 

stimulated ABCA1-mediated cholesterol efflux in tumor associated macrophages, 898 

depleting lipid rafts and increasing IL-4 signaling, thereby inducing PI3K activity and 899 

mTOR-mediated Akt phosphorylation [229]. Ovarian cancer cells might, thus, uptake 900 

cholesterol from HDL effluxed on tumor-associated macrophages and these cells were 901 

reprogrammed toward a tumor-promoting phenotype via STAT6 [229]. In contrat, 902 

higher APOA1 mRNA levels in prechemotherapy serous ovarian cancer effusions were 903 
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associated with longer overall survival [230]. However, the potential of APOA1 to 904 

regulate cholesterol efflux in the tumor microenvironment deserve further investigation. 905 

 906 

 907 

As occurred with breast cancer patients, high expression of CYP27A1 was associated 908 

with a significant decrease in overall survival in early stage ovarian cancer patients, 909 

while high expression of CYP7B1 was associated with lower overall survival [231]. 910 

Furthermore, exogenous 27-HC appeared to impact the peritoneal spread of 911 

tumors.tumors failed to thrive in mice lacking CYP27A1 and orthotopically grafted 912 

with ovarian cancer cells [231]. Finally, 25-HC also induced proliferative effects in 913 

ovarian cancer cells by modulating ERα and Cyclin D1 protein levels [232]. 914 

 915 

¿¿Overall, these results indicate that targeting cholesterol uptake and efflux, 916 

intracellular cholesterol storage and conversion to HC could be a good strategy for the 917 

treatment of ovarian cancer patients (summarized in Figure 1E).??  918 
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7. Adrenal and testicular cancer 919 

 920 

Adrenal and testicular cells require large amounts of cholesterol for the optimal steroid 921 

hormone production. These major steroidogenic organs synthesize cholesterol de novo 922 

under the influence of the tropic hormone, while  the adrenal preferentially use 923 

cholesterol from LDL and HDL thought LDLR and SR-BI, respectively [233]. 924 

 925 

The two major types of adrenal cortex tumors are the benign adrenocortical adenoma , 926 

which is extremely common, and the rare and malignant adrenocortical carcinoma 927 

[234]. Only 15% of adrenocortical adenomas are "functional", thereby producing 928 

glucocorticoids, mineralocorticoids, and sex steroids. Sometimes, these tumors are 929 

termed incidentalomas because they are found by accident. However, adrenocortical 930 

¿carcinomas? are mainly functional. Functional tumors result in endocrine disorders 931 

such as Cushing's syndrome, hyperaldosteronism, female virilization, or male 932 

feminization. Although functional adrenal incidentalomas were early associated with 933 

high LDL-C [235], several later studies found no association with lipoprotein 934 

cholesterol changes [236,237]. 935 

 936 

Both human LDL- and HDL-C were used for steroid production by primary 937 

adrenocortical cells obtained from adenomas [238]. These findings were also found in 938 

adrenocortical carcinoma cells, mainly by the action of LDLR and SR-BI [239,240]. In 939 

the latter report, the tumor tissue of the female patient expressed high levels of LDLR 940 

and a severe reduction in LDL-C and HDL-C. More importantly, her serum cholesterol 941 

levels were normalized  few days after tumor removal [240]. In line with these findings, 942 

the transcriptome analyses of adrenocortical adenomas revealed a major association of 943 

HMGR, SQLE, DHCR24, SCARB1, and LDLR with cortisol secretion [241] and, also 944 

cortisol-producing adenomas showed a higher content of cholesterol along an 945 

upregulation of LDLR, DCHR24, and HMGCR and a downregulation of ABCA1 [242]. 946 

Overall, these results emphasize the role of LDL, HDL, and cholesterol synthesized de 947 

novo on adrenocortical cancer cell production of steroids. However  their effects on 948 

carcinogenic pathways remain largely unknown. 949 

 950 

Testicular cancer is a common cancer in middle-aged men. Chemotherapy has achieved 951 

a higher survival rate even  in patients with metastasis [243]. A large population-based 952 
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cohort Swedish study, with a follow-up of 25 years, found a highly significant positive 953 

association between serum cholesterol and the risk of developing testicular cancer; this 954 

was particularly relevant with cholesterol levels higher than 7 mM [244]. Early studies 955 

demonstrated that the use of LDL under acute hormonal stimulation had little effect on 956 

the amount of steroid synthesized in cultured Leydig tumor cells and these cells rather 957 

enhanced demand of cholesterol by increasing de novo synthesis [245,246]. However, 958 

