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Abstract Omega-3 FAs EPA and DHA influence
membrane fluidity, lipid rafts, and signal transduction.
A clinical trial, Reduction of Cardiovascular Events
with Icosapent Ethyl—Intervention Trial, demon-
strated that high-dose EPA (4 g/d icosapent ethyl)
reduced composite cardiovascular events in statin-
treated high-risk patients. EPA benefits correlated
with on-treatment levels, but similar trials using DHA-
containing formulations did not show event reduc-
tion. We hypothesized that differences in clinical
efficacy of various omega-3 FA preparations could
result fromdifferential effects onmembrane structure.
To test this, we used small-angle X-ray diffraction to
compare 1-palmitoyl-2-eicosapentaenoyl-sn-glycero-3-
phosphocholine (PL-EPA), 1-palmitoyl-2-docosahex
aenoyl-sn-glycero-3-phosphocholine (PL-DHA), and 1-
palmitoyl-2-arachidonoyl-sn-glycero-3-phosphocholine
(PL-AA) in membranes with and without 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine (POPC) and choles-
terol. Electron density profiles (electrons/Å3 vs. Å)
were used to determinemembrane structure, including
membrane width (d-space). PL-EPA and PL-DHA had
similar membrane structures without POPC and/or
cholesterol but had contrasting effects in the presence
of POPC and cholesterol. PL-EPA increasedmembrane
hydrocarbon core electron density over an area of
±0–10 Å from the center, indicating an extended orien-
tation. PL-DHA increased electron density in the phos-
pholipid head group region, concomitant with
disordering in the hydrocarbon core and a similar d-
space (58Å).Adding equimolar amounts ofPL-EPAand
PL-DHA produced changes that were attenuated
compared with their separate effects. PL-AA increased
electron density centered ±12 Å from the membrane
center. The contrasting effects of PL-EPA, PL-DHA,
and PL-AA on membrane structure may contribute to
differences observed in the biological activities and
clinical actions of various omega-3 FAs.
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Omega-3 FAs (n3-FAs) and their bioactivemetabolites
(oxylipins and other lipidmediators) havemultifactorial
effects on inflammation, oxidative stress, and endothe-
lial function that may reduce the progression of
atherosclerosis (1, 2). The n3-FA DHA (22:6) has an
additional double bond and two carbons compared with
EPA (20:5). Esterified to the phospholipid glycerol
backbone, DHA and EPA have distinct physicochemical
interactions with surrounding phospholipids that, in
turn, alter lipid raft formation, rates of oxidation,
membrane width, and signal transduction pathways
(3–10). In cultured human endothelial cells, EPA treat-
ment modifies the membrane and subcellular distribu-
tion of protein components of caveolae lipid rafts, along
with its acyl chain composition (11). These effects change
the cellular distribution and activation of proteins such
as nitric oxide synthase (11, 12). While phospholipids
containing DHA have undergone extensive study, less is
known about the membrane properties of EPA.

Themembrane interactions of EPA, in particular,may
have important clinical implications for patients with
cardiovascular (CV) risk, especially at higher pharma-
cologic doses (13). The Reduction of Cardiovascular
Events with Icosapent Ethyl—Intervention Trial
(REDUCE-IT) demonstrated that icosapent ethyl (IPE), a
highly purified ethyl ester of EPA, significantly reduced
CV events in at-risk patients with elevated triglycerides
(TGs) >150 mg/dl (14–18). First ischemic events fell by
25% (P< 0.0001) and total (first and subsequent) ischemic
events by 32% (P < 0.0001). The benefits were consistent
across multiple prespecified subgroups as compared
with placebo. The degree of TG lowering did not predict
the large relative andabsolute risk reductions, suggesting
that pleiotropic effects of EPA may underlie its thera-
peutic actions (19–21). In fact, on treatment, achieved
levels of serum EPA strongly correlated with CV out-
comes (22). Other outcome trials and clinical imaging
studies support theREDUCE-ITresults (23–26).Outcome
trials using EPA/DHA combinations with prescription
or dietary supplement products did not reproduce the
favorable CV effects of EPA (27–31). Most recently, the
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TABLE 1. List of treatment groups prepared for small-angle X-ray
scattering analysis

