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Abstract

Proteins are often credited as the macromolecule responsible for performing critical cellular 

functions, however lipids have recently garnered more attention as our understanding of their role 

in cell function and human health becomes more apparent. Although cellular membranes are the 

lipid environment in which many proteins function, it is now apparent that protein and lipid 

assemblies can be organized to form distinct micro- or nanodomains that facilitate signaling 

events. Indeed, it is now appreciated that cellular function is partly regulated by the specific 

spatiotemporal lipid composition of the membrane, down to the nanosecond and nanometer scale. 

Furthermore, membrane composition is altered during human disease processes such as cancer and 

obesity. For example, an increased rate of lipid/cholesterol synthesis in cancerous tissues has long 

been recognized as an important aspect of the rewired metabolism of transformed cells. However, 

the contribution of lipids/cholesterol to cellular function in disease models is not yet fully 

understood. Furthermore, an important consideration in regard to human health is that diet is a 

major modulator of cell membrane composition. This can occur directly through incorporation of 

membrane substrates, such as fatty acids, e.g., n-3 polyunsaturated fatty acids (n-3 PUFA) and 

cholesterol. In this review, we describe scenarios in which changes in membrane composition 

impact human health. Particular focus is placed on the importance of intrinsic lipid/cholesterol 

biosynthesis and metabolism and extrinsic dietary modification in cancer and its effect on plasma 

membrane properties.
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Introduction

Biological membranes function as a selective barrier within cells and organelles. Although 

our understanding of the role of genetic elements and proteins in the context of cellular 

biology has rapidly progressed, knowledge regarding the impact of the plasma membrane on 

cellular signaling has been modest. Recent advances in techniques used to monitor 

membrane dynamics, such as super-resolution fluorescence microscopy (Sezgin, 2017), has 

begun to shed light on how membrane lipid composition modulates cellular function.

In this review, we present current literature describing the composition and function of 

cellular membranes, beginning with the plasma membrane and concluding with the 

mitochondrial membrane. We also summarize the latest research implicating dietary 

bioactives, e.g., n-3 PUFA, capable of modulating the molecular composition and function 

of cellular membranes. From a cell-extrinsic system perspective, we propose that the 

reshaping of plasma membrane composition and structure in part underlies the 

chemoprotective effects of n-3 PUFA. In addition, recent cell-intrinsic mechanisms suggest a 

fundamental link between lipid-cholesterol biosynthesis and metabolism, plasma membrane 

properties and cancer biology. Collectively, these tunable processes are crucial for 

modulating signaling pathways associated with tumorigenesis, which constitute the main 

cause of cancer mortality.

Cellular lipid classes

Lipid metabolism involves a very large number of metabolic reactions spanning different 

subcellular compartments in eukaryotic cells, resulting in the formation of a diverse group of 

chemical compounds (Nielsen, 2009). Lipids can be divided into the following classes: (1) 

fatty acids (FAs) that mainly serve as intermediates in lipid biosynthesis and their 

oxygenated metabolites, e.g., eicosanoids; (2) free sterols, e.g., cholesterol, that serve as 

structural components in membranes; (3) sterol esters that are formed from FAs and sterols 

and serve as lipid storage compounds, mainly as lipid bodies; (4) triacylglycerols (TAG) that 

are formed from glycerol and FAs that serve as lipid storage, mainly in lipid bodies; (5) 

phospholipids/phosphoglycerides (PLs) that are formed from FAs, glycerol and an alcohol 

moiety, e.g., inositol, serine, choline or ethanolamine, that serve as structural components of 

membranes; and (6) sphingolipids that contain a sphingosine backbone and a very long 

chain FA. These phospholipids serve as structural components at the cell surface as well as 

key signaling roles, e.g., regulation of endocytosis, ubiquitin dependent proteolysis and cell 

cycle control (Nielsen, 2009; Rohrig and Schulze, 2016). Despite the large chemical variety 

of lipids, they all have the same key carbon precursor, namely acetyl-CoA, and all initial 

steps of lipid/cholesterol biosynthesis occur in the cytosol (Rohrig and Schulze, 2016). As 

illustrated in Figure 1, lipid biosynthesis basically involves two branches from acetyl-CoA, 

one leading to sterols and the other leading to FAs that serve as building blocks for the 

biosynthesis of TAG, phospholipids, sterol esters and sphingolipids.
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Composition of cellular membranes

Eukaryotic cells contain different types of membranes, including the plasma, endosomal, 

nuclear and mitochondrial membranes. The specific lipid composition of these membranes 

influences function, and since these membranes carry out vastly different functions, 

inherently their composition is extremely diverse (van Meer et al., 2008). Their 

heterogeneous composition is the result of de novo lipid synthesis (Kennedy pathway) and 

exogenous substrate availability (Lands’ cycle). Unlike proteins that are directly encoded in 

the genome, lipid composition is the result of an indirect influence of biosynthetic enzymes 

and exogenous substrate availability.

Structural and cellular function of membrane cholesterol

Cholesterol is an essential component of higher eukaryotic membranes and plays an 

important role in cell membrane organization, dynamics and function (Bloch, 1983). It is the 

end product of a sterol biosynthetic pathway involving more than 20 enzymes (Singh et al., 

2013). According to the ‘Bloch hypothesis’, the sterol biosynthetic pathway parallels sterol 

evolution. In other words, the cholesterol biosynthetic pathway has evolved by the process of 

natural selection to optimize properties of eukaryotic cell membranes for specific biological 

functions (Hedlund et al., 2011). As an important membrane component, cholesterol helps to 

generate a semi-permeable barrier between cellular compartments and to regulate membrane 

fluidity. Cholesterol favors the formation of highly packed and ordered, rigid domains. A 

common term used for the ordered domains is “lipid-rafts” (Levental and Veatch, 2016; 

Sezgin et al., 2017). From a functional perspective, the cholesterol / phospholipid 

composition of cellular membranes is known to influence lipid raft formation and the ability 

of plasma membrane receptors / signaling proteins to function properly (Griffié et al., 2015; 

Hou et al., 2016; Phillips et al., 2009).

How does membrane composition modulate cell function?