LDL appears to play a critical role by providing cholesterol substrate to the tumor cells 959 

under prolonged hormonal stimulation [245]. It has also been reported that ACAT 1 960 

inhibition results in cholesterol accumulation in the Leidyg tumor cells. Furthermore, it 961 

should be noted that a high prevalence of metabolic abnormalities is present in testicular 962 

cancer patients treated with chemotherapy, including higher LDL-C and lower HDL-C 963 

[247]. This  indicate that testicular cancer survivors should adopt healthy lifestyle and 964 

measures to control their lipid levels. Clearly, more studies are needed to clarify the role 965 

of cholesterol on testicular carcinogenic pathways.  966 
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8. Therapeutic strategies 967 

 968 

8.1. LDL and cholesterol-lowering based therapies 969 

 970 

Because of the vital and prooncogenic functions of cholesterol in endocrine-related 971 

cancers, impeding active cholesterol metabolism is considered to be a feasible anti-972 

carcinogenesis strategy. Statins are the most common LDL-C-lowering drugs that 973 

reduce the incidence of cardiovascular events. For this reason, statins have been the 974 

most widely evaluated cholesterol-metabolism-targeting drugs in clinical studies for 975 

patients with cancer and, particularly in breast cancer [1]. Fewer studies have addressed 976 

the potential of other cholesterol-lowering agents such as ezetimibe and PCSK9 977 

inhibitors on cancer development. 978 

 979 

8.1.1. Statins 980 

In general, statins are safe at standard doses, showing only mild adverse effects on the 981 

muscle and liver that vary depending on the exact statin used, as well as the dosage and 982 

combination with other drugs [248]. Statins may exert their anti-tumor effects in 983 

different ways. The inhibition of HMGCR is considered the main molecular mechanism 984 

underlying most of the anti-tumor effects of statins [249,250]. However, the use of the 985 

mevalonate pathway as therapeutic target is difficult, since influences  a large number of 986 

cellular processes. The inhibition of intracellular cholesterol synthesis can be 987 

counteracted by an upregulation in LDLR expression thus adquiring  more  cholesterol 988 

from LDL and promoting tumor growth [46,149,183]. By controlling the mevalonate 989 

pathway, it is however possible to alter cholesterol synthesis and prenylation patterns, 990 

thereby affecting the function of proteins and oncoproteins that regulate proliferation, 991 

migration, invasion, cell cycle, and cell fate, and  apoptosis [251,252]. Notably, 992 

although statins are well-known hypocholesterolemiant drugs, they might also target 993 

different pathways [253,254].Therefore, other anti-tumoral statin effects also include 994 

anti-inflammatory properties and immunomodulation, such as restoring tumor immune 995 

surveillance mechanisms, either by increasing the immunogenicity of cancer cells or by 996 

directly engaging the immune system response against them [250,255].  997 

 998 

Up to date, several clinical studies exist and have suggested benefits of statin usage on 999 

patient survival for endocrine-related cancers. However, other studies have found no 1000 
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effect of statins, or even a less favorable outcomes. A summary of the main clinical 1001 

trials evaluating the association between statins use and endocrine-related cancer risk is 1002 

shown in Table 1. Overall, discrepancies among results derived from meta-analyses of 1003 

observational case studies exist. We could explain the conflicting results if we  take into 1004 

account the different nature of of these clinical studies, the heterogeneity in patient 1005 

samples and tumor characteristics, as well as the consistent number of confounding 1006 

variables and bias this . 1007 
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Table 1. Clinical trials evaluating the association between statins use and cancer risk  1008 

Tumor type Reference Year Study design Participants Main findings 

All cancers 
Jeong et al. 

[256] 
2020 Meta-analysis 1 173 269 

Although there was a preventive effect of statin on cancer 

mortality in some cancer types, the evidence supporting the use 

of statins to reduce cancer mortality or survival was low. 

 Liu et al. [257] 2017 Meta-analysis 197 048 
Significant protective effects of lipophilic statin use, but not 

hydrophilic statins, against cancer-specific mortality. 

 
Emberson et al. 

