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Dietary supplementation with an omega-3 fatty acid preparation (fish oil) together with pharmacologic
doses of vitamin E increased both insulin binding and membrane fluidity in erythrocytes from human
adult males. Supplementation with fish oil alone induced significant increases in the a- and y-tocopherol
contents of the red blood cell membranes. Forty healthy men were given controlled diets and supplements,
which together provided 40% of energy from fat (polyunsaturated:monosaturated:saturated ratio of 0.8:1:1),
360 mg cholesterollday, and a minimum of 22 mg a-tocopherol (aT)/day for three successive experimental
periods of 10, 10, and 8 weeks, during which they were given capsules containing 15 g of a placebo
oiliday, 15 g fish oil concentrate (FOC)/day, and 15 g fish oil + 200 IU oT (FOC + oT)/day, respectively.
Erythrocyte ghost insulin binding (IB) and 1,6-diphenyl-1,3,5-hexatriene (DPH) fluorescence-determined
fluidity were significantly increased following the FOC + oT period, however FOC alone had no effect.
At the end of each experimental period, IB values, as percentage bound/100 pg ghost protein at 4° C,
were 0.96, 0.91, and 1.35, and DPH steady state fluorescence anisotropies were 0.311, 0.303, and 0.296,
at 4° C, respectively. Small but statistically significant decreases in fluorescence lifetimes further indicated
increased fluidity. FOC supplementation resulted in significantly lower membrane choles-
terol:phospholipid ratios and increased membrane tocopherols despite daily vitamin E consumption of
only 22 mg as in the placebo period. Membrane incorporation of n-3 fatty acids was, however, limited.
Thus, dietary polyunsaturated fatty acids exerted substantial effects on erythrocyte membranes by affecting

membrane contents of lipid molecules other than the fatty acids.
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Introduction

Diets recommended for the general public to prevent
cancer, heart disease, and diabetes involve reducing
total fat and cholesterol and replacing saturated (S)
fat with polyunsaturated (P) fats of both the n-3 and
n-6 types. Implementing these recommendations may
lead to changes in membrane lipid composition, mem-
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brane fluidity, and membrane physiological processes.
Diet-induced modification of erythrocyte phospholipid
fatty acyl composition has been reported for the
rat,'— the rabbit,* and women.’ These changes in red
cell membrane lipids often affect membrane fluidity
by altering the membrane cholesterol:phospholipid
ratio, the degree of unsaturation of membrane phos-
pholipid acyl chains, and the membrane phosphatidyl-
choline:sphingomyelin ratio,®” or by the intercalation
of molecules into the membrane bilayer region. We
have reported diet-induced modification of erythro-
cyte,® platelet,®1! and hepatic and cardiac’? membrane
phospholipids in rabbits. Reports'*-'® are available for
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several species indicating that fish oil feeding induces
replacement of membrane n-6 fatty acids with n-3 fatty
acids in several tissues including heart, aorta, liver,
platelets, erythrocytes, and adipose tissue in pigs, rats,
rabbits, and humans,

The various alterations in membrane fatty acyl com-
position, as well as induced changes in the concentra-
tions of other membrane lipid components, are expected
to impinge on membrane function such as enzyme
catalyzed reactions and receptor activity. We have
shown that diets favoring more fluid red cell mem-
branes result in increased insulin binding and receptor
number.>$1%20 Omega-3 fatty acids improve insulin
sensitivity?! and affect hormones involved in carbohy-
drate and lipid metabolism.?

It is widely believed that administration of polyun-
saturated fatty acids decreases the concentration of
vitamin E in the body?#* as a result of its antioxidant
function.? Fish oils are highly unsaturated and readily
undergo peroxidation.?¢?’ Vitamin E supplementation
is often recommended as a necessary antioxidant when
large amounts of unsaturated fats are consumed.2s28
Vitamin E supplementation may affect membrane flu-
idity through intercalation of tocopherols between the
fatty acyl chains in the hydrocarbon region of the
membrane bilayer, through interactions involving the
chroman ring of the tocopherol molecule, or both.
Tocopherol-induced decreases in fluidity, as measured
by 1,6-diphenyl-1,3,5-hexatriene (DPH) fluorescence
polarization, have been reported for liposomes from
dipalmitoyl phosphatidylcholine and egg yolk phos-
pholipids,? and platelet membrane lipids.3>® We have
reported losses in lipoprotein lipid phase fluidity fol-
lowing vitamin E supplementation in men and
women.*'*?> We have therefore studied the effects of
both fish oil and vitamin E supplementations on red
cell membranes in a group of healthy men. This study
was conducted to examine the effects of fish oil sup-
plementation on red cell membrane composition, flu-
idity, and insulin binding and receptor number in a
healthy adult male population under a protocol in
which the total fat intake remained close to that of the
typical USA dietary intake at 39% of energy. A major
finding reported here is an accumulation of a-toco-
pherol in the red cell membrane when fish oil supple-
ments were provided to the subjects without additional
dietary or supplemental vitamin E.

