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Abstract

Docosahexaenoic acid (DHA), with 22 carbons and six double bonds, is the longest, most unsaturated fatty

acid commonly found in humans. It represents the extreme example of an omega-3 (n-3) polyunsaturated

fatty acid. Since early epidemiology studies, DHA has been linked to alleviation of an enormous number of

human afflictions, including heart disease, cancer and neurological disorders. How one simple molecule can

affect so many seemingly unrelated abnormalities has been a contentious question for many years. One

research direction has investigated events that follow the uptake of DHA into animal cell plasma membrane

phospholipids. Summarized here is a variety of membrane properties impacted by the incorporation of DHA.

DHA’s dynamic shape, consisting of multiple configurations, is very different from what its static, stick

structure would indicate. DHA-containing phospholipids have a wide hydrophobic base compared with their

hydrophilic head and so induce negative curvature strain that severely impacts the activity of a variety of

important membrane proteins. The unusual structure means that DHA-rich membranes are also surprisingly

thin and support high permeability, compression, fusion and flip-flop rates. DHA does not exist in an

environment that is independent from other membrane lipids. Of particular interest is the interaction of

DHA-containing phospholipids with the major lipid raft components cholesterol and sphingomyelin. From a

wide variety of biophysical studies, primarily done on model lipid monolayers and bilayers, a new hypothesis

is proposed suggesting that DHA may alter plasma membrane lipid raft structure and hence essential cell

signaling events. A fundamental role for DHA affecting a feature common to all cells, membrane structure

and function, may explain its wide variety of reputed health benefits.
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Abbreviations: AFM: atomic force microscopy; DHA: docosahexaenoic acid; DRM: detergent-resistant

membrane; DSM: detergent-soluble membrane; OA: oleic acid; PC: phosphatidylcholine; PE:

phosphatidylethanolamine; PP: protein phosphatase; PS: phosphatidylserine; PUFA: polyunsaturated fatty

acid; SM: sphingomyelin.

Introduction

P
olyunsaturated fatty acids (PUFAs) play an

essential role in maintaining human health. Of

particular interest are the family of long-chain

PUFAs that have their last double bond three

carbons from the methylene or omega end. These

fatty acids, regardless of chain length or total

number of double bonds, are known as omega-3

(n-3) fatty acids, and are believed to play special but

still undefined roles in human health. For almost 20

years the author’s laboratory has studied the longest

and most unsaturated of the n-3 PUFAs, docosa-

hexaenoic acid (DHA). This article will briefly

summarize one possible mechanism of action for

DHA related to these studies.

Health benefits and distribution of

docosahexaenoic acid

With 22 carbons and six double bonds, DHA

(22:6D4,7,10,13,16,19) is the longest and most unsatu-

rated fatty acid commonly found in biological

systems (1). Since DHA represents the extreme

version of an n-3 fatty acid, it should be easier to

deduce its mode of action than for the other, shorter

and less unsaturated n-3 fatty acids. DHA’s first

association with human health was in the classic

epidemiological studies of Bang et al. (2) on

Eskimos. The early studies linked diminished heart

disease and cancer to consumption of enormous

quantities of coldwater fish oil found in the Eskimo

diet. Since then fish oils and particularly DHA have
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been linked to alleviation of a vast array of human

afflictions (3), some of which are listed in Table 1.

The question that immediately arises is how one

simple molecule can affect so many seemingly

unrelated pathologies. To accomplish this DHA

must be affecting basic processes common to

many cell types. Proposed modes of action for

DHA can be roughly divided into five, non-exclu-

sive categories (4). DHA has been suggested to

affect eicosanoid biosynthesis (5), protein activity

through direct interaction (6), protein activity

indirectly through altering transcription events (7),

lipid peroxidation products (8), and membrane

structure and function (4). Here, the discussion

will be limited to the effect of DHA on membrane

structure and function.

At first glance one might predict that at a very

long 22 carbons, membranes rich in DHA would be

exceptionally thick. Surprisingly, DHA-rich mem-

branes such as the rod outer segment are actually

quite thin (9). This is due to DHA’s unusual three-

dimensional structure. In Fig. 1 the structure of

DHA is drawn in several ways. Fig. 1(A) presents

the conventional stretched stick structure. A more

realistic bent stick structure depicting bending at the

six cis double bonds is shown in Fig. 1(B), while a

molecular dynamics study (Fig. 1C) depicts two of

the many configurations associated with DHA (10).