[258] 
2012 Meta-analysis 175 000 

A median of 5 years of statin therapy had no effect on the 

incidence of, or mortality from any type of cancer (including 

pancreas, prostate and breast cancer). 

 
Baigent et al. 

[259] 
2005 Meta-analysis 90 056 

There was no evidence that statins increased the incidence 

of cancer overall. 

 
Manthravadi et 

al. [260] 
2016 Meta-analysis 75 684 

Lipophilic statin use was associated with improved recurrence-

free survival. 

 
Rossebø et al. 

[261] 
2008 Prospective 1873 

Cancer occurred more frequently in patients with aortic stenosis 

treated with simvastatin and ezetimibe. 

 
Jacobs et al. 

[262] 
2011 Retrospective 133255 

Long-term use of statins did not increase nor decrease overall 

cancer risk, including pancreatic, prostate and breast cancers 

 
Nielsen et al. 

[263] 
2012 Case-control 

Total: 295 925 

Cases: 18 721 

Controls:  

277 204 

Reduced cancer-related mortality among statin users as 

compared with those who had never used statins was observed 

for each of 13 cancer types (including prostate, breast and 

pancreatic cancers). 

Breast 

cancer 

Ference et al. 

[264] 
2019 

Mendelian 

randomization 
654 783 

Genetic inhibition of HMGCR did not affect breast cancer risk. 

 
Undela et al. 

[265] 
2012 Meta-analysis >2.4 million 

Statin use and long-term statin use did not significantly affect 

breast cancer risk. 

 
Bonovas et al. 

[266] 
2005 Meta-analysis 327 238 

Statin use did not significantly affect breast cancer risk. 
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 Wu et al. [267] 2015 Meta-analysis 144 830 

There was a significant negative association between 

prediagnosis statin use and breast cancer mortality and for 

disease-specific revisar: ¿esto parece contrario? survival. There 

was also a significant inverse association between postdiagnosis 

statin use and breast cancer disease ¿esto parece lo contrario? -

specific survival. No significant association was detected 

between statin use and breast cancer risk.  

 
Mansourian et 

al. [268] 
2016 Meta-analysis 124 669 

Significant reduction in breast cancer recurrence and death 

among statin users. 

 
Islam et al. 

[269] 
2017 Meta-analysis 121 399 

There was no association between statin use and breast cancer 

risk. 

 Dale et al. [270] 2006 Meta-analysis 86 936 Statins did not reduce the incidence of breast cancer. 

 
Murtola et al. 

[271] 
2014 Prospective 31 236 

Both postdiagnostic and prediagnostic statin uses were associated 

with a lowered risk of breast cancer death. 

 
Ahern et al. 

[272] 
2011 Prospective 18 769 

Significant reduction in breast cancer recurrence among patients 

using simvastatin after 10 y of follow up. 

 
Borgquist et al. 

[273] 
2017 Prospective 8010 

Initiation of cholesterol-lowering medication in postmenopausal 

women with early stage cancer?, esto no es de lo que estamos 

hablanco: “hormone receptor-positive invasive breast cancer 

during endocrine therapy was related to improved disease-free 

survival, breast cancer-free interval and distant recurrence-free 

interval.” 

 
Cauley et al. 

[274] 
2003 Prospective 7528 

Older women who used statins had a reduced risk of breast 

cancer compared with nonusers. 

 
Brewer et al. 

[275] 
2013 Prospective 723 

Hydrophilic statins were associated with significantly improved 

progression-free survival compared with no statin in breast 

cancer patients.  

 
Anothaisintawee 

et al. [276] 
2016 Retrospective 15 718 

Use of lipophilic statins, but not hydrophilic statins, could 

significantly reduce the risk of breast cancer 

 Mc Menamin  2016 Retrospective 15 140 There was no evidence of an association between statin use and 
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et al. [277] breast cancer-specific death. 

 
Smith et al. 

[278] 
2017 Retrospective 6314 

Prediagnostic statin use was associated with a decrease in breast 

cancer-specific mortality. This reduction was greatest in statin 

users with ER-positive tumors.  

 
Shaitelman et al. 

[279] 
2017 Retrospective 869 

Statin use was significantly associated with overall survival in 

triple-negative breast cancer. 

 Chae et al. [280] 2011 Retrospective 703 

Significant reduction in breast cancer recurrence among patients 

who used statins. No association was found regarding overall 

survival.  