Materials and methods
Subjects and experimental diets

Male non-smokers between the ages of 24-57 were recruited
from the greater Beltsville, MD, USA area to participate in
the study. Potential subjects were screened to exclude those
with health problems such as metabolic disorders, history of
any organic disease, regular use of prescription medications
or alcohol, and dietary habits that were non-representative
of the general population.

Those who met the initial selection criteria were examined
by a physician from the Georgetown University School of
Medicine after having given informed consent according to

protocols approved by the Institutional Review boards of
the university and the National Cancer Institute, United
States Department of Health and Human Services. The pre-
study medical evaluation included a medical history, hema-
tologic profile, blood chemistry including plasma a-toco-
pherol levels, and a urine analysis. Those with body weights
less than 90% or greater than 120% of the 1983 standards
for desirable weights® of the Metropolitan Life Insurance
Co. were excluded from this study. Similarly, those with
plasma a-tocopherol levels of less than 13.9 umol/L or greater
than 27.86 pmol/L were excluded. Aspirin, aspirin-contain-
ing drugs, and other anti-inflammatory drugs were not per-
mitted during the study. Tylenol (McNeil Consumer Products
Co., Fort Washington, PA, USA) was the only analgesic
approved for occasional use in case of an acute need. From
the initial pool of eligible subjects, forty-one were selected
for participation in the study, and 40 of these subjects com-
pleted the study.

A basal diet was designed from commonly available foods
to be fed in conjunction with 15 g/day of either placebo oil
(PO) or fish oil concentrate (FOC) (ROPUFA-50%, sup-
plied by Hoffmann-La Roche, Inc. Nutley, NJ, USA). The
combination of basal diet and oil supplement provided 40%
of calories from fat. The cholesterol intake was adjusted to
about 130 mg/4184 klI. The nutrient composition of these
diets was calculated using the USDA Lipid Nutrition Lab-
oratory food database, derived mainly from data on food
composition from USDA Handbook 8 and by analysis. The
content of the long-chain (20 carbon atoms or longer) omega-
3 fatty acids was minimized in the basal diet by excluding
fish from the menus, and vitamin E intake was minimized
by excluding highly fortified foods from the diet. No vita-
mins, minerals, other supplements, or alcohol were permit-
ted during the study. A 14-day menu cycle was used to assure
food variety and acceptability. Consumption of coffee, tea,
and water was unrestricted. The meals were prepared in the
Human Study Facility of the Beltsville Human Nutrition
Research Center (BHNRC). Weekday morning and evening
meals were eaten in the BHNRC dining facility, and a carry
out lunch was provided. Meals for Saturdays, Sundays, and
holidays were prepacked and distributed for home consump-
tion. Subjects were initially assigned to an appropriate en-
ergy intake level based on their estimated need for weight
maintenance. Subsequently, body weight was maintained by
adjusting the menu intake in 1.7 kJ increments.

All subjects were placed on the controlled basal diet for
a total of 28 weeks divided into three periods. During period
1, lasting for 10 weeks, the subjects consumed 15 g PO
provided in 1 g soft gelatin capsules fortified with 1 TU of
dl-a-tocopherol/capsule. The subjects were given seven cap-
sules at breakfast and eight capsules at dinner. During period
2, lasting for 10 weeks, the subjects consumed 15 g of FOC
in soft gelatin capsules containing 1 g FOC and 1 IU dl-a-
tocopherol. The PO and FOC capsules were indistinguisha-
ble in appearance. FOC capsules were also provided in two
doses, seven capsules at breakfast and eight at dinner. During
period 3, lasting 8 weeks, the subjects continued on the FOC
capsules, but they were also given a capsule at breakfast
containing 200 IU of dl-a-tocopherol (Hoffmann-La Roche,
Inc.). Total a-tocopherol intake from the diet and the PO
or FOC capsules was a minimum of 22 mg/day.

The PO was a blend of 48% stripped lard, 40% beef
tallow (hormone-free), and 12% corn oil. The omega-3 fatty
acid supplement was a 50% concentrate of refined anchovy
oil (ROPUFA-50%). Subjects were informed of the se-
quence of administration of the capsules. The primary fatty
acid compositions of the two supplements are presented in
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Table 1. Estimated daily nutrient and fatty acid intakes of
the subjects are given in Table 2. These data include both
that which was provided in the controlled basal diet and in
the supplementary capsules.

Blood sampling and erythrocyte membrane
preparation

Morning fasting blood samples were collected at the end of
each experimental period. Potassium EDTA was used as
anticoagulant. After removal from plasma and platelets by
differential centrifugation, the erythrocytes were dispersed
in isotonic phosphate buffer (310 mOsm, pH 7.4) and washed
by repeated centrifugations (20 min 1,000g). Erythrocyte
ghosts were prepared by hypotonic lysis in 20 mOsm phos-
phate buffer (pH 7.4) according to the procedure of Dodge
et al.* Ghosts were washed repeatedly in the 20 mOsm
phosphate buffer to remove hemoglobin and other cyto-
plasmic components. Aliquots were removed for fluidity
measurements and the remainder of the ghost preparations
were stored at —70° C for assay of insulin binding and
chemical analyses.

