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ABSTRACT 

Cancer is a global problem with no sign that incidences are reducing. The great costs associated with 

curing cancer, through developing novel treatments and applying patented therapies, is an increasing 

burden to developed and developing nations alike. These financial and societal problems will be 

alleviated by research efforts into prevention, or treatments that utilise off-patent or repurposed agents.  

Phytosterols are natural components of the diet found in an array of seeds, nuts and vegetables and have 

been added to several consumer food products for the management of cardio-vascular disease through 

their ability to lower LDL-cholesterol levels. In this review, we provide a connected view between the 

fields of structural biophysics and cellular and molecular biology to evaluate the growing evidence that 

phytosterols impair oncogenic pathways in a range of cancer types. The current state of understanding 

of how phytosterols alter the biophysical properties of plasma membrane is described, and the potential 

for phytosterols to be repurposed from cardio-vascular to oncology therapeutics. Through an overview 

of the types of biophysical and molecular biology experiments that have been performed to date, this 

review informs the reader of the molecular and biophysical mechanisms through which phytosterols 

could have anti-cancer properties via their interactions with the plasma cell membrane. We also outline 

emerging and under-explored areas such as computational modelling, improved biomimetic membranes 

and ex vivo tissue evaluation. Focus of future research in these areas should improve understanding, not 

just of phytosterols in cancer cell biology but also to give insights into the interaction between the 

plasma membrane and the genome. These fields are increasingly providing meaningful biological and 

clinical data but iterative experiments between molecular biology assays, biosynthetic membrane 
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studies and computational membrane modelling improve and refine our understanding of the role of 

different sterol components of the plasma membrane.  
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ABBREVIATIONS  

AFM – Atomic Force Microscopy; 

BCa – Breast Cancer;  

BCRP – Breast Cancer Resistance Protein; 

BPH – Benign Prostate Hyperplasia;  

BRASS – Brassicasterol;  

CAMP – Campesterol;  

CAV1 – Caveolin 1; 

CHOL – Cholesterol;  

CVD – Cardio-Vascular Disease; 

DCIS – Ductal Carcinoma In-situ;  

DMPC –  1,2-dimyristoyl-sn-glycero-3-phosphocholine;  

DOPC –  1,2-dioleoyl-sn-glycero-3-phosphocholine;  

DOX – doxorubicin ; 

DPPC –  1,2-dipalmitoyl-sn-glycero-3-phosphocholine;  

DSPC – 1,2-distearoyl-sn-glycero-3-phosphocholine;  

egg SM – Sphingomyelin;  

EMT – Epithelial to Mesenchymal Transition; 

EPIC – European Prospective Investigation into Cancer and Nutrition; 

ERGO – Ergosterol; 

FFQ – Food Frequency Questionnaire; 
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Lo – Liquid Ordered Phase;  

Ld – Liquid Disordered Phase;  

Lβ – Liquid Gel Phase;  

LDL – low-density lipoprotein;  

LUVs –  Large Unilamellar Vesicles; 

LXR – Liver X Receptor;  

MDR – Multi-Drug Resistance; 

MRP1 – Multiple Resistance Protein 1; 

mTOR – mammalian Target of Rapamycin; 

NDNS – National Diet and Nutrition Survey; 

NR – Nuclear Receptor;  

PTF – paclitaxel; 

PC – phosphocholine; 

Pgp – P-glycoprotein; 

POPC –  1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine;  

PSM – palmitoylsphingomyelin;  

SAXS – Small Angle X-ray Scattering;  

SIT –  β-sitosterol;  

TAM – Tamoxifen;  
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1. Cancer Prevention 

The financial cost of cancer treatment is a significant burden on societies around the world. The role 

diet plays in cancer incidence and prevention is unequivocal with the most recent estimates suggesting 

that diet is a highly modifiable risk factor in upwards of 10% of cancers [1]. It is increasingly apparent 

that government healthcare agencies do not have the resources to treat their way out of the crisis, 

meaning cancer prevention provides the only realistic solution. Cancer prevention falls into three 

distinct categories. Primary prevention describes strategies that “treat” the entire population, including 

the healthy who will not go on to develop cancer. The expectation is that a proportion of individuals 

who without intervention, would have gone on to develop cancer, will instead stay cancer free. This 

approach requires a substantially rare side-effect profile and low cost of administering the agent to a 

large population. Secondary prevention strategies attempt to stop cancer from developing in those who 

are known to be at risk as they have been diagnosed with a significant risk factor such as colon adenoma, 

benign prostate hyperplasia or ductal carcinoma in situ. A higher side-effect profile can be tolerated as 

the population faces a higher degree of risk of developing serious disease so the urgency for prevention 

is greater. Tertiary prevention is defined as successful treatment of cancer where local or distal relapse 

is prevented, either at the time of surgery, radiology or systemic chemo/endocrine-therapy or in an on 

going manner as exemplified by the use of Tamoxifen for several years after surgical resection. There 

are several examples of cancer chemoprevention agents, but as yet many still have side-effect profiles 

that restrict their use. Tamoxifen for example is highly efficacious at tertiary breast cancer (BCa) 

prevention [2-4] but increases the risk of other reproductive system cancers [5]. Aspirin reduces primary 

colorectal cancer risk [6, 7] but healthcare professionals remain reluctant to prescribe it owing to the 

increased risk of gastro-intestinal side-effects in some populations [8, 9]. Over-treatment is unavoidable 

in the primary prevention setting, so the key requirements are that any chemoprevention agent must 

have tolerable/acceptable side-effects, be cost-effective, readily available and effective. Ideally, the 

compounds would already be available in consumer products at concentrations required for therapeutic 

intervention. Dietary factors are therefore ideal candidates, to either be consumed by personalised 

tailoring of diet for those at risk, or efficacious compounds could be turned into standardised 

nutraceuticals, or integrated into the food chain through crop engineering or food additives thus 

providing mass protection.  