Phospholipid (PL) content

Cholesterol (C)
Content

(C:PL Mole Ratio)

[PL-EPA]; [PL-DHA]; [PL-AA]; [POPC] 0.0
[PL-EPA]; [PL-DHA]; [PL-AA]; [POPC] 0.3
[PL-EPA:POPC]; [PL-DHA:POPC] (1:20 mol ratio) 0.3
[PL-EPA + PL-DHA:POPC] (1:20 mol ratio) 0.3
[PL-AA:POPC] (1:20 mol ratio) 0.3

All vesicles prepared with a total of 2.5 mg phospholipid.
Long-Term Outcomes Study to Assess Statin Residual
Risk with Epanova in High Cardiovascular Risk Patients
with Hypertriglyceridemia trial, which administered
4 g/d dose of EPA/DHA-mixed carboxylic acids,
showed no reduction in primary CV outcomes (5-point
MACE) versus placebo and halted early for futility (32).
Taken together, these clinical findings suggest that CV
event reduction by n3-FA depends critically on the
formulation and dose.

We previously observed different effects of unes-
terified EPA and DHA on membrane structure (7).
Nanoscale measurements of expansion forces in similar
modelmembranes have independently confirmed these
findings (33). However, the majority of EPA is esterified
to phospholipids in cell membranes or as TGs in LDL.
This study thus aimed to compare the effects of the
phospholipid-linked PUFAs EPA, DHA, and arachidonic
acid (AA), an omega-6 FA (n6-FA), on membrane struc-
ture in the presence of cholesterol and/or phospholipids
with heterogeneous acyl chains at different concentra-
tions. Differences in the membrane interactions of
various n3- and n6-FAs may help elucidate the mecha-
nism of their biological activities and inform regarding
the discordant results of recent clinical outcome trials.
MATERIALS AND METHODS

Materials
The following phospholipidswere all purchased fromAvanti

Polar Lipids (Alabaster, AL): 1-palmitoyl-2-oleyol-sn-glycero-3-
phosphocholine (POPC), 1-palmitoyl-2-eicosapentaenoyl-sn-
glycero-3-phosphocholine (PL-EPA), 1-palmitoyl-2-docosah
exaenyol-sn-glycero-3-phosphocholine (PL-DHA), 1-palmitoyl-
2-arachidonoyl-sn-glycero-3-phosphocholine (PL-AA). Each
phospholipid examined in this study had the same head group
moiety (phosphatidyl choline) and same acyl chain at the sn-1
position (palmitic acid). Powder cholesterol (from ovine wool)
was also purchased from Avanti Polar Lipids. All lipids were
dissolved inHPLCgrade chloroformand stored at−20◦Cunder
nitrogen gas.

Preparation of samples for X-ray diffraction
analysis

Evaluation of the effects of PL-PUFAs on membrane
structure used several combinations of cholesterol content
and surrounding bulk lipid compositions. Membranes pre-
pared with POPC in the absence and presence of cholesterol
served as controls. Table 1 summarizes the membrane com-
positions. Membrane vesicles were prepared by combining
lipid components in 13 × 100 mm borosilicate culture tubes
and co-dried under a stream of nitrogen gas while vortex
mixing. Residual solvent was removed by drying under vac-
uum for a minimum of 1 h, and the resultant lipid films were
resuspended in diffraction buffer (0.5 mM HEPES, 154 mM
NaCl, pH of 7.3) to yield a final phospholipid concentration of
2.5 mg/ml. To form multilamellar vesicles (MLVs) for X-ray
diffraction analysis, the samples were then aggressively vor-
texed for 3 min at ambient temperature (34).