 
Sakellakis et al. 

[281] 
2016 Retrospective 610 

Statins may be linked to a favorable outcome in early breast 

cancer patients, especially in younger age groups. 

 
Schairer et al. 

[282] 
2018 Case-control 

Total: 228 973 

Cases: 30 004 

Controls:  

198 969 

Statin use did not significantly affect breast cancer risk. 

 
McDougall  

et al. [283] 
2013 Case-control 

Total: 2886 

Cases: 916 

Controls: 902 

Current users of statins for >10 y had increased risk of invasive 

ductal carcinoma and invasive lobular carcinoma compared with 

never users of statins. 

Prostate 

cancer 

Hutchinson et 

al. [284] 
2017 Meta-analysis 774 316 

Statin use in patients with prostate cancer receiving radiation 

therapy did not translate into an overall survival benefit for 

patients 

 Platz et al. [285] 2006 Prospective 34 989 

The use of statin drugs was not associated with risk of prostate 

cancer overall but was associated with a reduced risk 

of advanced (especially metastatic or fatal) prostate cancer. 

 
Larsen et al. 

[286] 
2017 Retrospective 31 790 

Postdiagnosis statin use was associated with reduced mortality 

from prostate cancer. 

 

 

 

 

Hamilton et al. 

[287] 
2010 Case-control 

Total: 1319 

Cases: 236 

Controls: 1083 

Statin use was associated with a dose-dependent reduction in the 

risk of biochemical recurrence of prostate cancer, suggesting that 

statins may slow prostate cancer progression after radical 

prostatectomy. 
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Pancreatic 

cancer 

Bonovas et al. 

[288] 
2008 Meta-analysis 914 601 

Statins do not reduce the risk of pancreatic cancer when taken at 

doses for managing hypercholesterolemia 

 Cui et al. [289] 2012 Meta-analysis 7807 
An inverse association between statin use and pancreatic cancer 

risk was found 

 
Huang et al. 

[290]  
2017 Retrospective 2142 

Statin use was associated with lower mortality risk. 

 
Lee et al.  

[121]  
2016 Retrospective 1761 

The use of simvastatin and atorvastatin was associated with 

longer survival in patients with nonmetastatic pancreatic 

adenocarcinoma 

  
Chagpar et al. 

[292] 
2011 Retrospective 518 

Preoperative use of statins was found to be a predictor of 

increased early postoperative mortality in patients with resected 

pancreatic cancer. 

 Jeon et al. [293] 2014 Retrospective 263 
Hydrophilic statin use was associated with longer survival in 

pancreatic patient with metabolic syndrome.   

 
Nakai et al. 

[294] 
2013 Retrospective 250 

Statin use was associated with better survival in diabetic patients 

with pancreatic cancer.   

 
Khurana et al. 

[295] 
2007 Case-control 

483733 Total, 

163467 cases, 

320266 controls. 

Statins seem to be protective against the development of 

pancreatic cancer, and the magnitude of the effect correlates with 

the duration of statin use.   

 
Bradley et al. 

[296] 
2010 Case-control 

9095 Total, 

1141 cases, 

7954 controls 

Statin use was not associated with the risk of exocrine pancreatic 

cancer 

 
Walker et al. 

[297] 
2015 Case-control 

1405 Total, 536 

cases and 869 

controls 

Risk reduction of prostate cancer was found and it appeared to be 

sex-specific and more pronounced in long-term users. 

 Chiu et al. [298] 2011 Case-control 

950 Total, 190 

cases, 760 

controls. 

No beneficial association between usage of statin and pancreatic 

cancer was observed. 

 Carey et al. 2013 Case-control 756 Total, 252 Statins reduce the odds of pancreatic cancer in male smokers. 
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[299] cases, 504 

controls 

Ovarian 

cancer 

Majidi et al. 

[300] 

2020 Meta-analysis 22 521 The analysis suggests improved survival in statin users compared 

to non-users.  

 

Li et al. [301] 2018 Meta-analysis 19 904 Post-diagnosis statin use can improve the survival of patients 

with ovarian cancer. Increased intensity of statin use was 

significantly associated with improved overall survival.  

 
Liu et al. 

[302] 

2014    Meta-analysis 12 904  Statin use was inversely associated with ovarian cancer risk. The 

association was stronger for long-term statin use (>5 years) 

 
Harding et al. 