2. Phytosterols 

Phytosterols are plant-derived sterols, similar to cholesterol (CHOL), that play structural roles in both 

plant and animal cell membranes (Figure 1). In the human diet campesterol (CAMP), β-sitosterol (SIT) 

and stigmasterol (STIG) are the most abundant phytosterols and typically consumed at around 50-

200mg/day [10-12]. Phytosterols are distinct from CHOL in function in the lipid bilayer and are not 

precursors of mammalian steroid hormones, seco-steroids or bile acids, as is the case for CHOL. 
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Phytosterols do however influence intra-cellular signalling that can both replicate or be antagonistic of 

CHOL metabolites. Dietary intake of phytosterols by humans can lower their blood CHOL by reducing 

intestinal absorption [13]. Phytosterol added food-products are thus recommended to individuals at risk 

of cardio-vascular disease (CVD) but who are unable to tolerate statins, the preferred pharmacological 

intervention for CHOL management.  

It is an important note for this review that phytosterols are unlikely to act on cellular systems purely 

through the plasma membrane. Their structural similarity to cholesterol oxidation products (oxysterols) 

means they are considered selective modulators of the Liver X Receptor (LXR) [14] and they act as 

inhibitors of other transcription factors such as FXR [15]. LXR has been implicated in BCa growth and 

spread [16], but also in repression of melanoma [17] and prostate cancer [18], underlining the disease 

and site contextual nature of its genomic actions. Further exploration of phytosterols as selective 

modulators of the LXR pathway is required to separate the membrane biophysical roles in cancer cell 

biology from their genomic actions. 

2.1 Dietary phytosterols and health  

For the clinical management of elevated cholesterol, plant sterols and stanols have been used to reduce 

circulating LDL-C concentrations in a dose dependent manner. A daily dietary intake of between 2-3g 

of phytosterols achieves the maximal lowering of LDL-C levels at around 10-12% [19] and is 

recommended by the US National Cholesterol Education Program as a life-style modification [20]. A 

recent analysis of the National Diet and Nutrition Survey (NDNS) revealed that less than 0.1% of a 

representative UK population is likely to be consuming this level of dietary phytosterols, and few if any 

of those actively trying to attain CHOL lowering through dietary methods achieve such high intakes (K. 

Nicoll Baines personal communication). Furthermore, data from the European Prospective 

Investigation into Cancer and Nutrition (EPIC) cohort indicates that dietary phytosterol intake is as low 

as 0.3g/day in a non-selected UK [21], and high-CVD risk Spanish [22] and Dutch [23] populations. 

Whilst CHOL absorption from the diet is typically greater than 50% of that consumed [24], uptake of 

phytosterols is substantially lower but is not insignificant with approximately 0.5-3% of dietary 

phytosterols being absorbed [25]. Dietary assessments combined with mass-spectrometry quantification 

of plasma phytosterols concentrations [22], indicate that 0.3g/day of dietary phytosterols typically 

translates to serum levels in the low micro molar range, but circulating concentrations have been 

reported as high as 100uM in plasma in older studies [26]. More recent and far larger studies [27] have 

measured serum phytosterol concentrations that are in agreement with the EPIC studies indicating 

circulating phytosterols in the general population are in the low micro molar range (SIT ca. 5uM, CAMP 

ca. 7uM, STIG ca. 0.25uM). 
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2.2. Phytosterols and cancer  

The loss of sensitivity to extra- and intra-cellular metabolic, apoptotic and anti-proliferative cues, as 

well as an increased sensitivity to growth signals are key stepping-stones to oncogenic progression [28]. 

These cellular changes, induced either by oncogene activation, loss of tumour suppressor function, 

epigenetic disruption or sustained signalling from extra-cellular sources, are often mediated at the 

plasma membrane. Membrane associated protein complexes function as the gatekeepers of cell 

signalling interactions and as such the surface properties of the malignantly transformed cell are 

demonstrably distinct from their non-cancer counterparts [29]. Re-establishing control of membrane 

function is an expanding research area for cancer prevention and treatment. Here we highlight how 

sterols derived from the diet influence membrane structure and function in relation to oncogenic 

transformation.  

2.2.1 Phytosterol accumulation in cancer prone tissues  

For phytosterols to be considered as potential cancer chemoprevention agents, they must reach and 

accumulate in tumour prone tissues. Breast tissue contains a variety of phytosterols as assessed by early 

mass-spectrometry studies [30], which showed that SIT, STIG and CAMP are present in benign breast 

lesions (ca. 28 ng sterol/g tissue; 18 ng/g; 14 ng/g, respectively), which (NB: assuming a density of 

tissue equal to that of water) is nearly twice the concentration observed in malignant breast lesions [31]. 

