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Cholesterol and breast cancer d
evelopment
Christiane Danilo and Philippe G Frank
Breast cancer is the most commonly occurring type of cancer

in the world. Among the environmental factors believed to be

responsible for this phenomenon, cholesterol has recently

received considerable attention. Epidemiologic studies have

provided inconclusive results, indicating that there may be a

relationship between abnormal plasma cholesterol levels and

breast cancer risk. However, more compelling evidence has

been obtained in laboratory studies, and they indicate that

cholesterol is capable of regulating proliferation, migration, and

signaling pathways in breast cancer. In vivo studies have also

indicated that plasma cholesterol levels can regulate tumor

growth in mouse models. The recognition of cholesterol as a

factor contributing to breast cancer development identifies

cholesterol and its metabolism as novel targets for cancer

therapy.
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Introduction
Breast cancer is the most commonly diagnosed cancer

among women and the second leading cause of cancer

deaths among women in the United States. In 2012, an

estimated 226,870 women will be diagnosed with breast

cancer, and 39,510 will die from the disease [1]. World-

wide, breast cancer is the most frequently occurring

cancer among women with over 1.3 million cases diag-

nosed yearly [2]. The greatest incidence of breast cancer

is in the Western world. Several aspects associated with

Western lifestyles are known risk factors for breast cancer.

A diet high in saturated fats, early menarche, low parity,

and advanced age at the first pregnancy are established

risk factors of breast cancer [3]. All of these risks are more

common in Western countries. Only 10% of breast cancer

cases are estimated to have a genetic basis [3]. In the

Western world, environmental factors appear to have a
www.sciencedirect.com
larger contribution to the incidence of breast cancer than

genetic factors. Consequently, studies have shown that

Americans of Japanese descent have an incidence of the

disease similar to that of Americans of European descent [3].

Several epidemiological studies have shown a link be-

tween obesity, weight gain, a diet high in saturated fats

and increased risk of cancer development [3–5]. Both

obesity and diets high in saturated fats are associated with

alterations in lipid profiles, specifically a decrease in high-

density lipoprotein cholesterol (HDL-C) levels [6�].
Accordingly, alterations in lipoprotein profiles are often

seen among breast cancer patients [7–9], and patients

with advanced disease often show lower levels of total

cholesterol, a phenomenon known as the preclinical

effect of cancer [10]. However, the role of cholesterol

in breast cancer is still unclear. Often, cancer patients

display low serum cholesterol levels, and this is generally

believed to be a consequence, not a cause, of the disease.

Cancer cells are believed to have an increased require-

ment for cholesterol because it is essential for membrane

synthesis in dividing cells, maintaining membrane rigid-

ity, and formation of microdomains known as lipid rafts,

which organize signaling molecules within cells. Choles-

terol is also the precursor of vitamin D and estrogen,

which plays a key role in the etiology of breast cancer.

This review examines recent epidemiologic and molecu-

lar evidence that suggests a role for cholesterol in breast

cancer.

Cholesterol and breast cancer: epidemiologic
evidence
In the early 90s, Boyd and McGuire hypothesized that

factors influencing HDL-C levels often coincide with

factors that influence breast cancer risk thus suggesting

a relationship between high HDL-C levels and increased

risk of breast cancer [11]. Subsequent studies have cor-

roborated this hypothesis [12]. However, this observation

is not necessarily causal since many case-control and

prospective studies have yielded varying results. Choles-

terol has a clearly established role in the etiology of

cardiovascular disease (CVD). High circulating levels of

low-density lipoprotein cholesterol (LDL-C) are directly

related to increased risk of CVD whereas high levels of

HDL-C are inversely associated with risk of CVD [13].

Accordingly, many investigators have examined the link

between increased risk of breast cancer development and

plasma LDL-C and HDL-C levels.

Collectively, older studies have been inconclusive and

suggest that there may be no relationship [14–16], an
Current Opinion in Pharmacology 2012, 12:677–682

mailto:philippe.frank@jefferson.edu
http://www.sciencedirect.com/science/journal/14714892/12/6
http://dx.doi.org/10.1016/j.coph.2012.10.004
http://dx.doi.org/10.1016/j.coph.2012.07.009
http://www.sciencedirect.com/science/journal/14714892


678 Endocrine and metabolic diseases
inverse relationship [7,17], or a positive relationship [9,12]

between breast cancer risk and high cholesterol levels.