The plasma membrane is composed of a heterogeneous mixture of lipids/cholesterol and 

proteins whose distinct organization maintains efficient signal transduction. Lipid rafts, 

enriched in sphingolipids, cholesterol and associated proteins, are special plasma membrane 

microdomains with an increased structural order, and are designated liquid ordered domains 

of plasma membranes (Sezgin et al., 2017). These lipid rafts are believed to be dynamic and 

small (5–200 nm) membrane microdomains, which play a critical role as sorting platforms 

for many membrane-associated proteins (Frisz et al., 2013; Hancock, 2006; Kraft, 2013; 

Levental and Veatch, 2016; Lingwood and Simons, 2010). Importantly, these domains are 

generally below the resolution of light microscopy (~200 nm). However, using specialized 

forms of microscopy that rely on non-radiative transfer of energy or single molecule 

localization, it is now possible to directly observe nanoscale dynamics of membrane lipids in 

living cells (Eggeling et al., 2009; Sahl et al., 2014). For example, the increased accessibility 

of super-resolution microscopy techniques has helped resolve the nanoscale organization of 

membrane proteins (Sezgin, 2017; Wang et al., 2014).
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According to the emerging membrane biology picture, protein and lipid nanoclusters can be 

organized to form domains that are capable of facilitating signaling events (Ariotti et al., 

2014; Garcia-Parajo et al., 2014; Zhou and Hancock, 2015). The formation of these 

nanoclusters is believed to be driven by cortical actin and/or proximal transmembrane 

proteins (Garcia-Parajo et al., 2014). Currently, protein-protein, lipid-lipid and protein-lipid 

nanoclusters are considered a predominant feature of the plasma membrane and appear to 

mediate critical signaling processes (Ariotti et al., 2014), including signal integration and 

cross talk of the transduction of oncogenic Ras and the epidermal growth factor receptor 

(EGFR) (Ariotti et al., 2014; Janosi et al., 2012; Zhou et al., 2012) regulated pathways. This 

is noteworthy, because there is emerging evidence that drugs and select membrane active 

dietary components, which we term membrane targeted dietary bioactives (MTDBs), e.g., 

n-3 PUFA, can attenuate Ras and EGFR (Ariotti et al., 2014; Chapkin et al., 2008; Nussinov 

et al., 2015) activity by modulating nanocluster organization. It also has been suggested that 

disrupting clustering/dimerization of membrane associated proteins can lead to attenuation 

of downstream oncogenic signaling and the suppression of tumor growth (Fuentes et al., 

2017).

Approximately 90% of cellular cholesterol resides in the plasma membrane (Kim et al., 

1991; Lange et al., 1989; Ueland et al., 1986), and increases in cholesterol promote plasma 

membrane order (Sezgin et al., 2014). This is significant, because highly ordered/rigid lipid 

rafts are increased in many types of cancer (Li et al., 2006; Patra, 2008) and some 

multidrug-resistant cancers (Yang et al., 2009; Yi et al., 2013). The term ‘rigidity’ refers to 

the packing of the lipids in the membrane, and cholesterol favors the production of more 

tightly pack “rigid” domains. This increased rigidity associated with increased lipid rafts 

typically facilitates efficient cellular signaling (Simons and Toomre, 2000). Interestingly, 

multidrug-resistant cells have remodeled their membrane to be in a state that is more rigid 

and thus receptive to activation (Li et al., 2015; Raghavan et al., 2015). This is consistent 

with the fact that lung cancer cells have more clustered highly activated membrane 

receptors, e.g., epidermal growth factor receptor (EGFR), compared to normal lung 

epithelium.

There is evidence suggesting that disruption of lipid rafts in cancer can lead to increased 

responsiveness to anti-cancer therapies (Fedida-Metula et al., 2012; Irwin et al., 2011). 

Additionally, some anti-cancer drugs have beneficial effects through alteration of the protein 

content of lipid rafts (George and Wu, 2012; Hryniewicz-Jankowska et al., 2014). In colon 

cancer, lipid rafts have been shown to function in cell death (apoptosis)-mediated signaling 

(Lacour et al., 2004; Rebillard et al., 2007), cell entry/bioavailability of bioactive 

compounds (Adachi et al., 2007) and localization of key proteins involved in immune 

response (Bene et al., 2004). These findings indicate that lipids can no longer be ignored in 

the structures of membrane complexes, due to their ability to fine-tune and stabilize different 

signaling interfaces (Barrera et al., 2013; Levental et al., 2016; Lin et al., 2016). For several 

viruses linked to cancer risk, a dependence on cholesterol for virus entry and/or 

morphogenesis has also been shown. Cholesterol depletion of virus-infected cells affects 

integrity of the virus envelope, causes disruption of the viral envelope, and adversely affects 

virus infectivity (Barman and Nayak, 2007; Imhoff et al., 2007). For this reason, there is 
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considerable interest in identifying alternative strategies for modulating membrane 

cholesterol homeostasis.

Mitochondria are cholesterol-poor organelles with estimates ranging from 0.5 to 3% of the 

sterol content found in plasma membranes (Maxfield and Tabas, 2005; Soccio and Breslow, 

2004). Interestingly, expression of oncogenic Ras results in the down regulation of the 

cholesterol transporter ATP-binding cassette transporter A1/cholesterol exporter (ABCA1) 

(Smith and Land, 2012), a key player in cholesterol metabolism (Figure 1). As a result, 

cholesterol accumulates in the mitochondria, which inhibits the release of death promoting 

molecules (Smith and Land, 2012). Similarly, mitochondria from rat or human 

hepatocellular carcinoma (HC) cells (HCC) or primary tumors from patients with HC 

exhibit increased mitochondrial cholesterol levels (Montero et al., 2008). Elevated 

cholesterol in mitochondria membranes may decrease membrane fluidity. This in turn, may 

inhibit mitochondrial permeability transition (MPT), decreasing the capacity of the pro-cell 

death/apoptotic Bax protein to oligomerize and penetrate into the mitochondrial outer 

membrane, which can ultimately promote cancer cell survival (Colell et al., 2003; Montero 

et al., 2008).

Dietary modulation of the exofacial membrane leaflet

The two lipid bilayers of the plasma membrane each have unique interactions. The cytofacial 

(inner) leaflet interacts directly with the actin cytoskeleton. The exofacial (outer) leaflet is 

the site for ligand-receptor interactions, as well as glycosylated protein interactions. Several 

classes of MTDBs, because of size, hydrophobic/hydrophilic interactions or steric 

hindrances, do not readily intercalate or incorporate into the phospholipid membrane. 