These observations are in agreement with the hypothesis that phytosterols may be inhibitory to tumour 

growth and/or may be actively removed during oncogenic progression. Phytosterols also appear to 

accumulate in other tissues as rats fed phytosterol supplemented diets have significantly higher 

concentrations in brain [32, 33], liver, kidney, erythrocytes and plasma [34], compared to those fed a 

diet low in phytosterols. This suggests phytosterols can readily enter the circulation and access and 

accumulate common tumour sites. Updated measurements on larger populations and from different 

tissue sites and in different cancer subtypes are required to fully understand the pervasiveness (and 

exclusion during cancer development) of these compounds in mammalian tissues. 

2.2.2 Phytosterol intake and cancer incidence 

Epidemiological data indicate that high phytosterol intake is inversely associated with incidence of 

several cancer types including that of the endometrium [35], stomach [36] and breast [37]. Similarly, 

clinical trial data suggest moderate phytosterol intake reduces symptoms in multiple cancer types [38]. 

In two case control studies of women in New York, dietary phytochemical intake as assessed by food 

frequency questionnaire (FFQ) demonstrated reduced risk in women with the highest versus lowest 

intakes of stigmasterol for ovarian cancer (OR 0.42, 95% CI, 0.20-0.87), and total phytosterols for 

endometrial cancer (OR 0.6, 95% CI: 0.3–1.0) [35, 39].  Similarly, a series of case-control studies 

carried in Uruguay, assessing phytosterol intake retrospectively by questionnaire found significantly 

reduced risks of lung, gastric and BCa [36, 40, 41]. In the most recent case-control of Chinese patients, 
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the risk of colorectal cancer in those who consumed the highest quartile of phytosterol intake as 

determined by FFQ was significantly lower than that of the lowest quartile of phytosterol intake (OR 

0.50, 95% CI 0.41-0.61) [42]. 

A recent randomised, double blind control trial using soy milk supplemented with 2g phytosterol 

(sitosterol, stigmasterol and campesterol) or placebo found that after 4 weeks of a daily regime, plasma 

and urine inflammatory markers such as leukotriene B4 and F2 isoprostanes, C-Reactive Protein (CRP) 

and lipid peroxidase activity were significantly reduced [43]. Serum CRP is used clinically as an 

inflammatory marker, and may be associated with an increased risk of some cancers, in particular, BCa 

[44]. Furthermore, in participants given two variants of orange juice beverages supplemented with 

2g/day phytosterols, significantly attenuated plasma levels of inflammatory markers IL-1b and IL-6 

were demonstrated, when compared to placebo [45]. These interleukins are known to be potent inducers 

of CRP synthesis. Given the known role of inflammatory process, immunomodulation, and reactive 

species generation in the development of malignancy these data support the hypothesis that phytosterols 

may be good preventive agents in the primary setting. Furthermore, the indirect relationship between 

lowering serum CHOL and reduced cancer risk is becoming more apparent [46, 47], highlighted in a 

recent meta-analysis of statin users demonstrating a protective effect against breast and prostate cancer 

[48, 49]. An important benefit of some of these interventional studies is the demonstrable safety and 

low side-effect profile of short to medium term consumption of up to 2g/day of supplemented 

phytosterols, making them amenable to secondary and tertiary cancer prevention and potentially 

primary prevention [50-52].  

3. Biophysical interactions of phytosterols with the plasma membrane 

The major structural lipids in mammalian plasma membranes consist of glycerophospholipids (mainly 

phosphatidylcholine) and sphingolipids (mainly sphingomyelin, with a hydrophobic ceramide 

backbone) that self-organise to form lipid bilayers. Sterols, i.e. CHOL or phytosterols, are able to 

regulate the fluidity the biomembrane matrix and can induce phase changes in these membranes [53]. 

The key membrane parameters to characterise phytosterol interactions with cell surface dynamics fall 

into three main categories; i) alterations to lipid rafts - defined as dynamic-ordered transient assemblies 

enriched in CHOL, sphingolipids and proteins; and caveolae [54] - a variation of membrane raft found 

in cell surface invaginations, ii) membrane fluidity – the motion of phospholipid molecules within the 

lipid bilayer, dependent on the structure of phospholipids present, e.g. the composition and length of 

fatty acid and degree of unsaturation of the acyl chains [55], and iii) membrane curvature – referring to 

a geometrical measure of curvature [56] (Figure 2). Changes in these parameters can result in alterations 

to cancer cell behaviour, including proliferation, apoptosis, intra-cellular signalling and metabolism. 
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3.1 Tools for studying phytosterols in membranes  

There are several routes through which these biophysical and cancer cell parameters can be measured 

experimentally. Biomimetic membranes, whose composition, size and geometry can be tailored, 

provide highly manipulable models to examine structural alterations to bilayers [57]. Computational 

modelling can powerfully predict how different sterols may alter these parameters [58], but these are 

yet to be widely applied to the study of phytosterols. In the field of cancer cell biology, activation of 

oncogenic signalling pathways can be assessed by measuring changes in the post-translational 

modifications of pathway proteins, as well as with high throughput transcriptomic and proteomic 

approaches and other proximity based assays. Sterols in tissue or cells lines can now be directly detected 

in amounts as low as 25 attograms using spectrometry based methods [59]. Applying LC-MS/MS 

methods to tissue derived from human volunteers after phytosterol dietary interventions should improve 

understanding of accumulation of phytosterols in human tissues that are prone to cancer. For example, 

in an elegant series of lipidomic and cell based assays changes to the lipid content of epithelial cell 

membranes during polarisation has been reported [60] and a reduction in CHOL content was observed 

during the epithelial to mesenchymal transition, thus linking plasma membrane components with 

metastasis, a key hallmark of cancer.  