Several of DHA’s possible configurations even have

the omega end bent up to the aqueous interface. As

a result, the actual structure of DHA is a pyramid

with a wider base than head (Fig. 1D). This

structure not only produces a thin membrane but

also explains DHA’s preference for non-lamellar

(HII) phase (11) and its ability to induce negative

curvature stress in adjacent proteins (12).

As is typical of all biological compounds, DHA is

not homogeneously distributed throughout the

whole body, organs, tissues, cells or cell membranes.

Extremely high levels of DHA, occasionally ap-

proaching half of the total acyl chains present, are

found in the sperm, rod outer segment and neuronal

synaptosomes (1). DHA levels are so high in these

cells that the plasma membrane phospholipids often

have DHA located in both acyl chains (13). This

motif is unusual, as in most biological phospholi-

pids the sn-1 chain is saturated while the sn-2 chain

is unsaturated (14). Also in these high-DHA tissues,

the DHA level is relatively insensitive to dietary

manipulation and once incorporated the high level

is tenaciously retained at the expense of other fatty

acids. In sharp contrast are the other body tissues

and cells that have much lower inherent levels of

DHA, usually less than a few per cent of the acyl

chains. Here, DHA occupies primarily the sn-2

position and few di-DHA phospholipids exist.

These tissues are highly sensitive to the diet, and

so it is here that the reasons behind DHA’s health

effects may be found.

Table 1. Human afflictions associated with low docosahexaenoic acid levels (3)

Aggression Dermatitis Phenylketonuria

Alcoholism Dyslexia Problems with brain

development

Arthritis Gingivitis Problems with neurovisual

development

Asthma Heart disease Psoriasis

Attention deficit

hyperactivity disorder

Hypersensitivity Reduced fertility

Bipolar disorder Kidney disease Respiratory diseases

Blindness Lupus Schizophrenia

Cancer Malaria Suicide

Crohn’s disease Migraine headaches Ulcerative colitis

Cystic fibrosis Multiple sclerosis Zellweger’s syndrome

Depression Nephropathy

O

−O

O

−O

A B

D

C

General Shape

MD ConfigurationsBent Stick.Stick

Docosahexaenoic Acid Structure

Fig. 1. Docosahexaenoic acid structures: (A) conventional stretched

stick; (B) bent stick; (C) two conformations from molecular

dynamics (MD); (D) cartoon pyramid. (The author thanks Dr S

Feller, Wabash College, for the molecular dynamics figures depicted

in 1C.)
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It is well documented that DHA can be readily

incorporated into the phospholipids of many cell

membranes, particularly the plasma and mitochon-

drial membranes (4). Once again, DHA’s incorpora-

tion is not homogeneous and varies depending on

the cell and membrane type as well as the phos-

pholipid class. In most reported experiments DHA

is primarily esterified to phosphatidylethanolamine

(PE) and phosphatidylcholine (PC), with incorpora-

tion also reported into the other, less abundant

phospholipids (3, 4, 15). However, this is not a hard

rule as DHA has been reported initially to incorpo-

rate into phosphatidylserine (PS) in synaptosomes

(1). The preference of DHA for the primary amine

phospholipids PE and PS is of particular interest

since these lipids are primarily associated with the

plasma membrane inner leaflet (16). It is likely that

DHA exhibits a transmembrane heterogeneity fa-

voring the inner leaflet, while the lipid rafts,

discussed below, are found in the outer leaflet.

Effect of docosahexaenoic acid on membrane

physical properties

All fatty acids are known to be able to affect cells

through the ‘‘detergent effect’’. Therefore, if cul-

tured cells are incubated with sufficiently high

quantities of free fatty acids, they die. The fatty

acid level necessary to induce cytotoxicity directly

varies with fatty acid and cell type and the level of

serum albumin in the culture media. Of all fatty

acids, DHA appears to be particularly cytotoxic

(17). Much lower levels of DHA exposed to the cells

for longer periods can also kill cells eventually

through the initiation of apoptotic pathways (3)

(discussed below).