Fluidity measurements

Fluidity was assessed with freshly prepared membranes as a
function of temperature between 5° C and 35° C by deter-
mining the anisotropy of fluorescence from the probe DPH
using the methods of Shinitzky and Barenholz.> DPH (2
mmol/L in tetrahydrofuran) was diluted (1,000-fold) into the
aqueous membrane suspension, which was then incubated
with agitation at 35-37° C for 2 hours.

Steady-state fluorescence polarization was measured with
an SLM Model 4800 spectrophotofluorometer (SLM-Aminco,
Urbana, IL, USA) equipped with Glan-Thompson prism
polarizers in the T-optical format. Excitation and emission
wavelengths were 366 and 460 nm, respectively. Light scat-
tering errors were minimized by assuring that the anisotro-
pies were concentration-independent. DPH phase and
modulation lifetimes were measured at 10° C and 30° C using
oyster glycogen (Sigma Chemical Co., St. Louis, MO, USA)
as a scattering reference. Lifetimes were measured at two
frequencies by setting the Debye-Sears ultrasonic modulator
at 18 and 30 Mhz, and lifetimes were resolved using Weber’s*
analysis.

Table 1 Fatty acid composition of the fish oil and placebo
supplements

Table 2 Estimated daily intakes by subjects

Nutrient Placebo period  Fish oil periods
Fat (% of energy) 39 39
Carbohydrate (% of energy) 45 45
Protein (% of energy) 16 16
Vitamin E (mg/d, minimum) 22 22
Cholesterol (mg/d)a 360 360
Fatty acid intake (g/d)2
Saturates (total) 33 29
palmitate 20 18
stearate 9 7
Monounsaturates (total) 46 42
oleate 44 39
Polyunsaturates (total) 27 33
18:3(n-3) 2 2
20:5(n-3) 0 5
22:6(n-3) 0 2
18:2(n-6) 25 23

Acid Placebo Fish oil
g/100g supplement
12.0 0.16 0.13
14:.0 2.08 487
16.0 21.81 9.29
16:1 (n—7) 2.43 6.48
18:0 13.28 1.37
18:1(n-9) 36.39 543
18:2(n-6) 13.73 1.86
18:3(n-3) 0.44 1.04
18:4(n-3) — 462
20:1(n-9) 0.44 0.38
20:4(n-6) 0.15 1.41
20:4(n-3) — 1.11
20:5(n-3) — 30.18
22:5(n-3) — 2.51
22:6(n-3) — 13.06
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aAt 11.72 MJ/d, or 2800 kecal/d.

Insulin binding

Erythrocyte membrane insulin receptor was assayed by meas-
uring insulin binding to ghosts (100 pg protein/tube) incu-
bated in 0.5 mL Tris-HEPES buffer”” with 0.1 ng '»I-insulin
(specific activity 81.4 TBq/nmol) and 0-100 wg native porcine
insulin/mL. '*I-insulin was purchased from New England
Nuclear (Boston, MA, USA) and native porcine insulin was
a gift from Eli Lilly & Co (Indianapolis, IN, USA). After
the incubation, 0.2 mL aliquots were layered over 0.2 mL
chilled Tris-HEPES buffer and centrifuged (60 sec 7500g).
The ghost pellet was washed once with 10% sucrose and
radioactivity was determined in a gamma counter (Model
AS5550, Packard Instrument, Downers Grove, IL, USA).
Insulin binding measurements were made at several temper-
atures and correlated with DPH anisotropy measurements
at the same temperatures to correlate insulin binding with
membrane fluidity. For this purpose, ghosts were incubated
at 30° C for 2 hours, 10° C for 4 hours, and 4° C for 24
hours.

Binding data obtained at 4° C were analyzed by Scatchard
plots* and competition-inhibition plots.* The number of
receptors was assessed from the intercept on the abscissa of
the Scatchard plots and the affinity was determined from the
competition-inhibition plots as the amount of native insulin
required to displace 50% of bound tracer.

Chemical analysis

Membrane cholesterol contents were determined enzy-
matically* using cholesterol esterase and cholesterol oxidase.
Chemical methods were used for protein* and phosphorus#
analyses. After protein analysis of the aqueous ghost sus-
pensions, lipids were extracted with CHCL,/CH,OH by an
adaptation® of the method of Sperry and Brand,* and ali-
quots of the extracts were taken for cholesterol and phos-
phorus analyses. Vitamin E analyses were performed with
intact cells and with aliquots of the aqueous membrane
preparations. Tocopherols were separated and quantitated
by HPLC* following ultraviolet absorption at 292 nm.
Fatty acyl compositions of the membrane phospholipid
and neutral lipid fractions were determined by gas chroma-
tography. Phospholipids and neutral lipids were separated



Effects of omega-3 fatty acid and vitamin E supplementation: Berlin et al.

by silicic acid column chromatography with Unisil (Clarkson
Chemical Co, Williamsport, PA, USA) and the fatty acid
compositions of the fractions were determined by capillary
gas chromatography of the corresponding methyl esters pre-
pared by transesterification with methanolic HCl.#* Chro-
matography was performed with a Hewlett-Packard Model
5890A gas chromatograph (Hewlett-Packard, Avondale, PA,
USA). The instrument was equipped with dual flame ioni-
zation detectors, a Model 7673A automatic sampler, and a
Model 3396A integrator. Chromatography was performed
with a Supelco (Bellefonte, PA, USA) SP-2340 fused silica
30 m, 0.25 mm ID capillary column with a 0.20 pm thick
film.