4. Phytosterols, cholesterol and lipid domains 

Lipid rafts are specialised transient membrane domains thought to be <200 nm in size, containing high 

levels of CHOL and sphingomyelin, as well as other sterols and lipids that facilitate cell signalling 

complex activation [61, 62]. CHOL is essential for lipid raft formation with a minimum concentration 

of 5-8% CHOL in the fluid phase required before lipid chains are forced into rigid and straight 

conformations resulting in emergence of the liquid-ordered phase (Lo) that is required for raft formation 

[63]. Crucially, if membrane CHOL coexists with plant sterols, a higher concentration of sterol is 

required to generate this Lo phase and there is a reduced propensity for lipid raft formation [64].  

Systemic changes in CHOL concentration have also been correlated with altered lipid raft number and 

type in vivo in prostate tumour xenografts at the cell scale revealing that global CHOL is an indicator 

of lipid raft activity. Sensing of extra-cellular signals occurs through proteins embedded within rafts as 

protein-lipid and protein-protein complexes [62]. Such complexes are more active in cancer cells than 

in non-cancer cells [65]. CHOL-depletion selectively enhances apoptosis in cancer cells, an effect 

reversed by CHOL repletion [65]. Active lipid rafts are permissive, perhaps even essential for many 

oncogenic signalling pathways and many tumour cell lines have been shown to possess an increased 

number of lipid rafts relative to their non-cancer counter-parts [65]. 
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4.1 Oncogenic signalling via lipid rafts 

The IGF1/PI3K/AKT signalling cascade promotes cancer cell survival, adhesion, migration and 

proliferation and is dependent on the presence of lipid rafts [66] and one of the most commonly observed 

cancerous phenotypes. Downstream of PI3K-AKT is mTOR (mammalian Target of Rapamycin), which 

is a marker of cancer recurrence. In BCa, overexpression of mTOR is associated with a three times 

greater chance of recurrence [67].  mTOR Complex 1 (mTORC1) is linked to CHOL biosynthesis 

through its ability to up-regulate the transcription factors SREBF1/2 [68], which are master regulators 

of fatty acid and CHOL biosynthesis. Feedback between membrane CHOL and mTOR is an emerging 

area for anti-cancer research [69].  

Protein channel opening and closing, and protein movement within rafts is influenced by the lateral 

pressure generated by sterols. Interactions between membrane forming lipids and proteins in the bilayer 

are reduced under a higher lateral pressure resulting in lower intra-raft diffusion of proteins and protein 

pump activity and so the lateral pressure in lipid rafts can influence whether proteins are opening and 

closing in response to stimuli [70]. This has been demonstrated in the ion pump class of membrane 

transport proteins [71]. Given that a ‘phytosterol membrane sea’ produces a weaker lateral pressure 

than a ‘CHOL membrane sea’ phytosterols also indirectly regulate proteins embedded in rafts.  

Raft formation can be regulated by the molar percentage of CHOL to plant sterols [72] and changes in 

this ratio that suppress raft-dependent signalling pathways have been observed to impair oncogenic 

signalling in animal and cell line studies [73]. Exposure to phytosterols is therefore associated with the 

presence of fewer rafts, presumably due to an increased threshold for lipid ordering (as described in 

detail below), and fewer rafts leads to diminished pro-survival and anti-apoptotic signalling during 

oncogenic transformation (Figure 3). 

4.2 Caveolae 

Caveolae are CHOL rich membrane associated invaginations that are packed with signalling proteins 

and thought to act as lipid raft sinks. Bound to the membrane of these structures is the CAV1 protein 

that harbours a signaling protein binding sequence allowing recruitment of signalling complexes. 

Caveolae activity is therefore regulated by phytosterol incorporation into the membrane and several 

examples of caveolae disruption by phytosterols are observed in the literature. For example, disruption 

of rafts in Prostate Cancer (PCa) cells with a campesterol and sitosterol mixture promoted disruption of 

the caveolae, and over-expression of CAV1 inducing p53 tumour suppressor gene activation. The PCa 

cells entered phytosterol induced and p53 dependent cell cycle arrest and apoptosis [74], revealing one 

of the molecular mechanisms that could be exploited and tested in cancer prevention and therapy 

strategies by restoring proper control over the cancer hallmarks of sustained proliferative signalling and 

evasion of apoptosis [28].  
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Caveolae are particularly important sites for multi-drug resistance (MDR) transport proteins such as the 

ATP-Binding Cassette (ABC) transporters breast cancer resistance protein (BRCP) and P-glycoprotein 

(Pgp) [75] and related proteins such as multiple resistance protein (MRP1). These lipid raft embedded 