[303] 

2019 Retrospective 2195 Statin use following a diagnosis with ovarian cancer was 

associated with a lower risk of cancer death.  

 

Urpilainen et al. 

[304] 

2018 Retrospective 244 322 Pre-diagnostic use of statins was observed to be associated with 

improved prognosis and decreased mortality from ovarian cancer 

compared with no such use 

 

Desai et al. 

[305] 

2018 Retrospective 126 253 In time-dependent models, statins were associated with an 

increased risk of ovarian cancer, largely attributed to the effect of 

the hydrophilic statin pravastatin. 

 

Couttenier et al. 

[306] 

2017 Retrospective 5416 Evidence of a protective effect of statin use on ovarian cancer-

specific and all-cause mortality exists. Simvastatin and 

rosuvastatin in particular appeared to have the strongest 

protective association.  

 

Verdoodt et al. 

[307] 

2017 Retrospective 4419 No strong evidence of an association between post-diagnostic 

statin use and reduced mortality in ovarian cancer patients was 

found. Reduced mortality with statin use was observed in sub-

cohorts of new users of statins and of patients not using low-dose 

aspirin.  

 

Chen et al. [308] 2016 Retrospective 60 Statin use was not associated with improved overall survival in 

patients with advanced-stage ovarian cancer undergoing surgery 

and chemotherapy.  

 Habis et al. 2014 Retrospective 442 Statin use among patients with non-serous papillary ovarian 
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[309] cancer was associated with improvement in both progression-free 

survival and disease-specific survival 

 

Wang et el. 

[310] 

2019 Case-control Total: 1 999 362 

Cases: 19 849 

Controls: 

 1 979 513 

Statin use did not lower the risk of ovarian cancer. The long-term 

use of statins (>5 years) was not associated with a reduction in 

the risk of ovarian cancer.  

 

Akinwunmi et 

al. [311] 

2019 Case-control Total: 4140 

Cases: 2040 

Controls: 2100 

Statins were found to lower the risk for both serous and non-

serous epithelial ovarian cancer and especially mucinous 

epithelial ovarian cancer.  

 

Baandrup et al. 

[312] 

2015 Case-control Total: 62 809 

Cases: 4103 

Controls: 58 706 

A neutral association between ever use of statins and epithelial 

ovarian cancer risk was found, with no apparent risk variation 

according to duration, intensity or type of statin use.  
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Due to side effects of statins, increasing doses in cancer patients is unadvisable. An 1009 

alternative strategy to overcome this situation is to combine statin therapy with other 1010 

drugs. Accumulating evidence indicates that targeting cholesterol metabolism sensitizes 1011 

endocrine-related cancer cells to other anti-tumor therapies. Accordingly, a synergistic 1012 

effect has been observed when statins are combined with other chemotherapeutic drugs. 1013 

For instance, in breast cancer cells positive for Erb-b2 tyrosine kinase receptor , 1014 

suppression of cholesterol biosynthesis by inhibitors such as lovastatin can trigger 1015 

ErbB2 internalization and degradation. In this scenario, adding ErbB2 inhibitors 1016 

represses tumor growth [313]. In prostate cancer cells, a combination therapy of 1017 

enzalutamide and simvastatin has been shown to have a significant synergistic effect on 1018 

tumor suppression [314]. In other cancer cells, cholesterol-metabolism-blockade therapy 1019 

causes feedback responses that decrease drug efficacy. Therefore, inhibiting feedback 1020 

responses with another therapy might enhance anti-tumor efficacy. For example, a 1021 

treatment combining aspirin or metformin with fluvastatin has been found to almost 1022 

completely abrogate the colonization capability of breast cancer cells [315]. In another 1023 

recent study, statin treatment has been found to significantly decrease levels of the 1024 

mevalonate-pathway product coenzyme Q in cancer cells, thus leading to excessive 1025 

oxidative stress [316]. Upregulating antioxidant pathways synergizes with statins to 1026 

produce a robust antitumor response [316]. Despite these positive results, definitive 1027 

evidence of these combination therapeutic strategies on endocrine cancer will require 1028 

human clinical trials.  1029 

 1030 

8.1.2. Ezetimibe and PCSK9 inhibitors 1031 

Other LDL-C lowering drugs other tha statinsshould also be taken into account. 1032 