Statistical analysis

Data were subjected to ANOVA and linear regression anal-
ysis for the various measurements. The model included sources
of variation due to diet changes in fatty acids and vitamin
E. Duncan’s multiple range test was used to determine dif-
ferences in model classified composition, anisotropy, and
insulin binding data.

Results

Dietary lipid modifications in this study resulted in
alterations in red cell membranes via limited incor-
porations of n-3 fatty acids and significant changes in
the contents of other membrane lipids, including cho-
lesterol and tocopherols.

Table 3 RBC Membrane Phospholipid Fatty Acyl Composition
(means = SEM)

Table 4 RBC Membrane Neutral Lipid Fatty Acyl Composition
(means = SEM)

Fish oil +
Diet Placebo Fish oit vitamin E
Acid
mole percent

12:0 0.74 = 0.152 0.60 = 0.11a 0.14 + 0.05b
14.0 3.62 = 0.322 3.17 = 0.19a0 253 + 0.20°
15:0 2.65 = 0.63° 165 = 0410 4.84 + 0.50e
16.0 31.04 = 0.62° 33.10 = 0.54a 3052 = 0.27°
16:1(n-7) 0.88 + 0.09° 126 = 0.122 0.70 = 0.07°
18:0 5126 + 0.682 51.02 = 1.102 52.18 + 0.962
18:1(n-9) 2.86 = 0.312 3.33 + 0222 3.43 + 0.212
18:2(n-6) 1.37 = 0.162 0.79 = 0.09° 0.87 = 0.10°
20:0 1.46 + 0.29a 0.75 = 0.07° 0.90 = 0.05b
20:4(n-6) 1.06 + 0.15v 1.09 = 0.050 1.39 + 0.052
20:5(n-3) 0.79 = 0.152 110 + 0.152 0.75 + 0.15a
22.6(n-3) 0.61 = 0.232 012 = 0.03 0.05 = 0.020
24.0 0.33 = 0.092 0.06 = 0.02° 0.37 = 0.092
24:1(n-9) 0.53 = 0.10° 0.82 + 0.072 0.38 = 0.06°
u/s* 0.09 = 0.0082 0.10 = 0.005a 0.08 = 0.0052
P/S 0.04 + 0.004a 0.03 = 0.002a 0.03 = 0.0032
N-61 3.03 + 0.27a 199 + 0.130 231 = 0120
N-3% 1.39 = 0.342 1.22 + 0152 081 = 0.16°

Fish oil +
Diet Placebo Fish oil vitamin E
Acid
mole percent

12:0 0.27 = 0.04a 0.08 = 0.04v 0.11 = 0.03p
14:0 1.82 = 0.09v 1.40 = 0.11¢ 225 + 0.152
15.0 0.55 = 0.060 0.61 = 0.09a0 0.75 = 0.002
16:0 32.47 = 0.68a 27.45 + 0.46¢ 30.39 = 0.350
16:1(n-7) 0.87 = 0.06a 1.04 = 0.082 0.94 + 0.092
18.0 33.50 = 1.42b 36.22 + 0.730 41.30 + 0.702
18:1(n-9) 13.15 = 0.91a 12.71 + 0.44a 958 + 0.31p
18:2(n-6) 7.74 = 0.602 891 + 0402 591 x 029
18:3(n-3) 071 = 0.162 0.53 = 0.05%0 0.27 = 0.02°
20:0 0.86 = 0.10° 1.31 £ 0.142 0.82 = 0.03v
20:3(n-6) 0.63 + 0.052 0.65 = 0.14a 0.51 = 0.042
20:4(n-6) 2.47 + 0.36a 244 + 0.182 230 = 0.102
20:5(n-3) 0.56 + 0.08a 070 = 0.13a 0.62 + 0.072
22:5(n-3) 0.40 = 0.050 0.59 + 0.10% 0.75 = 0.082
22:6(n-3) 0.40 = 0.06b 0.80 = 0.152 1.03 + 0.12a
24:0 2.19 = 0.092 1.61 = 0.10° 154 + 0.11b
24:1(n-9) 1.43 + 0.15b 2.88 + 0.39a 0.48 = 0.02¢
usse 0.42 = 0.03a 0.46 = 0.022 0.30 = 0.01®
P/S 0.19 = 0.022 0.22 = 0.01a 0.15 = 0.01®
N-61 10.85 £ 0.222 12.00 = 0.342 8.72 +x 023°
N-3% 2.07 + 0.862 262 + 267 + 032

0.522

a-cValues for a fatty acid, ratio, or sum with different superscripts
are significantly different (P < 0.05).