MDR proteins export an array of chemotherapy drugs from the cell and MDR is a critical barrier to the 

successful treatment of many cancers, particularly those where therapy still relies on cytotoxic 

chemotherapy agents which are readily exported by these ABC pumps. Identifying cancer specific 

pathways that lead to up-regulation of these proteins is an important area of cancer research as direct 

inhibitors of the MDR proteins have largely failed in clinical studies owing to their wide-spread 

requirements in many other tissues such as the blood-brain barrier and intestine; toxicity limits the use 

of direct MDR inhibitors. BRCP and Pgp-1 were revealed to localise to raft domains in vitro, and 

increased membranous CHOL was shown to positively modulate their activity [75]. Indeed, co-

immunoprecipitation experiments have identified direct physical interactions between CAV1 and MDR 

proteins such as BCRP. Expression of BCRP is implicated in MDR and poor outcomes for BCa patients 

undergoing neo-adjuvant chemotherapy [76]. Transcription of another clinically important MDR 

protein, MRP1, is also regulated at the plasma membrane. The transmembrane Notch-1 protein ‘matures’ 

at lipid rich domains [77] resulting in cleavage and release of an intracellular domain which has 

transcription factor activity (NotchICD). This cleavage of Notch-1 results in cancer specific up-regulation 

of MRP1 and associated resistance to anthracyclines in BCa cells [78]. Enhanced levels of 

mature/cleaved Notch-1 generated through aberrant raft formation in cancer cells is also likely to 

contribute to other oncogenic processes such as enhanced stem cell production [79], proliferation [80] 

and angiogenesis [81]. 

4.3 The sphingomyelin cycle 

Phytosterols appear to play a role in altering the composition of key raft components such as CHOL 

and sphingomyelin. In HT-29 colon cancer cells that were growth inhibited by supplementation with 

16 µM SIT, a 26% reduction of membrane CHOL, as well as a 50% reduction in membrane 

sphingomyelin was observed, without changes in total membrane phospholipid concentration [82]. This 

study led the way for a host of experimentation in understanding phytosterol related membrane changes, 

focused in particular on the synthesis of ceramide via the sphingomyelin cycle. Ceramide is a key 

constituent of sphingolipid metabolism and the head component of the core lipid raft molecule, 

sphingomyelin. It has tumour-suppressing capacity, inducing and mediating apoptotic and anti-

proliferative responses in numerous cancer cell types both through its presence in the membrane and 

inside the cell [83]. In LnCAP prostate cancer cells in vitro supplemented with SIT display decreases 

in membrane CHOL and sphingomyelin increased ceramide levels and up-regulation of protein 

phosphatase 2 A, a target of ceramide’s anti-survival influence on key apoptotic regulator Bcl2 [84, 85]. 
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SIT supplementation in combination with Tamoxifen resulted in growth inhibition of two BCa cell lines 

that was greater than either regimen individually [86]. The growth inhibition was accompanied with a 

synergistic increase in ceramide levels as had previously reported in prostate and colon cancer cell lines. 

Awad and colleagues were able to show SIT induced serine palmitoyltransferase activity, a rate-limiting 

enzyme in sphingolipid metabolism and ceramide synthesis, thus demonstrating the anti-cancer 

properties of SIT at least partially required the ceramide metabolic pathway. An increase of endogenous 

ceramide at the expense of CHOL in normal Schwann cell membranes in vitro was generated by 

exogenous supplementation with bacterial sphingomyelinase [87] and SIT supplementation led to 

increase of ceramide in model membranes at the expense of CHOL and led to lipid segregation and 

membrane organisational changes [88]. Collectively, these results indicate that SIT can impair 

oncogenic signal transduction by depleting raft CHOL via changes to ceramide-mediated membrane 

signalling (Figure 3). Importantly, these results also indicate that phytosterol induced ceramide 

synthesis may be protect against oncogenic transformation. 

5 Membrane fluidity and molecular packing 

A number of studies using biophysical approaches such as electron paramagnetic resonance (EPR), 

fluorescence spectroscopy and nuclear magnetic resonance spectroscopy (NMR) have been used to 

elucidate the behaviour of the plasma membrane in the presence of CHOL [89-92]. Synthetic 

membranes are commonly comprised of a mixture of lipids (combinations of DMPC, DPPC or POPC) 

further mixed with CHOL or other sterols.  

The interactions of phytosterols with model membranes have been extensively studied over the years 

with their effects commonly compared to that of CHOL [64, 93-96]. Small angle X-ray scattering 

(SAXS) can be applied to determine changes in bilayer thickness, effective packing area per lipid, and 

any undulation that occurs when lipid bilayers are formed in the presence of different sterols. SAXS 

analysis of the binary mixtures of lipid/sterol systems indicate a uniform phase when sterol 

concentrations were below 5% with no evidence for the existence of lipid rafts, as in agreement with 

several other studies [97, 98]. 

CHOL introduces a high degree of conformational order on the acyl tails of lipids in the fluid phases 

[99, 100], known as the ‘ordering effect’ (liquid ordered Lo  phase formation). The Lo phase reflects a 

tightly packed bilayer with increased membrane rigidity and thickness (Figure 2). In contrast, in the gel 

phase (Lβ), CHOL exhibits opposite effects on membrane, i.e. renders the Lβ phase membrane less 

ordered [99, 100]. Atomic Force Microscopy (AFM) has been used to evaluate lipid organisation and 

ordering, leading to experimental observation of three phases including this disordered gel phase, Ld 

[101]. Importantly for cancer therapy research, the presence of Ld may be essential for the delivery of 

some cancer therapeutics such as paclitaxel [102].  
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SAXS studies with CHOL, SIT and STIG revealed that CHOL, independent of the lipid composition 

of the membrane, most significantly altered the membrane structural parameters, such as bilayer 

thickness and fluctuations, followed by SIT and STIG (Figure 2). Less efficient membrane modulations 

with SIT and STIG have been attributed to their structural variations, i.e. both sterols contain an 

additional ethyl group at C24 in the side chain when compared to CHOL [103, 104]. These structural 

features were suggested to render these sterols less flexible for their interaction with phospholipids [64]. 