MLVs were oriented for X-ray diffraction as described
previously (35–38). Briefly, 100 μl aliquots of MLV suspension,
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containing 250 μg of phospholipid, were transferred to Lucite®
sedimentation cells with aluminum foil substrates for collec-
tion of membrane pellets. All membrane pellets were collected
at a minimum in triplicate. Samples were ultracentrifuged at
35,000 g, 5◦C, for 1.5 h. Following centrifugation, the superna-
tant was removed and the aluminum foil substrates were
mounted onto curved glass slides. The samples were then
placed into glass vials containing L-(+) tartaric acid (K2C4H4O6
⋅ 1/2 H2O) to establish a 74% relative humidity (RH) level.
Samples were incubated at this RH overnight and then placed
in hermetically sealed brass canisters with the same established
RH for X-ray diffraction analysis.

Small-angle X-ray diffraction analysis
Small-angle X-ray scattering theory and data analysis has

been previously described (35–38). Briefly, the samples were
first aligned at grazing incidence with respect to a collimated
and monochromatic CuKα X-ray beam. A Rigaku Rotaflex
RU-200 high-brilliance microfocus generator (Rigaku-MSC,
The Woodlands, TX) was used to generate these X-ray beams.
Photons produced from the samples during the diffraction
analysis were collected on a one-dimensional and position-
sensitive electron detector (Hecus X-ray Systems, Graz,
Austria) located 150 mm from the sample. Crystalline
cholesterol monohydrate was used to verify the detector
calibration as previously described (39). The unit cell period-
icity, or d-space, of the membrane lipid bilayer was calculated
as defined by Bragg's law, which states: nλ = 2dsinθ, where n is
the order number, λ is the X-ray wavelength, and θ is the
angle between the incident and diffracted peaks.

Following the collection of one-dimensional diffraction
profiles from each sample, that data were used to generate
time-averaged electron density distributions (distance [from
the center of the bilayer], Å vs. electrons/Å3). To calculate
these electron density profiles, Fourier transformations of the
diffraction profile data were performed as previously
described (36). Representative electron density profiles from
each treatment group were then selected for comparison
between treatment groups. Areas of high relative electron
density are associated with the phosphate moiety of the
phospholipid head group region, whereas the terminal methyl
segments of the hydrocarbon chains have the lowest relative
electron density in the membrane center. These profiles were
used to compare relative changes in electron density between
membrane of various composition, as well as the intrabilayer
distance, which is the separation between opposing phospho-
lipid head groups in the lipid bilayer.

Phasing the small-angle X-ray diffraction data
To phase the lamellar reflections for each experiment, a

hydration series, or swelling analysis, was performed as



previously described (40). Intensity data collected at different
RH set points, each with a unique unit cell periodicity, were
used to assign an unambiguous phase combination to the
experimentally obtained structure factors. The structure
factor values, which are square root of the intensity of each
peak with the assigned phase, for each sample that were used
to generate the electron density profiles are provided in the
supplemental data section.
RESULTS

Measurements of d-space and intrabilayer distance
with different membrane preparations

Table 2 summarizes the average membrane width,
including surface hydration, measured as the d-space
and intrabilayer measurements (distance between
opposing bilayer phospholipid head groups), from each
experimental condition. Both d-space and intrabilayer
distances increased proportionally following choles-
terol addition. There were clear differences between
membranes prepared with PL-PUFAs at the sn-2 posi-
tion and membranes prepared with a monounsaturated
acyl chain at this position (POPC). Without cholesterol,
POPC-only membranes had an average d-space of 53 ±
0.4 Å and intrabilayer distance of 39 ± 0.2 Å. Mem-
branes composed only of PL-PUFAs had lower d-space
and intrabilayer distances compared with POPC-only
membranes (P < 0.001). The average d-space values for
the PL-PUFA samples were very similar at 46 ± 1.9 Å
with an intrabilayer distance of 31 ± 2.1 Å.