*U/S and P/S values were calculated by dividing the total moles of
unsaturated (U) or polyunsaturated (P) fatty acids by the total moles
of saturated (S) fatty acids.

t3Imoles (n-6) fatty acids
13moles (n-3) fatty acids

Mgz + Nz + Naga
Nyg:z + Naos + Naas + Naze

a—cValues for a fatty acid, ratio, or sum with different superscripts
are significantly different (P < 0.05).

*U/S and P/S values were calculated by dividing the total moles of
unsaturated (U) or polyunsaturated (P) fatty acids by the total moles
of saturated (S) fatty acids.

T3moles (n-6) fatty acids
13moles (n-3) fatty acids

nn

Mgz + Nag:z + N2oa
Mig3 + Nag:s + Nazis + Naze

Phospholipid fatty acyl composition data are given
in Table 3 and the neutral lipid fraction fatty acyl
composition data are given in Table 4. Eicosapentae-
noate, 20:5(n-3), levels were not affected in either
fraction, but the 22-carbon, n-3, fatty acids, docosa-
pentaenoate, 22:5, and docosahexaenoate, 22:6, were
significantly increased during the second period, third
period, or both in the phospholipid fraction alone. All
phospholipid 18-carbon unsaturated fatty acids (18:1,
18:2, and 18:3) were significantly reduced by the end
of the third period, i.e., following 18 weeks of FOC
supplementation, while only linoleate was affected in
the neutral lipid fraction. Phospholipid nervonate,
24:1(n-9), was also significantly reduced at that time.
These effects noted at the end of the third period, i.e.,
FOC + aT, are probably in response to the continued
FOC supplementation rather than the vitamin E sup-
plementation. Saturated fatty acid effects probably do
not reflect dietary incorporation as both palmitate and
stearate were provided at reduced intakes during the
fish oil supplementations (Table 2), but membrane
phospholipid palmitate levels were significantly low-
ered and stearate levels were significantly elevated
during the FOC supplementation (Table 3). Omega-3
fatty acid levels in the neutral lipid fraction, which is
actually a minor component in membrane lipids, were
not affected by the diets except for the unexpected
decrease in docosahexaenoate following the FOC
supplementations.
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The most striking membrane lipid effect was the
increase in membrane tocopherols during the supple-
mentations (7Table 5). Both a- and y-tocopherols were
significantly increased during the second period when
the subjects received the fish oil capsules with only 22
mg a-tocopherol/day, the same a-tocopherol intake as
in the first period. Apparently some type of metabolic
control mechanism is operating to modulate the mem-
brane tocopherol levels, which do not reflect the total
cellular tocopherol levels in the erythrocyte. During
the second period, a-tocopherol in packed red cells
was significantly reduced, compared to the placebo
period, which likely relates to its antioxidant activity.
Cellular a-tocopherol was elevated during the third
period, which probably resulted from the increased
daily supplementation with 200 IU vitamin E. Mem-
brane tocopherols also reflected the latter supplemen-
tation, as membrane a-tocopherol was further elevated,
but y-tocopherol was not affected. Concentration of
plasma* a-tocopherol significantly decreased after fish
oil supplementation and significantly increased after
supplementation with vitamin E at the high level of
period 3. Plasma +y-tocopherol (Table 5) was signifi-
cantly increased in the FOC period, as compared with
the placebo period, and significantly decreased during
the FOC + «T period, as compared with the FOC
period. These changes in «- and +y-tocopherols are in
opposite directions as is typical for these tocopherol
forms.

Red cell membrane cholesterol concentrations (7a-
ble 6) were significantly reduced following the changes
in dietary fatty acids (Table 2). The shifts in cholesterol
levels and cholesterol:phospholipid ratios (7able 6)
cannot be attributed to dietary cholesterol, which was
not varied (Table 2).

DPH fluorescence polarization data (Table 7) show
no effects of the dietary treatment on membrane flu-
idity at physiological temperature, 37° C, however at
lower temperatures, 10° C and 4° C, r,, the steady state
fluorescence anisotropy, for DPH was reduced during
the course of the supplementations indicating increased
membrane fluidity. The increase in fluidity was most

Table 5 Plasma and erythrocyte, cellutar and membrane, vitamin
E contents (means + SEM)

Fish oil +

Diet Placebo Fish oil vitamin E

plasma. (wmol/L)
24 + 0.94¢ 20 = 0.7¢ 27 = 0.94b
191 = 012¢ 359 = 0.29v 2.00 = 0.18¢

cell: (nmol/mL packed cells)
489 + 0.15¢ 274 + 0.084 8.09 = 0.40°

membrane: (nmole/g protein)
185 = 33¢ 948 = 169¢ 1948 =
128 = 28°¢ 405 + 95° 449 + 76°

a-tocopherola
y-tocopherol

a-tocopherol

a-tocopherof
vy-tocopherol

ag-Tocopherol data from reference 46.
b-dValues in the same row with different superscripts are significantly
different (P < 0.05).
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Table 6 Erythrocyte Membrane Lipid Analysis (means + SEM)