STIG, ERGO and BRASS also have a double bond in the side chain (C22-23) making them more flexible 

than other plant sterols with saturated side chains such as SIT and CAMP (Figure 1). The rotational 

rigidity imposed by saturation of this double bond in CHOL, CAMP and SIT preferentially leads to the 

Lo phase formation whereas STIG decreases order [105]. It is plausible to expect that SAXS and/or 

computation modelling experiments may reveal sterols with this double bond would have a thinner 

bilayer, and looser lipid packing. So whilst CAMP and SIT lead to a relatively small change in 

parameters associated with disrupting lipid raft formation and membrane fluidity, their unsaturated 

counterparts (STIG, BRASS) are more effective at increasing membrane fluidity [106]. 

The membrane ordering imposed by CAMP was also shown to be comparable to that of CHOL when 

assessed using fluorescent probes and confocal microscopy [96]. These experiments indicated that if 

CAMP were to fully replace CHOL in the membrane, rigidity may be altered relatively little. SIT 

behaved similarly to STIG and induced far less ordering than CAMP and CHOL (Figure 2) suggesting 

biophysical properties other than the bond saturation were responsible in these experiments. Such a 

strong membrane ordering effect is in agreement with other studies where CAMP caused closer packing 

in liposomal bilayers of lecithin and sphingomyelin (48mol%:13mol%) giving rise to an increased 

membrane rigidity [107]. Similarly, CAMP demonstrated a high ability to stabilize both DPPC and 

PSM bilayers compared to both STIG and β-SIT [94]. These studies further support the notion that the 

effect of CAMP on packing tightness is attributed to its reduced rotational freedom in the C17-

hydrocarbon chain. STIG has been less capable of membrane ordering than other sterols studied, and 

therefore predictably lacks the ability to promote the formation of Lo phase domains [108, 109]. The 

saturation of the plant sterol side chain is a key parameter of the sterol’s potential to alter the biophysical 

properties of lipid bilayers [72, 106] and is therefore an interesting parameter to perturb in 

computational models of phytosterol based plasma membranes. 

5.1 The balance between fluidity and rigidity in cancer cell membranes 

The balance between membrane fluidity and rigidity is an important consideration in cancer therapy 

and prevention. A highly rigid membrane provides an efficient barrier to passive drug diffusion across 

membranes of water soluble drugs and with an increase on the lateral membrane pressure also 

suppresses the functionality of proteins within lipid rafts. Contrary to this is the observation that 

migratory metastatic cells have a more fluid membrane, allowing them to better navigate cell-cell 



 
 

13 

junctions and gaps in basement membranes. So whilst high rigidity is perhaps an indicator of poor drug 

responsiveness, low rigidity is more likely to be associated with cancer spread. One of the earliest 

systematic studies of membrane fluidity regulation of soybean PC bilayers with CHOL and plant sterols 

monitored membrane fluidity alterations with a range of phytosterols; SIT, CAMP, STIG, cycloartenol, 

24-methylpollinastanol and 14alpha,24-dimethylcholest-8-en-3beta-ol through the steady-state 

fluorescence anisotropy measurements and the 1,6-diphenyl-l,3,5-hexatriene (DPH) [108]. 

Cycloartenol exhibited a strong ordering ability similar to that of CHOL [108] suggesting that its 

incorporation into membranes may prevent cancer cell mobility. In addition, hydrocarbon chain 

ordering, (a key step for the formation of the liquid ordered phase (Lo), which in turn is a prerequisite 

for raft formation) of soybean PC bilayers was the strongest with CAMP and SIT, and the least with 

STIG, 24-methylpollinastanol and 14alpha,24-dimethylcholest-8-en-3beta-ol.  

In vitro experiments have also been performed to evaluate membrane rigidity. Erythrocytes from rats 

fed with canola oil, abundant in phytosterols, possessed significantly higher ratios of phytosterol/CHOL 

and a significantly lower membrane deformability index to those fed with soybean oil less abundant in 

phytosterols [34]. This appears at first to be in contrast to the observations described above where 

phytosterol incorporation into the membrane results in a less rigid membrane than if CHOL was 

introduced. However, some sterols with saturated side-chains such as those found in canola, are likely 

to induce membrane stiffness. This may have important implications to the cancer cell. Primary breast 

and cervical cancer cells have been demonstrated to have lower membrane rigidity than their normal 

counterparts, and ovarian cancer cell lines with the highest potential to undergo metastatic changes have 

up to five times less stiffness (Pa) than those with the lowest [110, 111]. In fact, treatment of MDA-

MB-231 BCa cells with Soraphen A to induce membrane rigidity was found to weaken the ability of 

these cells to migrate and invade [112]. If phytosterols without saturated side-chains were to have the 

same effect and reduce fluidity in cancer cells, this may explain why phytosterol treatment reduces the 

metastatic and invasive properties of MDA-MB-231 cells in vitro, and in SCID mice [113, 114].  