Recent studies have failed to provide a clearer picture. In

a recent prospective study from South Korea, where

cholesterol levels and breast cancer rates are on the rise,

post-menopausal women with high serum cholesterol

were shown to have a 31% greater risk of breast cancer

than women with low serum cholesterol levels [18�]. This

effect became insignificant when body mass index (BMI)

was controlled for, indicating that the effect may be due

to obesity and not necessarily high serum cholesterol

levels. A possible limitation of this study is that only

total cholesterol levels, but not individual triglyceride,

HDL-C or LDL-C levels, were examined. Three other

studies [19�,20,21] examined the relationship between

breast cancer risk and the metabolic syndrome, which is

characterized partly by dyslipidemia and specifically low

plasma HDL-C levels. Two of these reports [20,21] did

not find any association between breast cancer risk and

HDL-C levels. In both cases, researchers were unsuc-

cessful at finding an association between HDL-C levels

and breast cancer risk. The third study found that in both

pre-menopausal and post-menopausal women, there was

a decreased risk of breast cancer with increased total

plasma cholesterol levels [19�].

In a separate Korean case-control study, Kim et al. only

investigated the effect of HDL-C on breast cancer risk

and found that high levels of HDL-C were associated

with reduced breast cancer risk, but only in premeno-

pausal women with a low BMI [6�]. The authors also

attempted to link low HDL-C levels with the hormonal

receptor status of tumors from patients, that is, whether

the tumors were estrogen receptor (ER) positive (+) or

negative (�). They reported that low levels of HDL-C

and high levels of triglycerides were associated with an

increased risk of developing ER- tumors [6�]. An earlier

prospective study conducted in the USA has corroborated

this report [22�]. Upon examination of patients in the

Atherosclerosis Risk in Communities Study (ARIC), who

developed breast cancer, only pre-menopausal women

with decreased levels of HDL-C were shown to be at

increased risk of developing breast cancer. Interestingly,

this result was independent of BMI.

There is evidence suggesting a positive relationship

between total plasma cholesterol levels and breast cancer

risk. In a recent prospective study, researchers deter-

mined the relationship between total cholesterol and

all cancers. Although they were not able to draw a general

conclusion about the role of total cholesterol in all can-

cers, they were able to identify a positive relationship

between total cholesterol and breast and prostate cancer

risk [23��]. Women with total cholesterol levels over

240 mg/dL had a greater risk of developing breast cancer

than women with cholesterol levels below 160 mg/dL

[23��].
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Recent studies have examined the relationship between

plasma cholesterol levels and breast cancer risk. However,

like older studies, new studies have provided inconclu-

sive results and have obtained limited data demonstrating

a relationship between breast cancer risk and plasma

cholesterol levels.

Dietary cholesterol and breast cancer
The study of dietary cholesterol and its role in cancer

dates back nearly half a century. Since then, large pro-

spective studies have not found a clear relationship be-

tween dietary cholesterol and breast cancer development.

However, Hu et al. [24��] have recently conducted a study

that examined cholesterol intake and cancer risk. They

showed that increased cholesterol consumption leads to

increased postmenopausal but not premenopausal breast

cancer risk [24��]. In agreement with these findings, a

study conducted in Uruguay, where breast cancer rates

are on the rise, has shown that women who consume large

quantities of cholesterol are at increased risk of develop-

ing breast cancer [25]. Although the amount of data to

support the role of dietary cholesterol in breast cancer is

limited, it does indicate that increased dietary cholesterol

intake results in increased breast cancer risk.

Cholesterol and breast cancer: insight from
laboratory studies
It is difficult to draw conclusions from epidemiological

studies owing to the intrinsic limitations associated with

this type of study. For this reason, it has become impera-

tive to take into account data from more controlled

laboratory environments.

Many groups have been able to show that lipoproteins are

capable of stimulating growth of breast cancer cells in
vitro [26,27,28�,29�]. The pro-proliferative effect of LDL

appears to be dependent on the status of the ER in breast

cancer cell lines since only ER- breast cancer cells lines

display increased proliferation in the presence of LDL

[29�]. In the same study [29�], the authors found that ER-

basal-like cells store more cholesteryl esters than ER+

cells. Under specific conditions, accumulation of free

cholesterol in macrophages treated with acetylated

LDL and an inhibitor of the enzyme acyl-CoA:choles-

terol acyltransferase 1 (ACAT1) has been associated with

a cytotoxic effect of excess free cholesterol [30]. Inter-

estingly, proliferation of both ER+ and ER- cells was

sensitive to ACAT inhibition. In addition to enhancing

proliferation, the same group showed in a separate study

that LDL can also increase migration of ER- breast cancer

cells. This effect could also be reduced by the addition of

a pharmacologic inhibitor of ACAT1 [31�]. Similarly,

Paillasse et al. [32�] have found that ACAT inhibition

decreases cellular proliferation and invasion in two tumor

cell lines. Furthermore, the availability of cholesteryl

esters increased proliferation and invasiveness of normal

cells indicating that cholesteryl esters may contribute to a
www.sciencedirect.com
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tumor-promoting phenotype [32�]. Another study showed