Examples, include high oligomer polyphenols, which do not penetrate the membrane but 

nevertheless alter membrane organization (Erlejman et al., 2004; Fuentes et al., 2017; 

Verstraeten et al., 2013) (Figure 2). Although intact procyanidins have some systemic 

biological activity, they are poorly absorbed and pass into the distal intestine (colon) where 

they are further metabolized by gut microbes to generate monomeric catechin and 

epicatechin compounds along with other dimers-hexamer species (Choy et al., 2013; 

Verstraeten et al., 2015; Williamson and Manach, 2005). Interestingly, in the unique 

anaerobic environment of the gut lumen, microbial metabolites can interact with the apical 

membranes of colonic epithelial cells (Hou et al., 2016). Additional studies are needed to 

elucidate the mechanisms by which MTDB’s and select drugs interact at the membrane 

level.

Clinical impact of lipids and cholesterol in cancer

According to emerging findings in cancer prevention, lipids and membrane biology in part 

mediate the chemoprotective effects of diet (Fuentes et al., 2017; Hou et al., 2016). With 

regard to human health, high cholesterol intake is known to increase colorectal cancer risk 

(Jarvinen et al., 2001). Increased free cholesterol (1.5-fold) and esterified cholesterol (2-

fold) in tumor tissue as compared to normal tissue has been reported in human colon cancer 

patients (Dessì et al., 1994). Interestingly, an inverse relationship between serum cholesterol 

levels and the risk for colon cancer has been reported (Broitman et al., 1993; Forones et al., 
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1998). In terms of colon cancer patients, liver metastases are significantly associated with 

elevated low-density lipoprotein (LDL) cholesterol levels, and LDL receptor (LDLR) 

expression levels are upregulated and associated with progression of colorectal cancer 

(Wang et al., 2017a). In addition, epidemiologic studies suggest that statins, a cholesterol 

synthesis inhibitor, suppress certain malignancies (Hindler et al., 2006), including melanoma 

(Downs et al., 1998), breast (Boudreau et al., 2004; Cauley et al., 2003), colon (Cardwell et 

al., 2014; Lakha et al., 2012; Poynter et al., 2005), and prostate cancer (Shannon et al., 

2005). Interestingly, elevated mitochondrial cholesterol in cancer cells (Montero et al., 2008) 

is associated with the suppression of programmed cell death (apoptosis) and the promotion 

of malignant cell transformation (Smith and Land, 2012) and chemotherapy resistance 

(Montero et al., 2008). The suppressed apoptosis was restored by cholesterol synthesis 

inhibition and cholesterol depletion agents establishing a cause-and-effect relationship 

between mitochondrial membrane cholesterol (membrane order) and membrane-mediated 

apoptotic signaling (Montero et al., 2008). Further studies are needed to probe the putative 

link between perturbations in sterol homeostasis and cancer risk.

A common method for the assessment of membrane rigidity relies on microscopy based 

techniques that utilize environmentally sensitive probes such as laurdan or Di-4-

ANEPPDHQ. These probes sense packing of the lipid membrane and their fluorescent 

emission spectra shifts depending on how tightly packed/ordered they are (Owen et al., 

2012). As an unpublished example, we have used beta-methyl-cyclodextrin (MBCD) to 

dose-dependently decreased plasma membrane cholesterol in immortalized mouse 

colonocyte cells, followed by assessment of membrane order in isolated plasma membrane 

blebs, termed giant plasma membrane vesicles (GPMVs) (Sezgin et al., 2012) (Figure 3). 

These data demonstrate that as levels of cholesterol decrease, so does the rigidity of the 

plasma membrane. This is noteworthy, since membrane homeostasis is essential for 

maintaining cellular function and cell identity (Derler et al., 2016; Yang et al., 2016). From a 

therapeutics perspective, there is evidence suggesting that disruption of cholesterol-enriched 

lipid rafts in cancer can lead to increased responsiveness to anti-cancer therapies (Irwin et 

al., 2011). For this reason, there is now considerable interest in identifying alternative 

strategies for lowering cholesterol using nutraceutical and/or pharmaceutical platforms 

(Table 1).

Metabolic reprogramming in cancer: Role of lipids and cholesterol in 

cancer

Cancer cells frequently exhibit specific alterations in their metabolic activity. The best 

known metabolic abnormality linked to cancer cell biology is the Warburg effect, i.e., (a) 

increased glycolytic flux, (b) decreased TCA cycle flux and (c) increased utilization of 

glutamine for anabolic pathways (Baenke et al., 2013). Metabolic reprogramming via 

alteration in lipid biosynthesis and cholesterol synthesis is also established as a hallmark of 

cancer (Hanahan and Weinberg, 2011). This metabolic reprogramming supports the 

increased production of metabolic intermediates for the synthesis of proteins, nucleic acids 

and lipids, and is a prerequisite for the rapid proliferation of cancer cells (Baenke et al., 

2013).
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Many of the predominant mutations observed in cancer also control tumor cell metabolism, 

leading to the theory that oncogene and tumor suppressor networks mediate the metabolic 

shift in cancer (Vogelstein and Kinzler, 2004). For example, it has been demonstrated that 

mutations in major oncogenes, e.g.,phosphoinositide-3-kinase (PI3K)/AKT, KRAS and 

MYC (Arora et al., 2015; Bost et al., 2016; Slaninova et al., 2016), mediate metabolic shifts 

in cancer cells and activate de novo FA synthesis (Hsieh et al., 2015; Manning and Cantley, 

2007; Sears et al., 2000). Figure 4 summarizes how oncogenes modulate metabolic shifts 

involving FA de novo synthesis, which is tightly associated with plasma membrane 

properties. Collectively, these observations support the cancer link between metabolic 

reprogramming, FA/cholesterol de novo synthesis and alterations in plasma membrane-

mediated signaling pathways.

Highly proliferative cancer cells satisfy lipid/cholesterol needs by either increasing the 

uptake of exogenous lipids and lipoproteins or by chronically upregulating their endogenous 

(de novo) biosynthetic pathways (Accioly et al., 2008; Qiu et al., 2015; Yue et al., 2014). A 

plethora of studies have confirmed the importance of FA biosynthesis as a contributory 

feature of early stage cancer development (Baenke et al., 2013), cancer cell growth and 

survival (Currie et al., 2013; Rohrig and Schulze, 2016; Santos and Schulze, 2012). 