Ezetimibe, which significantly reduces the absorption of cholesterol from the intestine, 1033 

was first hypothesized to increase the incidence of cancer when added to statin therapy 1034 

for enhancing LDL-C reduction [261]. Nevertheless, larger trials with statistically 1035 

independent evidence, found no adverse effect on cancer when added to statin therapy 1036 

[317] la refer 318 dice que no hya diferencias en el riesgo de cancer de tratados con 1037 

eze+simva: [318]. In contrast, ezetimibe was an effective inhibitor of tumor 1038 

angiogenesis in the progression of prostate cancer cells implanted in mice fed a high fat 1039 

high cholesterol diet [319]. However, it should be noted that the predominant 1040 

lipoprotein in mice is HDL and they show significant metabolic lipoprotein differences 1041 

when compared with that of human [320]. 1042 
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 1043 

On the other side, drugs inhibiting PCSK9 lead to increased hepatic LDLR abundance, 1044 

reducing effectively LDL-C, which may be seen as a strategy to limit the exogenous 1045 

lipids to support the proliferation of tumors. It was recently reported that LDL-C-raising 1046 

genetic variants of PCSK9 were associated with a higher risk of breast cancer, while 1047 

LDL-lowering variants mimicking PCSK9 inhibitors were found to have a significant 1048 

lower risk of ER-positive breast cancer [35]. Works performed on mice revealed that 1049 

PCSK9 inhibition not only exerts no harmful effects but also could somewhat improve 1050 

breast cancer behavior in an experimental model of breast cancer, suggesting safety and 1051 

efficacy of PCSK9 inhibitors in conditions other than cardiovascular disease such as 1052 

cancer [321]. However, from a clinical perspective, there is no evidence that PCSK9 1053 

inhibition might influence the course of endocrine-related cancers, whether beneficially 1054 

or deleteriously [322].  1055 

 1056 

8.2. HDL-C based therapies 1057 

 1058 

Some HDL-based strategies have emerged with the aim to prevent cancer development. 1059 

The potential of some HDL and APO mimetics and some specific LXR agonists are 1060 

reviewed in two reports of this Special Issue. Interestingly, the effects of the most 1061 

effective current drugs for elevation of HDL-C levels, the CETP inhibitors, and other 1062 

HDL cholesterol-raising drugs such as fibrates and niacin, have been evaluated in 1063 

experimental models and large clinical trials, including some relevant data on 1064 

endocrine-related cancer.  1065 

 1066 

Despite CETP inhibitors increase plasma HDL-C levels substantially, drug development 1067 

for most CETP inhibitors (i.e., torcetrapib, evacetrapib, dalcetrapib) was stopped 1068 

because of futility [323,324] or adverse cardiovascular side effects [325]. Patients 1069 

receiving torcetrapib showed significant side effects on blood pressure and adverse 1070 

cardiovascular outcomes; furthermore, a higher number of patients in the torcetrapib 1071 

group died from cancer (including breast and pancreatic cancer), although the 1072 

mechanism underlying this excess of deaths remains unclear [325]. The only exception 1073 

was anacetrapib, which reduced cardiovascular disease events on top of statin therapy in 1074 

a large trial with patients with atherosclerotic vascular disease without any variation in 1075 

the incidence of fatal or non-fatal cancer, including breast cancer [326].  1076 
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 1077 

Fibrates are activators of PPAR-α, leading to significant reduction of triglyceride 1078 

concentration, but also up-regulating APOA1 and APOA2 expression and ultimately 1079 

increasing plasma HDL-C levels. Results regarding fibrates and HDL-C levels on 1080 

endocrine-related cancer risk are controversial. A previous work found increased 1081 

cancer-related deaths following the use of clofibrate for the primary prevention of 1082 

ischemic heart disease [327], however, this excess of mortality was not related with 1083 

endocrine cancers [327]. Also, experimental works with rats and mice found increased 1084 

hepatic carcinogenesis after fibrate use  [328], but fenofibrate considerably inhibited the 1085 

growth of the breast tumors in mice [329]. Several large clinical trials found no effect of 1086 

fibrates on cancer incidence and cancer-related deaths, independently of the fibrate used 1087 

and cancer type [330–333]. Furthermore, some large and long-follow up observational 1088 

studies revealed that gemfibrozil had no significant effects in cancer mortality, 1089 

including prostate cancer [334–336]. Moreover, bezafibrate treatment was associated 1090 

with reduced risk of cancer, including prostate cancer, among patients with coronary 1091 

artery disease, however, this association was not sensitive to adjustment for on-trial 1092 

lipid levels [337]. Overall, there is not enough evidence suggesting that the increased 1093 