that breast cancer cell lines treated with auraptene, a

naturally occurring ACAT inhibitor, also displayed

decreased cellular proliferation, invasion, and colony for-

mation [33�]. Taken together, these results indicate that

cholesteryl esters synthesis and/or accumulation may play

a role in the development and progression of breast

cancer.

The use of pharmacological inhibitors of intracellular

cholesterol transport (e.g. U18666A or progesterone)

and/or biosynthesis may also lead to the accumulation

of cholesterol metabolites that may affect tumor for-

mation. Importantly, these inhibitors are not always very

specific as in the case of progesterone, which regulates

intracellular cholesterol movement but is also a known

modulator of the progesterone receptor [34] and an

inhibitor of DHCR24/seladin-1 [35]. U18666A is a widely

used chemical utilized to block the intracellular traffick-

ing of cholesterol. However, U18666A also inhibits squa-

lene-hopen cyclase [36] DHCR24 [37], EBP/D8D7I [38],

or cholesterol epoxide hydrolase [39��]. Interestingly, the

use of these inhibitors can also affect cellular proliferation

[37,39��]. These studies suggest that cholesterol metab-

olites may potentially contribute to the development of

tumors.

Many studies have also examined the effect of HDL on

breast cancer cells. Interestingly, HDL increases cellular

proliferation of human breast cancer cell lines in vitro
[28�,40,41�]. HDL obtained from normolipidemic

patients does not have an effect on migration, invasion,

or metastasis; however, oxidized HDL and HDL derived

from diabetic patients have the ability to promote

migration, invasion, and metastasis [40,41�,42�]. These

studies indicate a role for diabetes, a component of the

metabolic syndrome, in the development and progression

of breast cancer.

Another older study has suggested that the pro-prolifera-

tive effect of HDL may be mediated by the scavenger

receptor class B, type I (SR-BI, sometimes referred to as

CLA-1) [28�]. SR-BI is an HDL receptor that mediates

cellular cholesterol influx and efflux. Cao et al. [43��] have

shown that human breast tumors display an upregulation

of SR-BI mRNA and protein levels [43��]. They also

showed that transfecting human breast cancer cells with

a dominant-negative mutant of SR-BI inhibits cellular

proliferation, indicating a possible role of SR-BI in breast

cancer. More recently, work from our laboratory has

shown that, when fed a high fat/high cholesterol diet, a

breast cancer mouse model develop larger, more aggres-

sive tumors faster and develop more pulmonary metas-

tasis than mice fed a normal chow diet. Interestingly, the

tumors excised from mice fed the high fat/high choles-

terol diet showed increased expression of SR-BI [44��].
These findings indicate a potential role for SR-BI in the
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etiology of breast cancer and corroborates the results

obtained by Cao et al. [43��]. Another study has investi-

gated the effect of a high fat/high cholesterol diet on

tumor growth [45��]. In this study, apolipoprotein E-

deficient (Apoe�/�) mice were used. These mice develop

large atherosclerotic lesions when challenged with a high

fat/high cholesterol diet since ApoE is a major ligand for

the low density lipoprotein receptor (LDL-R). Upon

injection of two mouse mammary cancer cell lines,

Met-1 and Mvt-1, Apoe�/� mice developed larger tumors

and more pulmonary metastasis than the wild-type mice.

Furthermore, when treated with cholesterol in vitro, these

cells showed activation of the PI3K/Akt pathway. Accord-

ingly, when treated with an inhibitor of PI3K, the Apoe�/�

mice developed smaller tumors than vehicle-treated mice

[45��].

Laboratory studies regarding breast cancer and choles-

terol have provided a clearer picture for a role of choles-

terol in breast cancer development and progression than

did epidemiologic studies. Cholesterol, and more specifi-

cally, lipoproteins appear to have a pro-proliferative effect

on breast cancer cells and elevated plasma cholesterol

levels in mouse models of breast cancer lead to larger,

more aggressive tumors.