So how does DHA function at the molecular

level? Over the past 30 years or so, the direct effect

of DHA on membrane structure has been investi-

gated from many angles, using a variety of complex

biophysical techniques in many laboratories

throughout the world (4). The purpose of this

review is not to discuss how any of these often

esoteric techniques work, but rather to give the

reader a general feel of how DHA affects some

important membrane properties. Table 2 compares

the effect of DHA with the most abundant un-

saturated membrane fatty acid, oleic acid (OA,

18:1D9). Comparisons are made on a few basic

membrane properties including cross-sectional area,

acyl chain length, permeability, fusion, compressi-

bility and flip-flop (3). Although OA and DHA

both affect membrane structure, DHA is much

more effective. Owing to DHA’s multiple configura-

tions and pyramid shape, DHA-rich membranes are

thin and fluid, have looser lipid packing, may prefer

non-lamellar (HII) phases, induce negative curva-

ture strain to proteins, and in general are more

dynamic. Increased water permeability, for example,

makes DHA-rich membranes ‘‘wetter’’ (18). The

high fusion rates reported for DHA-rich model

membranes are consistent with the fatty acid’s

location in membranes known to exhibit naturally

high levels of fusion or the reverse process of

exfoliation (sperm, rod outer segment and synapto-

somes).

Interaction of docosahexaenoic acid with

cholesterol/lipid rafts

A biological membrane consists of many hundred

different lipid species and a hundred or so proteins,

heterogeneously distributed, and all components are

in constant flux. As a result, upon its incorporation

into membranes, DHA will be exposed to many

different lipids and proteins. Its interactions with

other membrane components, favorable and unfa-

vorable, will affect membrane heterogeneity (do-

main structure) and hence, it is believed, cell

function.

The author’s group initially concentrated on the

interaction of DHA-containing PCs and PEs with

cholesterol (19). Cholesterol was chosen owing to its

integral role in maintaining the structure and

function of plasma membrane lipid rafts (20). At

present, lipid rafts form the major basis for

discussing membrane structure. Unfortunately,

there is no consensus of what a raft actually is

(21). Cell biology and membrane biophysics ap-

proaches are often contradictory. More than three

Table 2. Effect of docosahexaenoic acid (DHA) on some basic membrane physical

properties (3)

DHA/OA

Cross-sectional area 1.13

Chain length 0.95

Permeability (water) 2.66

Fusion 8.55

Compressibilitya 0.55

Flip-flop 39.3

a Compressibility reflects the energy required to compress the fatty acyl chain.

DHA requires less energy than oleic acid (OA) and so its DHA/OA ratio is less

than 1.0.
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decades ago the famous Cornell biochemist Efraim

Racker had this to say about another poorly

understood process during this time, oxidative

phosphorylation (22): ‘‘Anyone who is not confused

about oxidative phosphorylation just does not

understand the situation.’’ By substituting ‘‘oxida-

tive phosphorylation’’ with ‘‘lipid rafts’’, the current

state of affairs on membrane structure is defined.

Lipid rafts are a type of plasma membrane lateral

heterogeneity (domain) that is involved in cell

signaling (20). Rafts are enriched in cholesterol,

the glue that holds them together, sphingolipids and

saturated chain phospholipids, and so are found in

a highly structured liquid-ordered (lo) state. Char-

acteristic families of signaling proteins are found

associated with rafts and are a standard by which

rafts are categorized. Rafts are operationally de-

fined by their insolubility in cold non-ionic deter-

gents, primarily Triton X-100. Therefore, rafts are

also referred to as detergent-resistant membranes

(DRMs). The presence of cholesterol is also a

universal trait of rafts, as its removal by cyclodex-

trin marks raft demolition. Since DHA chains

disrupt lipid packing, membrane bilayers contain-

ing this fatty acid exist in the liquid-disordered (ld)

state. The author’s studies are based on the assump-

tion that DHA-containing phospholipids should

phase separate away from cholesterol-rich rafts

and so should form domains that are very different

from lo state rafts. These domains would be soluble

in cold detergent [detergent-soluble membranes

(DSMs)] and would have physical properties and

resident proteins considerably different from those

of rafts. As the DHA level would rise with dietary

consumption of fish oil, the organization of plasma

membranes into raft and non-raft domains would

change, thus altering the cells’ physiology.