Addition of cholesterol increased membrane width
in a manner dependent on acyl chain composition. In
POPC-only membranes, both the d-space and intra-
bilayer distance increased by similar magnitudes of 4
and 3 Å, respectively. Similar increases in these di-
mensions were observed in PL-n3-FA membranes, both
of which were still less than POPC-only membranes
(P < 0.001) with a combined average d-space and intra-
bilayer distance of 50 ± 1.3 and 33 ± 0.7 Å, respectively.
TABLE 2. Summary of d-space and intra-bilayer distances
collected from all membrane preparations

Phospholipid (PL) content
Cholesterol (C)

content d-space (Å)
Intrabilayer
distance (Å)

PL-EPA 0.0 46 ± 1.5 30 ± 1.4
PL-DHA 0.0 46 ± 2.2 31 ± 2
PL-AA 0.0 46 ± 2.2 32 ± 2
POPC 0.0 53 ± 0.4 39 ± 0.2
PL-EPA 0.3 49 ± 0.6 32 ± 0.4
PL-DHA 0.3 51 ± 1.3 33 ± 0.9
PL-AA 0.3 54 ± 0.6 39 ± 0.6
POPC 0.3 57 ± 0.6 42 ± 0.03
PL-EPA:POPC (1:20 mol ratio) 0.3 58 ± 0.7 42 ± 0.3
PL-DHA:POPC (1:20 mol ratio) 0.3 58 ± 0.8 43 ± 0.6
PL-EPA + PL-DHA:POPC
(1:20 mol ratio total)

0.3 57 ± 0.3 42 ± 0.1

PL-AA:POPC (1:20 mol ratio) 0.3 57 ± 0.5 42 ± 0.4

Measurements of d-space were calculated using X-ray diffrac-
tion patterns and Bragg's law, whereas intrabilayer distances were
calculated from electron density distribution plots generated from
Fourier transforms of X-ray diffraction patterns. Values are shown
as mean ± SD.

O

The PL-AA membranes showed a larger increase in
both d-space and intrabilayer distance of 8 and 7 Å,
respectively, upon the addition of cholesterol.

Comparative electron density distributions from
membranes prepared as binary mixtures with
cholesterol

Figure 1A–C includes representative electron density
profiles from membranes prepared as binary mixtures
of each phospholipid with cholesterol at a 0.3 C/P mole
ratio. Membranes reconstituted from PL-n3-FAs were
highly disordered compared with POPC-containing
membranes, as evidenced by an inward shift of the
phospholipid head groups and a broad area of reduced
electron density throughout the hydrocarbon core as
compared with POPC membranes. PL-AA-only mem-
branes, interestingly, had a relatively similar electron
density distribution compared with POPC membranes
prepared with cholesterol. Although there was an in-
ward shift of the phospholipid head groups, similar to
PL-n3-FA-containing membranes, the changes in width
and electron density were far less pronounced. Since
AA is an n6-FA, the final six carbons of the acyl chain
are fully saturated, similar to the acyl chain of oleic acid
(omega-9). The PL-n3-FAs, on the other hand, have
unsaturated double bonds extending to the omega-3
carbon of their respective acyl chains, giving rise to a
more disordered system throughout the hydrocarbon
core in the presence of cholesterol alone.

Comparative effects of the addition of PL-PUFAs to
membranes prepared with POPC and cholesterol

Figure 2A–C shows the electron density distribution
profiles of membranes prepared with the various PL-
PUFAs and POPC (1:20 mol ratio) with cholesterol in
direct comparison with control membranes (POPC +
cholesterol). Under these conditions, the PL-n3-FAs
exhibited pronounced differences. PL-EPA-treated
membranes showed a broad and large increase in the
membrane hydrocarbon core electron density over an
extended area of ±0–10 Å from the membrane center,
indicating an extended membrane orientation for EPA.
By contrast, PL-DHA-treated membranes had a broad
increase in electron density in the phospholipid head
group region concomitant with a marked decrease in
electron density in the hydrocarbon core of ±0–9 Å,
consistent with a disordering effect. PL-AA caused an
increase in relative electron density of ±12 Å from the
center of the membrane, but unlike PL-EPA, there was
no difference in electron density in the core of the
membrane, similar to results observed in PL-AA-
treated membranes without POPC.