Cholesterol and prostate cancer
There is also recent evidence to support the hypothesis

that cholesterol plays a role in another hormonally influ-

enced cancer, prostate cancer. Accordingly, studies have

shown that an increase in serum cholesterol levels owing

to a high cholesterol diet causes an increase in prostate

cancer cell xenograft tumors. These tumors display

increased cholesterol content in plasma membrane lipid

rafts and a significant increase in the activation of Akt,

which is involved in many cellular pathways and fre-

quently activated in a variety of cancers [46]. This group

also showed that the growth of xenograft prostate tumors

can be inhibited by ezetimibe, an inhibitor of intestinal

cholesterol absorption [47�]. In agreement with these

findings, we showed that in a mouse model of prostate

cancer, the transgenic adenocarcinoma of the mouse

prostate (TRAMP) model mice fed a high fat/high cho-

lesterol diet develop larger tumors than TRAMP mice fed

a chow diet [48�]. Subsequent studies have shown that

HDL stimulates prostate cancer cell growth in vitro and

can activate Erk1/2 and Akt signaling pathways [49�,50].

Conclusions
Breast cancer is a multifactorial disease, and epi-

demiological studies indicate that one contributing factor

is the Western lifestyle, characterized partly by a diet rich

in cholesterol. Increasing evidence demonstrates the role

that cholesterol and its carriers, the lipoproteins, play in

the development and progression of breast cancer.

Laboratory studies indicate that cholesterol affects the

growth and metastatic potential of breast cancer through
Current Opinion in Pharmacology 2012, 12:677–682
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Potential mechanisms by which cholesterol plays a role in breast cancer. Cholesterol is a precursor to estrogen, which has a clearly established role in

breast cancer [58]. Elevated estrogen levels are associated with increased breast cancer risk. Estrogen activates signaling pathways, which increases

proliferation of a number of breast cancer cell lines and decreases apoptosis [58]. Lipoproteins such as HDL and LDL carry insoluble cholesterol

throughout the circulatory system. HDL and LDL have been shown to activate cellular proliferation and migration [54] as well as signaling pathways

including Ras, Erk1/2 [52,53], Akt [53], and p38 [51] associated with breast cancer development. Cholesterol is an integral part of lipid rafts, which act

as a platform for signaling molecules such as Akt and Src family kinases [55,57]. Additionally, lipid rafts regulate apoptosis [55], migration and invasion

[56].
several potential mechanisms that ultimately affect the

proliferative and migratory potential of breast cancer cells

(Figure 1). Many studies have elucidated the role played

by both HDL and LDL lipoproteins in the regulation of

intra-cellular signaling cascades in endothelial cells

[51,52]. Interestingly, many of these pathways have been

implicated in human cancer development. For example,

studies in endothelial cells indicate that LDL can activate

p38 mitogen activated protein kinase (MAPK) [51], while

HDL has been shown to activate numerous signaling

pathways including Ras [52], Erk1/2 [52], and Akt [53]

and, as a consequence, promotes migration of endothelial

cells [54]. Lipoproteins may similarly stimulate these

signaling pathways in epithelial cells during breast cancer

initiation and progression. Cholesterol is also required for

the formation of lipid rafts (reviewed in [55–57]), which

can serve in human cancer development as platforms for

several signaling cascades, including Ras, Akt, and Src

signaling [55], migration, and invasion [56]. Pharmaco-

logical disruption of lipid rafts has been shown to alter

cellular growth and survival and is an emerging target in

anti-cancer treatment [55]. Reducing plasma cholesterol

levels may disrupt lipid raft formation and thereby inhibit

cell signaling events involved in breast cancer develop-

ment. Finally, cholesterol is a precursor of estrogen, and
Current Opinion in Pharmacology 2012, 12:677–682
high levels of estrogen are associated with an increased

risk of breast cancer (reviewed in reference [58]). Briefly,

estrogen can stimulate several cellular signaling pathways

by binding to the estrogen receptor and initiating pro-

survival and pro-proliferative cellular signaling events.

Although it is not known whether plasma cholesterol

levels can affect estrogen levels directly, it is reasonable

to hypothesize that plasma cholesterol levels may

regulate estrogen levels.

The findings discussed herein suggest a role for choles-

terol in breast cancer growth and development. Although

the mechanisms responsible for this role have not yet

been unequivocally established, it is clear that cholesterol

itself and its carriers, the lipoproteins, are able to affect

cellular proliferation, migration, and survival, key attri-

butes of tumor biology. Given the abundance of choles-

terol in the Western diet, the ability to effectively target

this molecule or its metabolism and moderate its down-

stream effectors would be a tremendous advance in breast

cancer prevention and treatment.
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