Excessive lipids and cholesterol in cancer cells are stored in lipid droplets (LDs). This is 

significant because elevated LDs and stored-cholesteryl ester content in tumors (Accioly et 

al., 2008; Guillaumond et al., 2015; Qiu et al., 2015; Yue et al., 2014) are considered to be 

hallmarks of cancer aggressiveness (Abramczyk et al., 2015; Bozza and Viola, 2010; de 

Gonzalo-Calvo et al., 2015; Yue et al., 2014).

As noted above, in cancer cells, carbon must be diverted from energy production to FA/

cholesterol membrane biosynthesis. The bulk of cell membrane lipids are PLs, such as 

phosphatidylcholine (PC) and phosphatidylethanolamine (PE), in addition to other lipids, 

such as sterols, and sphingolipids. All of these lipids are derived in part from acetyl CoA, 

and many contain FA. The FA building blocks are derived from either exogenous sources or 

from de novo FA synthesis. Thus, it is important to understand how lipid/cholesterol 

biosynthesis is enhanced in cancer because most normal human cells prefer exogenous 

sources whereas tumors synthesize FA de novo (Currie et al., 2013; Medes et al., 1953; 

Ookhtens et al., 1984; Santos and Schulze, 2012) and often exhibit a shift toward FA 

synthesis (Ookhtens et al., 1984). From a mechanistic perspective, it is interesting to note 

that in many cases, the endogenous synthesis of lipids relays physiological / 

pathophysiological cues that cannot be mimicked by chemically identical exogenous lipids 

(Wei et al., 2016).

Oncogene-transformed cancer cells require elevated levels of cholesterol to support their 

rapid growth (Gabitova et al., 2015). In addition to enhanced de novo cholesterol synthesis 

(Pitroda et al., 2009; Silvente-Poirot and Poirot, 2014), the process of cholesterol uptake is 

also tightly regulated by the signaling activity of the epidermal growth factor receptor 

(EGFR), which is increased in cancer (Guo et al., 2011). Although cancer cells activate de 

novo FA synthesis, Ras-driven tumors also require the uptake of essential FAs through the 

nonselective endocytic uptake of extracellular lipids and proteins driven by membrane-lipid 

and cytoskeletal remodeling, termed macropinocytosis (Bohdanowicz and Grinstein, 2013; 

Fuentes et al. Page 7

Mol Aspects Med. Author manuscript; available in PMC 2019 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Commisso et al., 2013; Lim and Gleeson, 2011; Salloum et al., 2014). Ras driven tumors are 

so dependent on macropinocytosis that it is now exploited as a delivery mechanism of 

oncogene targeted therapeutics (Kamerkar et al., 2017).

Membrane cholesterol and stem cells

In preclinical studies, diet-induced obesity (DIO), perturbed cellular lipid homeostasis, 

which was associated with enhanced Lgr5+ cell stemness (Beyaz et al., 2016). This is 

noteworthy, because intestinal Lgr5+ stem cells are the cells-of-origin of intestinal cancer 

(Barker et al., 2007, 2009). This is consistent with recent work from our lab indicating that 

DIO promotes colonic Lgr5+ stem cell expansion during cancer initiation (DeClercq et al., 

2015). Interestingly, the inactivation of cholesterol efflux transporters (ABCA1 and ABCG1) 

increase the number of circulating hematopoietic stem cells (HSPCs) (Feng et al., 2012; 

Gomes et al., 2010; Yvan-Charvet et al., 2007) and activate inflammatory cells (Lang and 

Cimato, 2014), suggesting that the accumulation of cellular membrane cholesterol may 

directly regulate aspects of stem cell biology. From a mechanistic perspective, the Wnt/β-

catenin pathway maintains a stem cell/progenitor phenotype in many cell types (Pinto and 

Clevers, 2005). Interestingly, recent evidence indicates that cholesterol selectively activates 

canonical Wnt signaling (Sheng et al., 2014). This is noteworthy, because Wnt positively 

regulates cholesterol uptake for growth of cancer cells (Scott et al., 2015). Collectively, these 

findings suggest that perturbations in lipid homeostasis may play a critical role in stem cell 

signaling, thereby modulating cancer risk.

Impact of dietary fatty acids on plasma membrane composition and 

structure

Diet can play an impactful role in modifying the plasma membrane. The idea that dietary 

lipids can influence membrane structure is intuitive, since the plasma membrane itself is 

composed of phospholipids. Phospholipids are amphiphilic molecules, typically composed 

of two hydrophobic fatty acid tails and a hydrophilic head. In general, dietary lipids are 

transported as circulating lipoproteins containing triglycerides and phospholipids. Cells 

subsequently take up circulating lipids and use them for energy or the synthesis and 

remodeling of membranes. Animal and plant fats and oils are composed of fatty acids of 

different chain lengths (14–24 carbons), which contain different amounts of unsaturation (1–

6 double bonds). Not only the chain length and amount of unsaturation, but also the position 

of the double bonds in relation to the methyl end of FA (n-9 vs n-6 vs n-3) impact its 

biophysical properties. Mammalian cells can endogenously produce most fatty acids, 

however, they lack the desaturase enzymes necessary to produce n-6 or n-3 fatty acids de 

novo (Chapkin, 2007). Therefore, these lipids must be obtained via the diet and are 

considered essential. For example, linoleic acid (LA), an n-6 PUFA is highly enriched in a 

common staple of the western-diet, vegetable oils. In comparison, n-3 PUFA, e.g., alpha-

linoleic acid (ALA), eicosapentaenoic acid (EPA, 20:5Δ5,8,11,14,17), and docosahexaenoic 

acid (DHA, 22:6Δ4,7,10,13,16,19) are less prevalent in the western-diet.

There is evidence that the consumption of marine or algal oils, containing EPA and/or DHA, 

may reduce colon cancer risk in humans (Cockbain et al., 2014; Courtney et al., 2007; Hall 
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et al., 2008; Song et al., 2016; West et al., 2010) (Table 2). EPA and DHA appear to be 

ideally suited to work either alone or in combination with chemoprotective drugs (Vaughan 

et al., 2013). For example, it was recently demonstrated that EPA reduced rectal polyp 

number and size in patients with familial adenomatous polyposis (FAP) (Cockbain et al., 

2012; West et al., 2010). Most impressive is the fact that fish oil derived n-3 PUFA 

suppressed FAP to a degree similar to the selective COX-2 inhibitor celecoxib. Ongoing 

clinical trials (Clinical Trials.gov) are currently examining the effects of EPA on subjects at 

high risk of CRC (NCT02069561); the combinatory role of EPA and DHA in reducing rectal 

cancer risk (NCT02534389), and the combinatory role of EPA and NSAIDs on polyp 

recurrence in the colon (NCT01070355; ISRCTN05926847) (Cockbain et al., 2014; Hull et 

al., 2013). Collectively, these data indicate that n-3 PUFA hold promise as chemoprevention 

agents. Hence, establishing a causal role of n-3 PUFA in colon cancer prevention would 

have a major translational impact because these dietary nutrients are safe, well tolerated 

(Lien, 2009), relatively inexpensive and provide numerous health benefits (Rizos and Elisaf, 

2013). In addition, the ingestion of n-3 PUFA in combination with other membrane-active 

agents with complementary anti-tumor action, e.g., curcumin (Altenburg et al., 2011) and 

drugs (Morland et al., 2016), may improve their efficacy in colon cancer prevention/therapy. 