HDL-C levels following fibrate treatment might have an impact on any cancer-related 1094 

outcomes; thus, their use with anticancer purposes cannot be considered in clinical 1095 

practice. 1096 

 1097 

Niacin increases HDL-C by 20-25% and reduces triglycerides and LDL-C by 25-30% 1098 

and 20%, respectively [338]. Data on cancer-related outcomes do not suggest significant 1099 

beneficial effects of niacin in endocrine cancers. In that sense, cancer deaths in the 1100 

Coronary Drug Project were similar between treated and untreated patients, although the 1101 

number of cases reported was low [339]. Moreover, in a large study with adults with 1102 

vascular disease, the use of niacin in combination with laropiprant did not influence the 1103 

overall incidence of cancer, including breast cancer [340]. 1104 

 1105 

In this context, an innovative area of research in which HDL-like particles are used to 1106 

vehiculate anticancer drugs and molecules to cancer cells is producing interesting 1107 

results [341], however, further preclinical and clinical trials are necessary to verify the 1108 

efficacy in terms of endocrine cancer incidence and progression and safety of 1109 

therapeutic increase of HDL-C. 1110 
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 1111 

In conclusion, the effect of these hypolipidemiant drugs in human cancer prevention and 1112 

treatment remains controversial and more carefully designed studies are needed  before 1113 

a definite conclusion regarding endocrine cancer risk and recurrence can be made.  1114 
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9. Concluding remarks 1115 

 1116 

Although the endocrine-related tumors show different specific molecular 1117 

signatures, they all require a high demand of cholesterol for the tumor growth and 1118 

survival due, at least in part, to the increased hormone and steroid production by these 1119 

cells. Although several large clinical trials indicate a positive association between 1120 

plasma cholesterol levels and the risk for some endocrine cancers, not all the studies 1121 

revealed an association and, even some of them revealed an inverse relationship with 1122 

these cancers. Some of these studies pointed to a direct association between LDL-C 1123 

levels and breast cancer, but this association was not found in other endocrine cancers. 1124 

Beyond LDL-C levels, LDLR may be essential for the progression of  endocrine-related 1125 

cancers by maintaining the cholesterol distribution of tumor cells. Furthermore, both 1126 

LDLR and OLR1 may modulate cellular signaling pathways involved in tumorigenesis. 1127 

SR-BI-mediated cholesterol uptake may also enhance cell proliferation and play a 1128 

critical role in cancer cells expressing high levels of this protein, such as those of breast, 1129 

prostate, and ovarian cancer. However, HDL also exhibits antioxidant and anti-1130 

inflammatory properties that could protect against oxidative stress-mediated 1131 

proliferation in some endocrine cancer cells. These divergent HDL actions may 1132 

differentially affect endocrine cancers depending of their cholesterol needs and the role 1133 

of inflammatory and oxidative processes in tumor development. The excess of 1134 

intracellullar unesterified cholesterol may also be converted into 27-HC, which can 1135 

promote tumorigenic processes in breast end epithelial thyroid cancer. Deregulation of 1136 

genes involved in cholesterol synthesis has also been reported in all endocrine-related 1137 

cancer cells but this is highly dependent of tumor cell type and both an upregulation and 1138 

downregulation of mevalonate pathway have been reported. Although some large 1139 

clinical trials indicated that statins may reduce the incidence of breast, prostate, 1140 

pancreatic and ovarian cancer, these findings were not reproduced in all studies.  1141 

 1142 

Collectively, these studies strongly indicate that cholesterol homeostasis 1143 

deregulation is a key contributing factor to endocrine-related cancer development. 1144 

Therapeutic targeting of lipoprotein-mediated cholesterol uptake and cholesterol storage 1145 

pathways might constitute a potentially effective approach to prevent or delay 1146 

progression endocrine-related cancers 1147 

 1148 
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Figure legends, tables, figures, schemes 2556 

Figure 1. Molecular pathways involved in accumulation of unesterified cholesterol 2557 