There may be further evidence for a relationship between plasma membrane fluidity changes and the 

protective potentials of plant sterols against BCa. Two widely used cancer drugs; doxorubicin (DOX) 

and paclitaxel (PTF) in the advanced and metastatic BCa setting are thought to integrate with DNA and 

disrupt the cytoskeleton, but they also alter the membrane fluidity. Both drugs enhanced the fluidity at 

lower concentration ranges (0.5-5 µM) but conferred a rigidifying effect at high concentrations (5-20 

µM). Changes in membrane fluidity induced by DOX and PTF are associated with drug penetration 

into the cell membrane [115]. This could have important implications for cancer therapy where passive 

diffusion of cytotoxic agents into cancer cells can be hampered by rigid and tightly packed plasma 

membranes and the incorporation of specific plant sterols, which one would predict to have saturated 

side-chains, could improve drug uptake. 
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Improved understanding of how plant sterols alter bilayer fluidity is key to linking therapeutic potential 

with a solid robust understanding of their molecular mechanisms. It is plausible that if phytosterols are 

specifically able to increased membrane fluidity they may be therapeutically applicable during systemic 

chemotherapy treatment, where they could antagonise the rigid membrane barrier that prevents passive 

drug diffusion. However, the same process may exacerbate cell motility by increasing fluidity and the 

potential for cells to traverse basement membranes and junctions so different sterols may be applicable 

at different stages of treatment. 

6 Membrane curvature and asymmetry 

Due to the non-random distribution of phospholipids between the outer and inner leaflets of the 

membranes, the cell membrane is considered as an asymmetric structure and this asymmetry contributes 

to membrane curvature. So far however, very few studies focused on the behaviour of CHOL or 

phytosterols in asymmetric membranes owing to the difficulty of generating asymmetrical biosynthetic 

membranes and this is a critical area for future development. Several studies have however assessed 

curvature. Kollmitzer and colleagues probed induction of spontaneous curvature (J0) with CHOL and a 

range of biologically relevant phospholipids within inverted hexagonal host-phase using SAXS [95]. 

The mixtures of POPC/eggSM/CHOL and DOPC/DSPC/CHOL resulted in a more negative curvature 

in the Lo phase compared to the coexisting liquid disordered Ld phase. In contrast, DOPC/DPPC/CHOL 

exhibited a more positive curvature in the liquid ordered phase. A positively curved membrane would 

favour partitioning of barrel-shaped proteins into the liquid ordered phase. HSP70 is one such barrel-

shaped protein and is tethered to the membrane in CHOL rich raft-like regions. Expression of HSP70 

is elevated in several tumour types and is an emerging therapeutic target for antibody therapy [116].  

Alterations in membrane curvature can possibly lead to consequences of membrane restructuring for 

protein function, e.g. ion channel activity. Structural analysis of POPC/SM/CHOL/Ceramide 

membranes with 10 mol % CHOL showed a tighter lipid packing with an increase in the membrane 

thickness in the lamellar fluid phase in comparison to CHOL-free membranes [117, 118]. Comparison 

of the ion channel activity through theoretical calculations implied that channel opening occurs in 

domains of CHOL-free membranes, whereas the presence of CHOL helped maintain membrane 

stability and function. These observations suggest that the absence of CHOL induces strong alterations 

in the conformational equilibrium of membrane proteins, which could impair transport out of the cell 

and membrane associated signalling and function, and may interfere with the controlled disposal of 

cells during apoptosis. Importantly, such alterations in the conformational equilibrium of membrane 

proteins were much smaller in the presence of CHOL [119]. 
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7 Emerging areas for phytosterol cancer research 

7.1. Computational modelling  

The phytosterols are a sterol class with over 200 known species and represent a natural library of sterol 

structural parameters with variation in many biophysical properties. A systematic assessment of how 

side-chain flexibility, bond saturation, length, and hydroxylation alter membrane ordering would lead 

to predictions as to exactly which properties are most important in modulating intra-cellular signalling 

and in membrane structure and function.  

The field of atomic computational modelling allows the experimental manipulation of such parameters 

[58]. The current limitation is that existing sterol databases [120] contain ergosterol but few other 

phytosterol-like compounds limiting the application of computational models to plant compounds. For 

these computational experiments to take place, systematic parameterisation of phytosterols needs to be 

performed and these annotated phytosterols then added to public repositories such as cgmartini.nl [121]. 

The dissemination of these parameterised descriptions of phytosterols would allow more computational 

laboratories to begin evaluating phytosterols in their membrane models. With sufficient progress in 

simulating accurately the complex variability of the membrane, this could provide an alternative avenue 

to further explore the impact of phytosterols in advance of in vitro or in vivo study [58]. Specific 

examples of how computational modelling could enhance phytosterol-membrane understanding are 

provided by atomistic modelling [122] of how oxysterols regulate membrane CHOL availability and 

curvature prediction. The oxysterol 25-OHC appears to increase CHOL availability which indicates 25-

OHC pushes CHOL to the membrane surface exposing it to cellular receptors or enzymes. If such 

modelling experiments could be applied to phytosterols they may reveal whether phytosterols alter 

oxysterol production, by controlling CHOL exposure to membrane tethered enzymes such as the 

cytochrome P450 family. Oxysterols have themselves been implicated in driving chemotherapy 

resistance [123] and metastasis [47]. Computational prediction of membrane curvature induced by 

phytosterols could be useful to infer changes in signalling mediated by partitioning of barrel shaped 

proteins such as the HSP family members. Whilst a systematic ‘wet-lab’ evaluation of phytosterols, 

either through biosynthetic membranes or cancer cell biology assays, would be restricted by the costs 

associated with obtaining purified sterols, computational simulations are restricted by the time taken to 

fully ascribe parameters to individual phytosterols and are limited to laboratories with advanced 

computing capability. A balance between approaches, and collaboration between fields, will allow 

iterative refinement of experiments that would allow the most efficient use of resources to better 

investigate promising anti-cancer agents.   