This combination strategy utilizing n-3 PUFA and curcumin is also under clinical 

investigation as a prevention mechanism for type 2 diabetes (Thota et al., 2016). However, 

before a drug-nutrient combination approach can be adopted, it is imperative that the 

molecular mechanisms of action be rigorously probed.

With respect to the molecular mechanism of n-3 PUFA action, there is a growing body of in 
vitro and in vivo evidence indicating that n-3 PUFA reshape plasma membrane domains. For 

example, dietary EPA and DHA are rapidly incorporated into cells (Katan et al., 1997), 

primarily into membrane phospholipids at the sn-2 position (Chapkin et al., 1991; Williams 

et al., 2012). The presence of long chain n-3 PUFA in membrane phospholipids imparts 

unique biophysical properties which have been linked to alterations in plasma membrane 

structure and function (Levental et al., 2016; Ma et al., 2004; Seo et al., 2006; Williams et 

al., 2012). For example, DHA is known to increase membrane fluidity, ion permeability, 

fatty acid exchange, and suppress resident protein function (Hou et al., 2015, 2016; Stillwell 

and Wassall, 2003), including the inhibition of epidermal growth factor receptor (EGFR) 

signaling in tumor bearing mice by disassociating EGFR from lipid rafts (Turk et al., 2012). 

Interestingly, n-3 PUFA are also known to promote differences in membrane rigidity 

between raft and non-raft domains (Levental et al., 2016; Lin et al., 2016), likely driven by 

repulsive forces between n-3 PUFA and cholesterol (Wang et al., 2017b). From a systemic 

perspective, membrane order is also increased in T cell plasma membranes from fish oil fed 

mice or transgenic mice that produce n-3 PUFA (Kim et al., 2008, 2014). Similarly, B cells 

isolated from mice fed n-3 PUFA-enriched diet exhibit an increase in membrane order in 

cross-linked cells relative to non-cross-linked (Rockett et al., 2012). This is in contrast to the 

decrease in membrane order reported in Jurkat cells treated with EPA and DHA (Kim et al., 

2010; Zech et al., 2009). A possible explanation for the differences reported in these studies 

is that malignant transformed Jurkat cell lines may be inherently distinct from primary T-

cells with respect to specific plasma membrane properties. Precisely how these diet mediated 

changes in cell membrane order modulate cell function remains to be determined.
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Diet can also impact plasma membrane structure in a less intuitive manner. Specifically, 

many foods contain amphiphilic molecules that can directly interact with the plasma 

membrane (Fuentes et al., 2017). For example, turmeric (Curcuma longa Linn) extracts, 

including curcumin (diferuloylmethane), a yellow color pigment of turmeric, insert deep into 

the membrane in a trans-bilayer orientation, anchored by hydrogen bonding to the phosphate 

group of lipids in a manner analogous to cholesterol (Figure 2) (Hung et al., 2008; 

Ingolfsson et al., 2007). The combinatorial membrane interactions of n-3 PUFA and 

curcumin may explain the beneficial synergism observed in various studies (Altenburg et al., 

2011; Kim et al., 2016; Saw et al., 2010; Siddiqui et al., 2013).

n-3 PUFA, mitochondrial membranes and programmed cell death 

(apoptosis)

It is well known that dietary n-3 PUFA supplementation alters cell plasma membrane 

phospholipid composition and downstream signaling events, which can result in the 

amelioration of various disease processes (Calder, 2015; van den Elsen et al., 2012; Hou et 

al., 2016; McMurray et al., 2011) In addition to targeting the plasma membrane, 

mitochondrial membrane composition and the function of mitochondria can also be 

modulated by exogenous lipid species (Herbst et al., 2014; Ting et al., 2015) Non-esterified 

fatty acids enter cells via fatty acid transporters and passive diffusion, and undergo activation 

by select enzymes to become fatty acyl-CoAs (Glatz and Luiken, 2017; Jay and Hamilton, 

2016). The fatty acyl-CoAs have multiple fates, which include esterification into membrane 

polar phospholipids and neutral lipids, as well as serving as an ATP source via oxidative 

pathways (Jump, 2002). There is growing evidence linking n-3 PUFA supplementation with 

dramatic alterations in mitochondrial phospholipid membrane composition with favorable 

changes in mitochondrial function (Calder, 2015; Chapkin et al., 2002, 2014; Stanley et al., 

2012). We have shown that animals fed fish oil, enriched in DHA and EPA, have higher 

levels of colonic apoptosis, mediated in part via elevated mitochondrial proton leak and 

enhanced reactive oxygen species (ROS)(Bancroft et al., 2003; Cho et al., 2014; Fan et al., 

2011, 2009; Hong et al., 2005; Kim et al., 2016; Sanders et al., 2004). The chemoprotective 

effects of n-3 PUFA are seen at both the initiation and post-initiation stages of 

carcinogenesis (Davidson et al., 2004). In addition, in vivo studies have shown that n-3 

PUFA and fermentable fiber co-treatment alter mitochondrial membrane cardiolipin mass, 

membrane potential, enhance mitochondrial membrane phospholipid oxidation, cytosolic 

levels of cytochrome C, promoted mitochondrial proton leak, and apoptosis in colonocytes 

(Fan et al., 2016; Kolar et al., 2007; Ng et al., 2005).

Mitochondria are key organelles of the intrinsic apoptotic pathway, mediating cell death in 

pathological and stress conditions (Dingeldein et al., 2017; Green et al., 2014). Cardiolipin 

is a diphosphatidylglycerol lipid, synthesized exclusively in the mitochondria. It is 

predominantly found in the inner and, to a lesser extent, outer mitochondrial membranes 

(Hatch, 2004; Houtkooper and Vaz, 2008; Mejia et al., 2014). Cardiolipin is required for 

mitochondrial structural integrity and for the proper function of the electron transport chain. 