Combination effects of PL-EPA þ PL-DHA
membranes to control membranes

Figure 3A shows electron density distribution pro-
files of membranes prepared with the combination of
PL-EPA and PL-DHA incorporated into POPC and
mega-3 FAs differentially affect membrane structure 3



Fig. 1. A–C: Comparative effects of (A) PL-EPA, (B) PL-DHA, and (C) PL-AA containing membranes versus POPC (control). All
membranes prepared with cholesterol at a 0.3 cholesterol-to-phospholipid (C/P) mole ratio.
cholesterol membranes in direct comparison with con-
trol membranes (POPC + cholesterol). The PL-FAs
were added in equimolar amounts at a 1:20 ratio to
match the levels tested for their separate effects at the
same concentration (Figs. 3A, B). The presence of the
combined PL-FAs produced only small changes in
relative electron density. In the hydrocarbon core, the
broad increase separately seen with PL-EPA between
0 ± 10 Å was essentially eliminated, along with the
separate disordering effect produced by PL-DHA. A
summary of these findings is provided in Fig. 3B.

DISCUSSION

The key finding of this study is that phospholipids
containing esterified n3-FAs (PL-EPA and PL-DHA)
have pronounced effects on membrane structure that
depend highly on the surrounding lipid composition,
including cholesterol and saturated FAs (summarized
in Fig. 4). In the presence of both POPC and choles-
terol, PL-n3-FAs had distinct effects on membrane
structure despite similarity in their chemical structures.
Changes in membrane structure associated with the
addition of PL-EPA indicate a relatively extended FA
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chain lying parallel to the surrounding phospholipid
nonpolyunsaturated acyl chains that add stability to the
surrounding lipids. This conformation is evidenced by
a broad increase in electron density throughout the
hydrocarbon core. By contrast, PL-DHA addition
caused an increase in electron density in the phospho-
lipid head group region concomitant with disordering
in the membrane hydrocarbon core. This finding may
result from rapid trans-gauche isomerization on a
nanosecond time scale that results in interactions with
phospholipid head groups and disruption in sur-
rounding lipids that are not observed with EPA (41).

Previous studies also show that adding even unes-
terified DHA to membranes increased membrane
fluidity in a dose-dependent manner in contrast to EPA
(3). Recent nanoscale measurements of lipid distribu-
tion and expansion forces in model membranes
composed of POPC and cholesterol independently
confirmed these findings (33). At elevated concentra-
tions of cholesterol in the membrane vesicles, Jacobs
et al. (33) demonstrated that EPA maintained a regular
distribution of cholesterol in equilibrium with sur-
rounding phospholipids in the bulk phase, whereas
DHA had an opposite effect, promoting cholesterol
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domains and increasing the membrane area expansion
modulus. This observation is consistent with the EPA
molecule conforming to a more extended orientation
in the membrane that promotes stable interactions be-
tween cholesterol and phospholipid, as we previously
demonstrated using small-angle X-ray scattering in
model membranes composed of POPC and cholesterol
(7). By contrast, the rapid conformational changes of
DHA repel cholesterol and promote its segregation,
thereby destabilizing the bulk lipid environment and
increasing membrane elasticity (33). Interestingly, when
PL-EPA and PL-DHA were combined in the membrane
Fig. 4. Schematic illustration of membrane interactions of PL-EP
highly dependent on the surrounding lipid environment. Membran
electron distributions, and the all cis, highly unsaturated acyl chains
membranes were formed with POPC added to PL-EPA or PL-DHA
on membrane structure became apparent. DHA remained in its cur
whereas PL-EPA adopted a more extended stable conformation be
fatty acids of POPC.

O

in this study, the resulting effects on membrane struc-
ture are highly attenuated compared with their sepa-
rate effects. This finding suggests that their opposing
actions on membrane structure are “neutralized” when
combined. Finally, the addition of PL-AA produced a
small bimodal increase in electron density attributed to
differences in the location and orientation of its ter-
minal n-6 double bonds in the hydrocarbon core.