7.2 Drug resistance in clinic 

At the clinical level, membranous CHOL depletion by phytosterols may prove an exciting new avenue 

in combatting drug resistance in patients. Phytosterol mediated CHOL depletion would prevent 
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‘maturation’ of the membrane bound oncogenes Notch-1 thus stopping translocation to the nucleus 

where they would otherwise up-regulate MDR proteins and promote stem cell features. Reduced lipid 

raft formation would also impair ABC transport protein function again leading to enhanced retention of 

anti-cancer cytotoxic agents within tumour cells. Importantly this would depend on reaching critical 

concentrations of phytosterols in the plasma membrane of tumour cells, this threshold remains to be 

defined in vivo.  

7.3 Improved accuracy in sterol differentiation, quantification and detection  

Resolving sterols that have very similar structures, molecular weights and polarity on chromatograms 

is a challenge that is being addressed by analytical chemists. The emergence of highly sensitive LC-

MS/MS methodologies now allows attogram level detection of oxysterols, cholesterol metabolites that 

are biophysically similar to phytosterols. The adaptation of these methods to quantifying phytosterols 

will allow researchers to make highly accurate measurements in human tissue and cell lines to determine 

at what concentration lipid raft formation is prevented and/or when oncogenic signalling is impaired in 

cell based assays. Of particular interest would be assessment of local phytosterol concentrations that 

appear to limit raft formation. Future studies could assess phytosterol content of membranes of tissues 

obtained from volunteers undergoing phytosterol dietary interventions and the penetration of 

phytosterols into tumour prone tissues requires clarification. Several bio-banks are now collecting tissue 

samples from volunteers [124] and an adaptation to protocols to allow a pre-/post-intervention 

comparison would provide a useful resource for researchers interested in assessing the accumulation 

and biological impact of dietary agents in tissues and their integration into the cell.  

8. Summary 

Phytosterols are proposed as potential cancer prevention agents because of the range of molecular routes 

through which the antagonise oncogenic pathways, and also because of the ease through which they can 

be administered to large populations. Although the molecular and clinical evidence to conclusively 

define them as anti-cancer agents remains limited, these features warrant further investigation at the 

clinical trial level in at risk populations.  

Phytosterols integrate into normal and cancer cell membranes and replace CHOL producing substantial 

changes in the 3D structure and biophysical properties. Phytosterols also reduce systemic CHOL, thus 

acting both directly (through integration into the plasma membrane) and indirectly (through restricting 

the supply of CHOL) to alter membrane biophysical properties. Generally, replacement of CHOL with 

phytosterols in the membrane leads to altered lipid raft formation, reduced stiffness of the membrane 

and changes to the lateral pressure profile. These features are consistent with reduced oncogenic 

signalling and suppression of the classical cancer hallmarks. Nevertheless, there remains a scarcity of 

trial evidence examining phytosterol supplementation and cancer prevention and a scarcity of human 
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studies where plasma membranes have been evaluated after phytosterol administration. In the cancer 

prevention setting, the costs of the necessary large scale studies to prove a compound has cancer 

preventive properties is prohibitive. Observational and questionnaire based assessment of phytosterol 

intake and cancer incidence and outcomes however do emphasise the need for sufficiently focused, 

powered and well-designed RCTs to evaluate phytosterols as cancer prevention agents, initially in the 

tertiary setting. Biomimetic membranes and in vitro analysis of cell systems have been strongly 

researched in the past and will continue to be useful in evaluating different sterols. But now, in 

combination with the emerging areas of ex vivo culture of human tissue biopsies following dietary 

interventions, and computational modelling to explore how phytosterols with their array of structural 

properties alter membrane properties, these older and established methodologies offer new 

opportunities to evaluate phytosterols as agents for the clinical management of cancer. 
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FIGURE LEGENDS 

Figure 1. Chemical structures of sterols. The sterols usually possess C27–C29 skeletons, 

with differences in alkylation at C24 and double bonds in the nucleus (Δ5, Δ8, Δ8(14)) and 

side chain (Δ22, Δ24, Δ24(28).  The most common position of the double bond is C5 followed 

by C22 and C7. Compared to Cholesterol, Sitosterol and Stigmasterol contain an additional 

ethyl group at C24 in the side chain. Stigmasterol, Ergosterol and Brassicasterol have a double 

bond in the side chain (C22-C23) making them more flexible than other plant sterols with 

saturated side chains. 

Figure 2: Variations to membrane properties caused by different sterols. 

Figure 3: The avenues for phytosterol mediated membrane changes and their proposed 

effects on malignant cell viability. Phytosterols act in a dual fashion to deplete membrane 

cholesterol, and therefore impair lipid raft formation. Through overexpression of CAV1, a 

tumour suppressor gene, phytosterols disrupt caveolae and up-regulate BCl-Xs and p53 – 
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promoting apoptosis in malignant cells. Ceramide synthesis also depletes membrane 

cholesterol, and can similarly up-regulate p53. 
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