Many types of experiment have demonstrated

DHA’s aversion for cholesterol. Here, recent X-ray

studies done as a collaboration between the author’s

research group in Indianapolis and Martin Caffrey’s

at the Ohio State University will be described (3),

followed by a discussion of some DRM and DSM

studies (23) and a preliminary atomic force micro-

scopy (AFM) study that confirm these results (23).

To determine the membrane-carrying capacity of

cholesterol, liposomes were made from DHA-con-

taining PCs and PEs to which increasing molar

percentages of cholesterol were added. At some

critical molar percentage, the membrane solubility

of cholesterol is exceeded and any additional

cholesterol appears outside the membrane as cho-

lesterol monohydrate crystals, which can be accu-

rately detected by X-ray diffraction (3). For the

heteroacid PCs the cholesterol solubility limit is

65 mol% in 16:0, 18:1 PC, but only 55 mol% in 16:0,

22:6 PC. In PE bilayers cholesterol solubility is

lower than in PCs, being �/51 mol% on 16:0, 18:1

PE, and is substantially reduced to 31 mol% in 16:0,

22:6 PE bilayers. If DHA occupies both chains,

cholesterol membrane solubility is further decreased

to 11 mol% for 22:6, 22:6 PC and 8.5 mol% for 22:6,

22:6 PE. These X-ray diffraction studies indicate

that DHA is not compatible with cholesterol.

Supporting this conclusion are cyclodextrin extrac-

tion studies from Niu et al. (24). These investigators

reported that cholesterol can be extracted from

bilayers composed of 16:0, 22:6 PC about 1.9 times

more easily than from those made of 16:0, 18:1 PC.

Cold-temperature, non-ionic detergent extraction

is historically the hallmark of lipid rafts (21). To test

the partitioning of DHA between raft and non-raft

fractions, model plasma membranes were made of

either 16:0, 18:1 PE/sphingomyelin (SM)/cholesterol

or 16:0, 22:6 PE/SM/cholesterol (23). Fig. 2 presents

data from cold-temperature Triton X-100 extrac-

tions performed on the two model plasma mem-

branes. Consistent with the raft hypothesis, very

little (B/10%) of the SM or cholesterol is extracted

into the detergent-soluble (DSM), non-raft fraction

for either model membrane. Instead, both SM and
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Fig. 2. Membrane fractions soluble in cold (48C) Triton X-100

[detergent soluble membrane (DSM) fractions]. Membranes were

composed of 1:1:1 (mol/mol/mol) of sphingomyelin (SM)/cholesterol

(chol)/phosphatidylethanolamine (PE); the clear bars are from 16:0,

18:1 PE-containing membranes and the hatched bars are from 16:0,

22:6 PE-containing membranes. DHA: docosahexaenoic acid.

Stillwell W

110



cholesterol are found in the detergent-resistant

(DRM), raft fraction. There is a very noticeable

difference in partitioning of the OA- and DHA-PEs.

Approximately 70% of the 16:0, 22:6 PE is asso-

ciated with the DSM (non-raft) fraction, while 68%

of the 16:0, 18:1 PE locates into the DRM (raft)

fraction. This implies that there is greater phase

separation from rafts of DHA-PE than of OA-PE.

AFM studies were initiated to visualize directly

any possible DHA-related membrane domains (24).

the model plasma membranes again consisted of

either 16:0, 18:1 PE/SM/cholesterol (1:1:1) or 16:0,

22:6 PE/SM/cholesterol (1:1:1). Domains are clearly

visible (Fig. 3). The SM/cholesterol lipid rafts are

thicker (by �/1.1 nm) than the surrounding non-raft

regions and appear lighter in color. A rough

estimate places the raft area for the 16:0, 18:1 PE/

SM/cholesterol (1:1:1) membrane at �/26% com-

pared with �/59% for the 16:0, 22:6 PE/SM/

cholesterol (1:1:1) membrane. The conclusion is

that DHA makes the raft domains larger and they

are interconnected.