Each PL-n3-FA had similar and highly disordering
effects on membrane structure in the absence of sur-
rounding POPC and cholesterol. They both produced a
large and similar reduction in membrane width and
A and PL-DHA. The conformation of PL-EPA and PL-DHA is
es containing PL-EPA or PL-DHA and cholesterol had similar
of EPA and DHA lead to reduced intrabilayer distances. When
and cholesterol, the differences between PL-EPA and PL-DHA
ved conformation to cause disordering in the hydrocarbon core,
cause of van der Waals interactions with surrounding saturated

mega-3 FAs differentially affect membrane structure 5



loss of electron density throughout the hydrocarbon
core as compared with POPC-only membranes. These
changes were observed in the absence and presence of
cholesterol. The membrane width was reduced by 3 Å
for membranes composed only of PL-EPA following
the removal of cholesterol. This result agrees with the
condensing effect of cholesterol on surrounding
phospholipid acyl chains resulting from conforma-
tional changes. Similar changes were observed with PL-
DHA with a reduction in membrane width of 5 Å.
These findings indicate that the multiple double bonds
of n3-FAs produce similar conformational changes that
effect an increase in molecular volume (i.e., reduced
electron density) in the hydrocarbon core in the
absence of surrounding POPC and its more saturated
fatty acyl chains.

In previous studies, addition of unesterified EPA
inhibited glucose-induced cholesterol crystalline
domain formation that correlated with reduced lipid
oxidation in a concentration-dependent manner, unlike
DHA (42, 43). These findings suggest that EPA's
particular hydrocarbon length and number of double
bonds contribute to a more extended and stable loca-
tion in membrane, where it inhibits oxidation through
electron stabilization mechanisms as compared with
DHA (43). In a comparative study of multiple long
chain FAs, including n3- and n6-FAs, EPA demon-
strated the greatest antioxidant activity in both lipo-
proteins and membrane lipid vesicles, followed by
other n3-FAs. By contrast, FAs with two or fewer dou-
ble bonds as well as AA failed to exhibit antioxidant
activity (43). Systematic removal of double bonds from
EPA resulted in loss of its antioxidant activity. The
antioxidant activity of EPA also compared favorably to
other known antioxidants, including vitamin E (9).
Beyond differences in free radical scavenging activity,
the conformational differences caused DHA to pro-
mote membrane cholesterol domains when compared
with EPA (3, 44, 45). The disruptive effects or “fluid-
izing” effects of DHA on surrounding phospholipids
promote lipid microdomain formation including those
of increased fluidity simultaneously with cholesterol
clustering and domains of decreased fluidity (3, 45, 46).

DHA accounts for 50–60% of the total FA content
within rod photoreceptors of the retina where it facil-
itates plasma membrane bending and conformational
changes of rhodopsin (47). In neuronal membranes,
approximately 40% of the PUFAs are DHA where it
regulates various lipid rafts and fluidity (48–50). In
other tissues like myocardium, the contrasting effects
of EPA and DHA on membrane stability may differ-
entially affect integral membrane proteins, including
ion channels linked to conductance. Previous studies
using an animal model of atrial fibrillation as well as
isolated ion channels in membranes of varying
composition have demonstrated altered ion transport
kinetics and channel expression in a manner depen-
dent on the lipid milieu and fluidity (51–53).
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Addition of cholesterol to model and biological
membranes reduces phospholipid acyl chain trans-
gauche isomerization, thus causing an increase in
overall width (54). Membranes enriched with PUFAs
have shown similar changes in structure and lipid dy-
namics with cholesterol. Cholesterol orientation and
distribution appears to depend highly on surrounding
bulk lipid composition (55–57). The effect of choles-
terol on the width of the bulk phospholipid environ-
ment varies considerably based on acyl chain length
and degree of saturation (54, 58, 59). During hyper-
cholesterolemia, excessive unesterified or free choles-
terol accumulation in vascular smooth muscle cells and
macrophage membranes leads to formation of specific
domains of cholesterol monohydrate with a periodicity
of 34 Å (38, 54). Oxidative stress and high glucose also
stimulate cholesterol membrane domains indepen-
dently of cholesterol enrichment (39, 60). Such choles-
terol domains precipitate extracellular cholesterol
crystals, a pathologic feature of advanced atheroscle-
rotic plaques (61, 62). Cholesterol crystals coactivate the
NLRP3 inflammasome, augmenting caspase-1 activity
and, hence, maturation of interleukin (IL)-1 beta (IL-1β)
and IL-18 to their active forms (63). IL-1β contributes to
the activation of endothelial cells, smooth muscle cells,
and leukocytes implicated in atherosclerotic CV events.
Laboratory and clinical studies suggest that EPA also
influences vascular functions related to atherosclerosis
such as reduced inflammation, improved vasodilata-
tion, reorganization of subcellular caveolae, and
improved nitric oxide synthase activity, and limiting
changes in plaques associated with their propensity to
effect thrombosis (1, 11, 26, 64–67).