(UC) and its effects on downstream oncogenic signaling pathways. (A) Both LDLR 2558 

and SR-BI are upregulated in breast cancer cells, thereby increasing lipoprotein 2559 

cholesterol uptake. The UC accumulation activates PI3K/Akt/ERK1/2 signaling 2560 

together with its conversion to 27-HC, promoting proliferation and metastasis through 2561 

the activation of c-Myc and EMT genes. OLR1 expression is also upregulated in breast 2562 

cancer cells and induces tumor growth and migration via NF-kB activation. (B) LDLR 2563 

is a main driver of UC accumulation in prostate cancer cells and its conversion into 2564 

esterified cholesterol (EC) by ACAT1, thereby promoting cancer progression. The loss 2565 

of PTEN activates PI3K/Akt/mTOR signaling, which in turn upregulates SREBP2 and 2566 

LDLR. Lethal prostate tumors also present higher levels of SQLE. The AR potentiates 2567 

UC accumulation by upregulating DHCR24 and SREBP2 and inhibiting ABCA1 2568 

expression. OLR1 expression also induces proliferation and metastasis. (C) LDLR is 2569 

upregulated in epithelial thyroid cancer cells promoting an accumulation of UC and its 2570 

conversion into 27HC, thereby promoting proliferation and metastasis. ( D) Both LDLR 2571 

and OLR1 are upregulated in pancreatic cancer cells along an increased expression of  2572 

DHCR24, HMGCR and ACAT1, inducing proliferation and metastasis. Caveolin-1 also 2573 

promotes tumor growth and metastasis via NF-kβ. (E) Both LDLR and ACAT1 are 2574 

upregulated in ovarian cancer cells concomitant with an increase of UC and EC 2575 

accumulation. CYP27A1 is highly expressed in ovarian cancer cells, inducing 27-HC 2576 

accumulation and promoting proliferation and invasion. IL-4 signalling is increased in 2577 

tumor associated macrophages, which in turn promotes PI3K activity and mTOR-2578 

mediated Akt phosphorylation and stimulates ABCA1-mediated cholesterol efflux, 2579 
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transferring cholesterol to ovarian cancer cells through SR-BI. Common pathways are 2580 

indicated with the same color in each cancer cell type. 2581 

 2582 
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 2584 

Figure 2. HDL antioxidant and anti-inflammatory components are not altered in patients with 2585 

thyroid cancer, but HDL promotes proliferation and migration in anaplastic thyroid cell lines.  2586 

(A) APOA1 levels and HDL antioxidant and anti-inflammatory activities in patients’ serum. 2587 

Values are means ± SEM of 13 PTC, 5 PDTC, 9 FTC, and 13 adenoma samples. (B) Real-time 2588 

PCR quantification of relative mRNA expression of ABCA1, ABCG1, and SCARB1 in human 2589 

thyroid tumors. Values are means ± SEM of 9 PTC, 4 PDTC, 10 FTC, and 6 adenoma tissues. 2590 

(A and B) ANOVA plus Tukey’s post-test was used to compare the groups. (C) Effects of HDL 2591 

on proliferation and migration of thyroid follicular epithelial cells (Nthy-ori-3.1) and anaplastic 2592 

thyroid cells (CAL-62). Both were treated 24 h with HDL (at 100 and 200 μg/mL of APOA1) 2593 

compared with cells maintained in basal conditions (5% of lipoprotein-depleted serum, LPDS). 2594 

Values are means ±SEM. Proliferation assay: the number of replicates in Nthy-ori-3.1 2595 

experiment was 38, 35 and 40 for LPDS, 100 μg/mL and 200 μg/mL of HDL, respectively; 37, 2596 

38 and 40 for LPDS, 100 μg/mL and 200 μg/mL of HDL, respectively, in CAL62 cells. 2597 

Migration assay: the number of replicates in Nthy-ori-3.1 experiment was 26, 13 and 15 for 2598 

LPDS, 100 μg/mL and 200 μg/mL of HDL, respectively; 32, 10 and 10 for LPDS, 100 μg/mL 2599 

and 200 μg/mL of HDL, respectively, in CAL62 cells. The exogenous administration of HDL 2600 

upregulated 1.5 and 2.3 fold SCARB1 in Nthy-ori-3.1 and CAL62 cells, respectively (p=0.0009 2601 

and 0.014, respectively, vs LPDS 5%). Kruskal-Wallis test was used to compare the groups. 2602 
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