Fish oil +
Diet Placebo Fish ol vitamin E
Phospholipid (nmole/g protein)
0.33 + 0.01b 0.46 = 0.04a 0.35 = 0.02°

Cholesterol (mmole/g protein)
0.24 = 0.01a 0.16

Cholesterol/phospholipid
0.73 + 0.03s 0.35

1+

0.02° 0.15 + 0.01®

1+

0.01¢ 043

I+

0.03v

a—cValues in the same row with different superscripts are significantly
different (P < 0.05).

significant during the third period, resulting from either
the additional 8 weeks of FOC supplementation or the
addition of 200 IU vitamin E per day. The statistically
significant decrease in DPH fluorescence lifetimes,
measured at 10° C, also indicates an increase in mem-
brane fluidity. The greater freedom of movement al-
lowed to the probe molecule in the more fluid
membrane results in a more rapid loss of energy and
hence a shorter excited state period. The thermotropic
fluorescence polarization data yielded linear Arrhenius
plots on a logarithmic scale of the fluidity parameter,
(ro/r, — 1)1, versus /T, thus indicating monophasic
behavior in the temperature range 4-38° C. We used
the published*” value for the DPH limiting anisotropy
r, = 0.362, determined in propylene glycol at —50°
C. Following the dietary manipulations, steeper slopes
were observed in the Arrhenius plots for the more
fluid membranes, resulting in the greater apparent
fluidity differences at lower temperatures. It is unlikely
that the fluidity changes resulted from the limited fatty
acyl effects, but most likely follow the effects (Table
6) on the molar cholesterol:phospholipid ratios, N,/
n,. Linear regression analysis yielded the statistically
significant (P < 0.0001) relation r, = 0.296 + 0.0125
(Nao/ny) for the anisotropy data at 4° C. Similarly
significant relationships exist for the anisotropy data
at the higher temperatures as well. The low tempera-
ture anisotropy data were also significantly (P < 0.0001)
related to the a-tocopherol content, oT in nmoles/g
protein, according to the equation: r, = 0.304 — 2.1
x 103(aT). The increased membrane fluidity following
the third period is most likely due to the membrane
tocopherol. Comparison of data reveal that phospho-
lipid (Table 3) P/S and Unsaturated/S values after pe-
riod 3 were actually lower than after period 2 and that
cholesterol values (Table 6) were the same for both
periods, whereas a-tocopherol values (Table 5) for
periods 2 and 3 were significantly different.

Insulin binding by erythrocyte membranes (7able §)
was significantly increased during period 3 regardiess
of incubation temperature and appears to be the result
of vitamin E supplementation. Incubation times were
varied at the different temperatures to optimize the
binding measurement at each temperature. Measure-
ments of fluidity and binding were made at 4° C, 10°
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Table 7 Erythrocyte membrane DPH fluorescence data
(means = SEM)

Fish oil +
Diet Placebo Fish oil vitamin E
Temperature ° C
rs, DPH steady state anisotropy
37 0.2122 + 0.00082 0.2114 = 0.00072 0.2100 = 0.00082
30 0.2348 + 0.00082 0.2324 + 0.0008> 0.2303 = 0.00090
10 0.2927 + 0.00082 0.2876 = 0.0010°> 0.2841 = 0.0010¢
4 0.3066 + 0.00082 0.3013 = 0.0009> 0.2978 = 0.0010¢
1, DPH fluorescence lifetime, nsec
30 11.2 + 0.32 11.3 = 082 109 + 0.62
10 123 = 0.72 109 = 0.5 10.5 + 0.3

a—cValues in the same row with different superscripts are significantly
different (P < 0.05).

Table 8 Erythrocyte Membrane Insulin Binding and Related
Parameters (means = SEM)

Fish oil +

Diet Placebo Fish oil vitamin E

% binding/100ng protein

incubated 2 hr at 30° C
0.678 + 0.05° 0.646 + 0.08v 0.881 = 0.062

incubated 4 hr at 10° C
0.538 = 0.040 0.646 + 0.0620 0.747 * 0.062

incubated 24 hr at 4° C
0.965 = 0.06° 0911 = 0.07v 1.350 £ 0.102

Receptor number (fmol/100ung protein)

incubated 24 hr at 4° C
31.3 + 2.5a 26.1 = 3.4a 299 + 252

Receptor affinity (nmol/L.)

incubated 24 hr at 4° C
1.03 £ 0.052

+

+

+

+

0.52 = 0.03p 0.47

I+

0.02p

a-cValues in the same row with different superscripts are significantly
different (P < 0.05).

C, and 30° C to study the correlation between insulin
binding (IB) and fluidity at each of these temperatures.
Linear regression analyses yielded the following set of
equations, with greater statistical significance for the
low temperature data, relating insulin binding and
membrane a-tocopherol: IB = 0.648 + 0.082(aT);
P < 0.02 at 30° C; IB = 0.555 + 0.081(aT); P <
0.007 at 10° C; and IB = 0.930 + 0.136(aT); P <
0.0009 at 4° C.