A limitation of this research is that it used model
membrane systems reconstituted from phospholipids
with well-defined acyl chain and head group composi-
tion. While these phospholipids and cholesterol are
common in mammalian membranes, they do not
represent the full complexity of such membranes with
respect to head group and acyl chain heterogeneity.
Thus, while permitting rigorous quantitative study,
such results might not extend to humans with CV dis-
ease. That said, in the current study, EPA represented
about 2% of the total membrane mass, which is similar
to levels reported in populations with a diet that in-
cludes oily marine fish (68). Further investigations us-
ing intact and reconstituted biological membrane
preparations from various tissues containing the full
array of phospholipid species are necessary. Finally,
comparative studies with other long-chain FAs linked
to phospholipids of various head groups are warranted.

Despite these limitations, the distinct membrane in-
teractions of esterified EPA may contribute to mecha-
nisms of atheroprotection, including antioxidant
benefits, reduced inflammation, and decreased rates of
plaque progression, as recently reviewed (2). Treatment
of patients with highly purified EPA (IPE) reduced
CV events in REDUCE-IT (15). Furthermore, the



EVAPORATE trial showed by computed tomographic
imaging regression of low-attenuation plaque volume
and plaque composition (including fibrofatty, fibrous,
and total noncalcified) with IPE in statin-treated coro-
nary artery disease patients, in agreement with previous
studies (25, 26). Interestingly, an imaging study of statin-
treated coronary artery disease patients administered
an EPA/DHA ethyl ester mix (3.4 g/d) showed no sig-
nificant benefit in calcified plaque compared with
statin only (27). Together, emerging data from pre-
clinical through clinical outcome studies provide
consistent evidence of multifactorial cardioprotective
benefits with EPA administered as IPE, compared with
other n3-FA formulations.

CONCLUSIONS

We demonstrated marked differences in membrane
structure following the addition of PL-PUFAs that were
highly influenced by their lipid environment, especially
levels of cholesterol and surrounding saturated FA
content. In the presence of both cholesterol and POPC,
PL-EPA preserved membrane structure in a manner
consistent with an extended orientation in the hydro-
carbon core, whereas PL-DHA produced disordering
within the hydrocarbon core concomitant with phos-
pholipid head group interactions. The contrasting ef-
fects of these PL-n3-FAs on membrane structure may
contribute to observed differences in biological activity.
When the PL-n3-FAs were combined, the resulting ef-
fects on membrane structure were distinct and atten-
uated compared with their separate actions, potentially
explaining the contrasting results of recent clinical
trials using EPA versus EPA/DHA mixtures. Finally,
PL-AAmodestly altered the structure of the membrane
hydrocarbon core because of differences in the loca-
tion of its terminal double bond. Further study is
needed to elucidate how these distinct lipid interactions
influence in more complex models and biological
membranes from different tissues. These findings may
provide mechanistic insights into the novel benefits of
EPA in reducing CV risk that was seen in REDUCE-IT
and similar outcome trials.
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68. Dewailly, É., Blanchet, C., Gingras, S., Lemieux, S., and Holub, B. J.
(2003) Fish consumption and blood lipids in three ethinic groups
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