Cardiolipin allows cytochrome C to anchor to the mitochondrial inner membrane and 

thereby, regulates its release from the mitochondria. The peroxidation of cardiolipin due to 

Fuentes et al. Page 10

Mol Aspects Med. Author manuscript; available in PMC 2019 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



an increase in oxidative stress can lead to the detachment of cytochrome C from the 

mitochondrial membrane and its release into the cytosol, thereby inducing apoptosis 

(Montero et al., 2010). With respect to exogenous lipids in vitro, n-3 PUFA incubation with 

human fetal colon HFC and adenocarcinoma HCT-116 colon cell lines significantly 

modified the composition of a wide range of cardiolipin species (Hofmanova et al., 2017). 

Since PUFA residues have been considered a source of oxygenated mediators (Schlame and 

Greenberg, 2017; Tyurina et al., 2014), it is not surprising that DHA-enriched human 

colonic adenocarcinoma HT-29 cells which contain cardiolipin up to 48 mol%, produced 4-

fold more ROS than did cells enriched with other n-6 and n-9 fatty acids (Watkins et al., 

1998). Similarly, T24/83 human bladder cancer cells incubated with EPA exhibited an 

enrichment in mitochondrial cardiolipin EPA content, which was associated with decreased 

mitochondrial membrane potential, increased lipid peroxide, ROS generation, caspase-3 

activation, apoptosis, and decreased cell proliferation (Colquhoun, 2009).

Given the critical nature of apoptosis in cancer prevention, we and others further explored 

the previously described link between n-3 PUFA, mitochondrial cardiolipin, and mediators 

of apoptosis (Agnihotri et al., 2016; Chapkin et al., 2002; Hofmanova et al., 2017; Hong et 

al., 2002; Sharma et al., 2016). These dietary studies using preclinical models provide 

evidence that n-3 PUFA modulate mitochondria cardiolipin molecular species in a dose 

dependent manner, augmenting apoptosis and thereby attenuating carcinogenesis (Agnihotri 

et al., 2016; Chapkin et al., 2002; Hong et al., 2002; Shaikh et al., 2015; Sharma et al., 

2016). In a series of complementary unpublished experiments, we demonstrated that n-3 

PUFA can promote t-Bid / cardiolipin mediated mitochondrial cytochrome C release in a 

“cell free” in vitro system as originally described (Chandra and Tang, 2009; Taneja et al., 

2001). In these experiments, mitochondria were isolated from wild type or Fat1 transgenic 

mice. These mice express the C. elegans n-3 fatty acid desaturase transgene which converts 

n-6 to n-3 fatty acids (Kang et al., 2004). This results in a mouse model which contains n-3 

PUFA enriched membranes in the absence of dietary n-3 PUFA. Mitochondria from colonic 

mucosa were subsequently incubated with various doses of exogenous recombinant t-Bid in 

order to see if n-3 PUFA are capable of modulating cytochrome C release (a biomarker of 

apoptosis). As expected, exogenous t-Bid peptide dose-dependently decreased mitochondrial 

cytochrome C (Figure 5). Interestingly, the overall % of retained cytochrome C in 

mitochondria was elevated in Fat1 mice, indicating a reduction in cytochrome C release. 

Adding to a growing body of evidence that n-3 PUFA alters mitochondrial membrane 

composition and function, in a recent finding, we demonstrated that dietary n-3 PUFA from 

fish oil are not directly incorporated into mitochondrial cardiolipin in vivo (Fan et al., 2016). 

Instead, fish oil indirectly influenced colonocyte cardiolipin molecular species with a 

combined carbon number of C68 or greater, suggesting some form of compensatory 

regulation. Collectively, these findings suggest that the modulatory effect of fish oil feeding 

on cardiolipin / t-Bid induced apoptosis is not the result of a direct effect of n-3 PUFA on 

cardiolipin remodeling.

In summary, we now know that dietary n-3 PUFA have pleiotropic effects on promoting 

intrinsic apoptosis including cardiolipin remodeling, increasing mitochondrial membrane 

lipid peroxidation, decreasing MMP, increasing mitochondrial proton leak, ROS, 

intramitchondrial Ca2+, t-Bid / bcl-2 ratio, cytochrome C release, all of which contribute to a 
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reduction in the number of cells exhibiting DNA damage, which is linked to a reduction in 

cancer risk.

n-3 PUFA synergy with other dietary bioactives

Although the chemoprotective effects of n-3 PUFA on human health are well documented 

(Abel et al., 2014; D’Eliseo and Velotti, 2016; Pelliccia et al., 2013; Serini et al., 2014; Yates 

et al., 2014), it now appears that the combination of n-3 PUFA with other dietary bioactive 

compounds may have synergistic beneficial effects. For example, in vivo studies have shown 

the strongest pro-apoptotic / anti-carcinogenic effect was observed following the combined 

feeding of dietary fish oil and highly fermentable fiber, which enhances butyrate (a 4 carbon 

short chain fatty acid) concentrations in the colonic lumen (Cho et al., 2011, 2012; Sanders 

et al., 2004; Shah et al., 2016; Turk et al., 2012; Vanamala et al., 2008). We have shown the 

combination of DHA and butyrate trigger mitochondrial Ca2+ loading, potentiate 

mitochondrial lipid oxidation and the dissipation of MMP which contribute to the induction 

of intrinsic mitochondrial-mediated apoptotic pathway in colonocytes (Kolar et al., 2011, 

2007; Ng et al., 2005). Similar synergetic apoptotic effects of DHA and butyrate have been 

described in human colon cancer cell lines, e.g., HCT-116, HT-29, and CaCo-2 (Hofmanova 

et al., 2009, 2012; Hossain et al., 2006).

Adjunct chemotherapeutic potential of n-3 PUFA

Triggering the mitochondrial intrinsic apoptosis pathway resulting in cancer-cell suicide is a 

potential option for cancer therapy (Fulda et al., 2010; Weinberg and Chandel, 2015). 