Scatchard analysis of the insulin binding data at 4°
C showed no significant differences in the numbers of
receptors at the three experimental periods. Analysis
of the binding data by competition-inhibition plots
revealed significantly lower receptor affinities follow-
ing both fish oil feeding periods.

Discussion

Incorporation of dietary n-3 fatty acids into cell mem-
brane phospholipids has been reported in several
human and animal studies. Nelson et al.*® fed a sal-
mon oil diet to men and observed eicosapentaenoate
(EPA) and docosahexaenoate (DHA) incorporation
into platelet, erythrocyte, and plasma fatty acid frac-
tions. The increases in n-3 fatty acids reported for the
erythrocyte were significantly higher than our current
observations despite similar n-3 fatty acid intakes. They
fed 2 g EPA and 3 g DHA daily, and we fed our
subjects 2 g EPA and 5 g DHA daily. Flaten et al.®
observed increases in red-cell EPA and DHA when
they fed 64 human volunteers 14 g fish oil concentrate
daily in place of olive oil. Von Shacky et al.* reported
dietary EPA and DHA incorporation into human
erythrocytes and platelets. Gibney and Boiton-Smith*!
reported n-3 fatty acid incorporation into erythrocyte
phospholipids of eight human volunteers receiving 15
g MaxEPA (Solgar Vitamin Co., Lynbrook, NY, USA)
daily, but they saw no effects on membrane fluidity,
as determined by DPH polarization. Bordoni et al®
observed dietary lipid effects on both n-3 and n-6 fatty
acids and fluidity in red blood cells in the rat. Croset
and Kinsella™ observed fatty acid changes in cardiac
organelles in DHA-fed mice but observed no effects
on membrane enzyme activities or membrane fluidity.
De Schryver et al.** reported fish oil and beef tailow
effects on rat liver membranes, and Bourre et al.>*
observed fish oil fatty acid incorporation into rat brain
and liver. Membrane inclusion of dietary fatty acids is
apparently species and tissue dependent. We have noted
that feeding menhaden oil to rabbits'? resulted in sig-
nificant effects on fatty acyl composition of plasma and
tissue phospholipids, however there were substantial
differences in n-3 fatty acid incorporation into plasma
lipoproteins on the one hand and liver and heart mem-
branes on the other.

Increasing membrane content of n-3 polyunsatur-
ated fatty acids does not necessarily result in more
fluid membranes. Bordoni et al.>? observed fatty acyl
effects on rat red-cell membrane fluidity in contrast
with Croset and Kinsella®* who found no effects on
n-3 fatty acids on fluidity in cardiac organelles in mice.
Neuringer and Connor noted that although retinal
rod outer segment disk membranes are very fluid,
DHA does not specifically enhance fluidity in these
membranes. Phosphatidylcholine vesicles were less fluid
when DHA replaced linoleate or arachidonate. Neu-
ringer and Connor therefore concluded that fluidity
does not depend on the total number of double bonds,
and the additional double bonds in EPA and DHA do
not contribute to fluidity. Sanders? claimed that at-
tempts to show differences in membrane fluidity by
dietary manipulation of the n-3/n-6 fatty acid balance
in membranes have been unsuccessful, but EPA in-
corporation into red blood cells increased whole blood
viscosity and deformability. Cartwright et al.'® inferred
from their data pertaining to red cell membrane phos-
pholipid fatty acid composition, whole blood viscosity,
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and red cell deformability that n-3 fatty acid replace-
ment of n-6 acids altered membrane fluidity in human
subjects fed fish oils. Conroy et al.s® fed olive oil and
fish oil to rats and reported that DPH-determined
fluidity was not affected in intact liver microsomes,
however phosphatidylcholine vesicles were more fluid
when n-3 fatty acyl levels were increased. They con-
cluded that although lipid fluidity/order can be modi-
fied by n-3 levels, alterations in membrane domain
organization, phospholipid species composition, or both
effectively compensate for the changes. The effects of
fish oil and vitamin E supplementation on fluidity
reported here cannot be associated with total fatty acyl
unsaturation or specifically n-3 fatty acids (Tables 3
and 4). Significant linear relationships were noted be-
tween DPH fluorescence anisotropy and the molar
cholesterol:phospholipid ratio, suggesting that the in-
crease in fluidity is related to fish oil-induced hypo-
cholesterolemia. Hypolipidemia induced by fish oil
feeding is usually associated with triacylglycerols, how-
ever the effects on blood cholesterol are still uncer-
tain.*® In the present study® fish oil supplementation
significantly lowered plasma mean triacylglycerols from
1.62 to 1.17 mmol/L, but plasma cholesterol was not
significantly affected. No further change occurred in
plasma triacylglycerol upon the additional supplemen-
tation with 200 mg a-tocopherol/day.