Finally, these DHA�raft studies have very

recently been extended to another membrane lipid

component, a-tocopherol (vitamin E) (author’s

unpublished observation). a-Tocopherol is the

traditional membrane lipid antioxidant. Since

DHA has six double bonds, it is highly susceptible

to oxidation and must be protected by antiox-

idants. Because DHA partitions into non-raft

domains, one would predict that a-tocopherol

should track with DHA. It would make little

biological sense if a-tocopherol partitioned into

highly saturated rafts. Differential scanning calori-

metry was used to test this hypothesis by compar-

ing the affinity of a-tocopherol and cholesterol for

raft (16:0 SM) and non-raft (16:0, 22:6 PC) lipids.

Liposomes were made from a 1:1 (mol/mol) ratio

of 16:0 SM and 16:0, 22:6 PC to which increasing

amounts of either a-tocopherol or cholesterol

were added. The two base lipids were chosen

because not only do they represent non-raft and

raft plasma membrane components, but also their

melting points (Tm) are far enough apart that

even in a mixture they can be clearly distinguished

(Fig. 4). As cholesterol is added to the 1:1

mixture of 16:0 SM and 16:0, 22:6 PC the higher

melting SM transition is obliterated, indicating a

preferential affinity of cholesterol for SM. In

sharp contrast, as a-tocopherol is added, the

lower melting DHA-containing PC is obliterated,

indicating a preferential affinity of a-tocopherol

for DHA. These experiments support the hypoth-

esis that polyunsaturated phospholipids may

phase separate from lipid rafts and as a conse-

quence may create ld domains that have a totally

different set of components and functions from

lipid rafts.

Fig. 3. Atomic force microscopy images of mica-supported bilayers

composed of 16:0, 18:1 phosphatidylethanolamine (PE)/sphingo-

myelin (SM)/cholesterol (1:1:1, mol/mol/mol) (top) and 16:0, 22:6

PE/SM/cholesterol (1:1:1, mol/mol/mol) (bottom). Inserts present

the height profiles corresponding to the horizontal white lines in the

images.
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Effect of docosahexaenoic acid on signaling

pathways

There is an ever increasing number of reports

linking DHA to alterations of a series of reactions

constituting a pathway. For more than 15 years

Mitchell and Litman (25) have investigated the

effect of DHA on rhodopsin and the G-protein-

coupled visual receptor pathway. Siddiqui and co-

workers (reviewed in ref. 3) reported the effect of

DHA on signaling pathways involved in apoptosis

of cancer cells and hypertrophy in cardiomyocytes.

By one pathway in Jurkat leukemic cells, low levels

of DHA stimulate the activity of sphingomyelinase,

increasing production of ceramide. Increased cer-

amide leads to inhibition of cdk-2 activity and

stimulation of the protein phosphatases PP1 and

PP2A, which in turn decreases the net phosphor-

ylation of retinoblastoma protein. Consequently,

Jurkat cell growth is arrested. DHA was also

reported to enhance apoptosis through a mitochon-

dria-dependent pathway. A DHA-induced increase

in ceramide causes activation of pro-apoptosis Bcl-2

proteins, which then leads to release of cytochrome

C from the mitochondria and eventual activation of

caspase 3 with downstream execution of the apop-

totic caspase cascade. In cardiomyocytes, low levels

of DHA prevented phenylephrine-induced hyper-

trophy by inhibiting the Ras 0/ Raf 1 0/ Erk1/2 0/

p90rsk 0/ hypertrophy pathway. These are but a few

examples of DHA-affected signaling pathways and

undoubtedly many more examples will be forth-

coming in the future.

Summary

As a normal component of the human diet, DHA

can be readily incorporated into phospholipids that

comprise biological membranes. DHA’s unusual

shape (multiple configurations resulting in a net

pyramid shape) severely impacts lipid packing and

hence membrane physical properties. DHA’s strong

aversion to cholesterol results in enhanced phase

separation, altering the size and composition of

rafts as well as forming a unique DHA-rich, highly

disordered, non-raft phase. DHA-induced altera-

tions in membrane structure then affect cellular

biochemical activity, including essential signaling

pathways, accounting for the health benefits of n-3

PUFAs.
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