However, the therapeutic effects of drugs that act on mitochondria have not been remarkable 

in clinical trials possibly because of concerns related to insufficient drug delivery to the 

mitochondria and side effects due to long-term toxicity. Use of adjuvant anti-cancer agents 

in combination with chemotherapeutic elements may therefore provide an ideal strategy to 

enhance the efficacy of drug application. As noted above, due to the amphiphilic nature of 

n-3 PUFA, these lipids are readily incorporated into the lipid bilayer of cells, especially 

tumor cells. Therefore, n-3 PUFA may have utility to increase the therapeutic efficacy of 

anticancer drugs which modulate biological membranes (Merendino et al., 2013; Sorensen et 

al., 2014; Wang et al., 2012). Benefits of dietary n-3 PUFA adjunct to FDA approved drugs 

in cancer treatment or prevention have been reported. For example, DHA combination 

sensitized colon cancer cells to non-steroidal anti-inflammatory drug (sulindac sulfide)-

induced apoptosis, leading to enhanced growth suppression of human colon cancer 

xenografts (Lim et al., 2012). This noteworthy, because NSAIDs are one of the most 

efficacious classes of drugs used to reduce the risk of colon cancer. n-3 PUFA also have been 

shown to enhance the susceptibility of human colorectal cancer cells to 5-fluorouracil, a 

popular colon cancer chemotherapeutic agent (Calviello et al., 2005; Granci et al., 2013; 

Jordan and Stein, 2003; Vasudevan et al., 2014; Zhuo et al., 2009). Similar pro-apoptotic 

effects have been observed in colon carcinoma mouse models (Rani et al., 2017). Beyond 

colon cancer, adjuvant chemotherapy using n-3 PUFA has been documented in various 

disease types, including adjunct with celecoxib in mammary carcinoma (Negi et al., 2016), 

tamoxifen in breast cancer (Manni et al., 2015; Wu et al., 2015), cisplatin in lung cancer 
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(Zajdel et al., 2014), gemcitabine in breast and liver cancer (Li et al., 2014); doxorubicin, 

vincristine and fludarabine in leukemia (Fahrmann and Hardman, 2013).

Clinical impact of n-3 PUFA

There are more than 550 clinical trials registered in the ClinicalTrials.gov investigating the 

effect of fish oil on various chronic diseases, implying the potential clinical impact of n-3 

PUFA in human health. For example, EPA (2 g/d for 3 mo) has been shown to reduce 

colonic crypt cell proliferation and increase apoptosis in normal colonic mucosa in subjects 

with a history of colorectal adenomas (Courtney et al., 2007). No tolerable upper limit has 

been set for EPA and DHA, although the US Food and Drug Administration recognizes 

doses of up to 3 g/day as safe and the European Safety Union up to 5 g/day as safe (Azzi et 

al., 2005). Side effects of fish oil supplements or EPA + DHA ethyl esters include fishy 

burps, dyspepsia, gas, and diarrhea (Browning et al., 2012; Yates et al., 2014). Importantly, 

human studies using doses as high as 17.6 g/day EPA+DHA have been performed with no 

serious side effects (Skarke et al., 2015). Alternatively, n-3 PUFA can be administered 

through intravenous lipid emulsions as part of a parenteral nutrition regimen (Klek, 2016). 

n-3 PUFA emulsion-based parenteral nutrition alleviates the inflammatory reactions and 

reduces the rate of inflammatory complications for patients recovering from surgical 

resection of gastric tumors (Wei et al., 2014). EPA is incorporated rapidly into colonic 

mucosa and the colonic muscular layer in patients given 3 g of n-3 PUFA daily for 7 days 

before surgery for colorectal cancer (Sorensen et al., 2014), which supports claims related to 

the clinical benefits of n-3 PUFA. Additional clinical studies are needed to assess the effect 

of EPA and/or DHA dose and duration on key molecular targets, e.g., cell plasma 

membranes and related phenotypic outcomes.

Summary

Advances in quantitative lipidomics has begun to shed light on the importance of plasma 

membrane composition and architecture in relation to chronic disease prevention. Here we 

have summarized literature regarding the interactions of membrane lipids and diet in terms 

of cancer biology. Since membrane lipid composition influences cellular function, future 

research is merited in order to elucidate how both endogenous and exogenous lipids, e.g., 

dietary n-3 PUFA, modulate cell membrane structure / function and reduce chronic disease 

risk.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Synthesis of cellular lipids
Fatty acid building blocks are derived from exogenous and endogenous (de novo) sources. 

Glucose uptake can result in the generation of metabolic intermediates which are utilized to 

generate membrane phospholipids, cholesterol and other lipid moieties. Exogenous lipids 

can be imported into the cell via CD36, lipoprotein receptors or effluxed via ABCA-related 

membrane proteins.
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Figure 2. Potential mechanisms by which bioactive dietary molecules exert chemoprotective 
effects on the plasma membrane
Model depicting plasma membrane structure with long-chain n-3 polyunsaturated fatty acids 

(PUFA) (red lines) incorporated into phospholipids, curcumin (yellow spheroids) 

intercalating between phospholipids and polyphenols (magenta stars) interacting with the 

exofacial leaflet. The presence of either molecule may modulate plasma membrane based 

cellular signaling by disrupting lipid-lipid and lipid-protein interactions.
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Figure 3. Relationship between plasma membrane free cholesterol and membrane rigidity
To highlight the relationship between plasma membrane free cholesterol and plasma 

membrane rigidity, (A) immortalized young adult mouse colonocyte (YAMC) cells were 

incubated with varying concentrations of methyl-β-cyclodextrin (MBCD) for 30 min. Cells 

were then incubated with vesiculation buffer (10 mM HEPES, 150 mM NaCl, 2 mM CaCl2, 

pH 7.4, 25 mM paraformaldehyde and 2 mM dithiothreitol) for 1 h in order to generate giant 

plasma membrane vesicles (GPMVs). (B) Representative bright field (BF) and fluorescence 

images of GPMVs incubated with Filipin (50 mg/mL) for 45 min to stain free cholesterol, 

were assayed using an imaging based flow cytometry system (Amnis FlowSight). For this 

purpose, Filipin was excited with a 405-nm laser and emission wavelengths of 430–505 nm 

were collected. (C) Quantitative data demonstrating the dose dependent decrease of plasma 

membrane free cholesterol. (D) Representative BF and fluorescence images of GPMVs 

incubated with the membrane order sensitive probe Di-4-ANEPPDHQ (0.5 μM) were 

immediately analyzed using imaging based flow cytometry. Di-4-ANEPPDHQ was excited 

with a 488-nm laser and emission wavelengths of 480–560 nm and 640–745 nm were 

collected for lipid ordered (Lo, green) and lipid disordered (Ld, red) channels, respectively. 