Vitamin E supplementation may induce effects on
membrane fluidity through intercalation of tocopherols
between the fatty acyl chains in the hydrocarbon region
of the membrane bilayer as well as interactions in-
volving the chroman ring of the tocopherol molecule.?
Tocopherol-induced fluidity decreases, as measured by
DPH fluorescence polarization, have been reported
for liposomes from dipalmitoyl phosphatidylcholine,?
egg yolk phospholipids,®' and platelet membrane lip-
ids.30 Srivastava et al.®? studied the relative effects of
a-tocopherol and a-tocopheryl acetate on lipid fluidity
in dipalmitoyl phosphatidylcholine vesicles by mag-
netic resonance techniques. o-Tocopherol became
strongly bound to the phospholipid with a loss in mo-
bility of the tocopherol and the phospholipids. Our
data for the lower temperatures indicate that fluidity
increases as a function of membrane «-tocopherol.
Urano et al.®* demonstrated increased DPH and tri-
methylammonium DPH-determined fluidities when a-
tocopherol is added to phospholipid vesicles, suggest-
ing increased fluidity both deep in the bilayer and near
the surface as well. Aranda et al.2 reported fluores-
cence data for probes in a-tocopherol-containing li-
posomes demonstrating a high “mobility” for a-
tocopherol in fluid regions of the membrane. They
concluded that the a-tocopherol has a particularly high
lateral diffusion coefficient that results in the avail-
ability of a small amount of vitamin E in a membrane
to function adequately as an antioxidant.

The major finding of the present work is the in-
crease in membrane tocopherol induced by fish oil
feeding (Table 5) without supplemental vitamin E.
Intact erythrocyte (Table 5) and plasma* a-tocopher-
ols decreased during the fish oil period and increased
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significantly during the fish oil + vitamin E period,
reflecting the vitamin E supplementation. Shapiro et
al.* reported that supplementation with MaxEPA re-
sulted in elevated plasma a-tocopherol, which they
attributed to the 1.35 mg a-tocopherol in the MaxEPA
capsules. They provided male subjects with 19 g fish
oil and 24 mg o-tocopherol daily and observed in-
creases in plasma a-tocopherol from 15.8 + 3.9 to
19.1 = 2.8 pmol/L. Meydani et al.®s observed no
effects on plasma vitamin E in women after 3 months
of supplementation with 1.6 g EPA and 0.72 g DHA
daily in fish oil capsules with 6 IU vitamin E daily.
Dimitrov et al.® provided 64 human subjects with daily
doses of 440, 880, or 1320 mg a-tocopherol and ob-
served corresponding increases in plasma a-tocopherol
that were enhanced when the subjects consumed a
high-fat diet. Our findings with respect to the ghosts
are probably unrelated to plasma o-tocopherol in-
creases but are more likely related to a specific binding.
It is suggested that there may be a specific vitamin E-
binding protein functioning in the membrane. Appar-
ently some kind of homeostatic mechanism is operating
to insure membrane integrity with the high membrane
polyunsaturated fatty acid (PUFA) content that would
make the membrane subject to peroxidative degrada-
tion. Chautan et al.¢” recently reported a similar effect
in heart, but not liver, membranes of rats fed diets
with n-3 fatty acids. The heart membranes displayed
a four-fold increase in a-tocopherol in response to even
low amounts of dietary fish oil. Indeed, Chautan et
al.¢” speculated on the potential for extrapolating their
results to humans, particularly with respect to home-
ostasis in membranes of vital organs. Clément and
Bourre®® studied vitamin E in developing nervous tis-
sue. They reported a close correlation between o-
tocopherol content and n-6 PUFA content of the sciatic
nerve during development and aging. These reports
are similar to ours in that membrane homeostasis is
operating by increasing the membrane o-tocopherol
content in the presence of PUFA.

The data from this and several other studies in our
laboratory demonstrated variable relationships be-
tween PUFA feeding, insulin receptor binding, and
membrane fluidity. Feeding diets higher in saturated
fats lowered insulin binding to minipig erythrocytes!
and rabbit erythrocyte ghosts.® Insulin binding was
lower in erythrocytes from monkeys fed diets higher
in trans fatty acids® in keeping with the concept that
the trans acids behave like saturated fatty acids because
many of their physical properties are similar. Feeding
premenopausal women high-fat diets resulted in sig-
nificantly higher insulin binding,*® which was directly
related to membrane fluidity.s The rabbit study showed
a similar correlation between insulin binding and flu-
idity, however insulin binding in the monkeys fed the
cis and trans diets was not related to membrane fluidity
as determined by DPH fluorescence polarization.2¢ It
is likely that these differences are related to the sig-
nificance of various membrane domains with respect
to insulin receptor activity. The present study,? as well
as the earlier study with premenopausal women,*
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showed an inverse relationship between insulin binding
and plasma insulin level, which contrasts with some
other reports.”0-"2 [t is apparent from the present work
that the lipid environment of the erythrocyte mem-
brane influences insulin receptor activity, however a-
tocopherol exerted a more significant effect than di-
etary n-3 polyunsaturates on both membrane fluidity
and insulin receptor.
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