(E) General polarization (GP), defined as the integrated fluorescence intensity from the 

ordered channel minus that of the disordered channel, was normalized by the total intensity 

(sum of the two channels). Quantification of membrane order is represented as mean GP, 

normalized to the control (MBCD 0 mM). MBCD treatment, (C) removed free cholesterol 

and (E) dose-dependently decreased plasma membrane rigidity. In all graphs, data are 

presented as mean ± SEM for at least 2000 individual vesicles per group. Statistical 

significance between treatments as indicated by different letters (P<0.05) was determined 

using 1-way ANOVA and Dunnett’s multiple comparisons test.

Fuentes et al. Page 30

Mol Aspects Med. Author manuscript; available in PMC 2019 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Potential molecular mechanism of metabolic reprogramming and membrane fatty 
acids synthesis
Oncogenic Myc (red), Ras (violet), HIF-1 (blue), PI3K/AKT (green) which have common 

roles in metabolic reprogramming also increase cholesterol/lipid synthesis which may affect 

plasma membrane order altering membrane mediated signaling pathways.
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Figure 5. Percentage of Cytochrome C retained in the mitochondria following t-Bid incubation
Colonic mucosa mitochondria isolated from Fat1 (n-3 PUFA enriched) and wild type (Wt) 

mice were incubated with various doses of t-Bid peptide (EDIIRNIARHLAQVGDSMDR) 

(0, 25, 50, 100 μM) for 30 min. Both cytochrome C (CytoC) retained in mitochondria and 

released into the cytosol were measured by ELISA. (A) Data are presented as percentage of 

Cytochrome C retained in the mitochondria (mean±SE, n=5 mice). Inset: Percentage of 

Cytochrome C released from mitochondria. (B) Pooled data of percentage of Cytochrome C 

retained in mitochondria from all t-Bid peptide (0 – 100 μM) incubations (mean±SE, n=25 

mice), *p<0.05.
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Table 1

Fatty acid and cholesterol metabolism inhibitors in the clinic.

Targeting lipid and cholesterol synthesis Reference

HMGCR Statins

Colon cancer (Cardwell et al., 2014; Holstein et al., 2006; Lakha et al., 2012; 
Poynter et al., 2005)

Hepatocellular carcinoma (Graf et al., 2008; Kawata et al., 2001)

Breast cancer (Garwood et al., 2010)

Refractory multiple myeloma (Schmidmaier et al., 2007)

Brain stem tumors (López-Aguilar et al., 2008)

Metastatic colorectal patients (Lee et al., 2009)

Targeting lipid mediator Reference

COX2

Celecoxib Colon (Wang and Dubois, 2010)

Aspirin + Celecoxib Colon (Ng et al., 2015)

Celecoxib

Familial adenomatous polyposis (FAP)

(Giardiello et al., 1993; Higuchi et al., 2003; Lynch et al., 2010; 
Steinbach et al., 2000)

Sulindac (Giardiello et al., 2002; Labayle et al., 1991; Nugent et al., 
1993; West et al., 2010)
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Table 2

Clinical trials examining the chemoprotective effects of n-3 PUFA.

Bioactive compound
Daily dose (n, 
duration of 
treatment)

Patient type Beneficial biological effect Reference

EPA

2 g EPA-FFA (enteric-
coated formulation of 

EPA) (n = 55, 6 
months)

Familial adenomatous 
polyposis (FAP)

22.4% reduction in polyp number and 
a 29.8% decrease in the sum of polyp 

diameters.

(West et al., 
2010)

n-3 PUFA 2.18 g (n = 52, 3 
months) Range of malignant cancers Decreased cancer-induced weight 

loss in pediatric patients.
(Bayram et al., 

2009)

n-3 PUFA
4 g = 2520 mg EPA 

+ 1680 mg DHA (n = 
20, 3 months)

Postmenopausal breast 
cancer survivors

Bone resorption was inhibited in the 
fish oil responders compared to 

placebo.

(Hutchins-
Wiese et al., 

2014)

LOVAZA

840 mg n-3 PFA = 465 
mg EPA + 375 mg 
DHA (n = 180, 6 

months)

Acute myocardial infarction
Reduction of adverse left ventricular 
remodeling and serum biomarkers of 

systemic inflammation.

(Heydari et al., 
2016)

Lovaza

3360 mg = 1860 mg of 
EPA + 1500 mg of 

DHA ethyl esters (n = 
36, 6 months)

Breast cancer

Cytologic atypia and Ki-67 were 
decreased with an increase in the 

ratio of EPA DHA to AA in 
erythrocyte phospholipids.

(Fabian et al., 
2015)

DHASCO 1.8 g DHA (n = 25, 5 
months) Breast cancer

DHA during chemotherapy was 
devoid of adverse side effects and can 

improve the outcome of 
chemotherapy.

(Bougnoux et 
al., 2009)

n-3 PUFA 2 g and 4 g EPA (n = 
171~175, 4 and 8 wks)

Lung or gastrointestinal 
cancer

Mean weight was increased by 1.2 kg 
with 2 g EPA and by no significant 

increase with 4g EPA.

(Fearon et al., 
2006)

n-3 PUFA or 
celecoxib

6 g fish oil (1.8 g n-3 
PUFA) or 6 g fish oil 

+ 400 mg celecoxib (n 
= 10~12, 6wks).

Lung cancer

Symptoms associated with a 
Systemic Immune-Metabolic 

Syndrome (SIMS) was ameliorated 
by n-3 fatty acids + celecoxib.

(Cerchietti et 
al., 2007)

n-3 PUFA
2.04 g EPA and 1.36 g 

of DHA (n = 13, 66 
days)

Inoperable nonsmall cell lung 
cancer

C-reactive protein and IL-6 was 
decreased by 22 days and 66 days.

(Finocchiaro et 
al., 2012)

n-3 PUFA

Food frequency 
questionnaire with 22 
years of followup (n = 

22071)

Colorectal cancer

Intake of n-3 PUFA and fish 
decreased the risk of colorectal 

cancer development in dose 
dependent manner.

(Hall et al., 
2008)

n-3 PUFA
2.2 g EPA + 240–500 
mg DHA (n = 15, 6 

wks)
Lung cancer

Fish oil intake resulted in increased 
chemotherapy efficacy and 

contributed to increased survival.

(Murphy et al., 
2011)
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