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The present
study was designed
to determine
if diet
fat-induced
alteration
in the fatty acid composition
of
the adipocyte
plasma membrane
alters insulin
binding
and the insulin
responsiveness
of glucose metabolism
in control
and diabetic
states. Normal
(control)
and
diabetic
(streptozotocin-induced)
rats were fed high fat
semipurified
diets providing
a high or low polyunsaturated
to saturated
fatty acid (P/S) ratio.
Feeding
a
high P/S diet increased
the polyunsaturated
fatty acid
content
of major membrane
phospholipids
of the adipocyte plasma
membrane
from both normal
and diabetic animals.
The diabetic
state was associated
with
an elevated
content of linoleic
acid and a reduced
level
of arachidonic
acid consistent
with reduced
As-desaturation.
Feeding
the high P/S diet to diabetic
animals
increased
membrane
linoleic
acid content
and prevented the decrease
observed
in the arachidonic
acid
of membrane
phospholipids.
The high P/S diet was
associated
with
increased
insulin
binding
in nondiabetic animals
but did not change the amount of insulin
bound by cells from diabetic
animals.
Significantly
(p
< 0.05) increased
rates of insulin-stimulated
glucose
transport
and lipogenesis
(glucose
incorporation
into
lipids)
were observed
in control
animals
fed the high
as compared
to the low P/S diet. The rates of insulinstimulated
glucose transport,
oxidation,
and lipogenesis were lower
(p c 0.05) for cells from diabetic
as
compared
to control
animals.
However,
feeding
a high
P/S diet significantly
improved
rates for all three of
these functions
(p < 0.05).
It is concluded
that dietinduced
alterations
in membrane
composition
may provide a mechanism
for improving
the cellular
response
to insulin
in cells from diabetic
animals.

Diet fat-induced
alterations in membrane lipid composition
have been shown in several tissues to influence the function
of membrane-associated
proteins (Garg et al., 1988; Clandinin
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et al., 1985). Although
it is well established in both man and
animals that the fatty acid composition
of the diet influences
the composition
of stored and structural
lipids in the adipose
organ (reviewed by Field and Clandinin,
1984), there is limited
information
in the diabetic state concerning the physiological
role of these changes on insulin-stimulated
functions.
Previous work both in uiuo (Ginsberg et al., 1982; Olfesky and
Saekow, 1978; Ip et al., 1976) and in vitro (Gould et al., 1982;
Ginsberg et al,, 1981; Sandra and Fyler, 1981; Pilch et al.,
1980) suggest that both the insulin
receptor and glucose
transporter
can be modulated by specific alterations in plasma
membranes.
However, the use of nonphysiological
levels of
fats or membrane alterations
makes application
to man difficult. Recently we have demonstrated
that feeding high P/S’
diets, compared to low P/S diets, altered the polyunsaturated
fatty acid content of the adipocyte plasma membrane and was
associated with improved insulin binding (Field et al., 1988,
1989).
The diabetic state produces specific alterations
in the fatty
acid profile of several tissues
and membranes
in both man
and the streptozotocin
diabetic rat that have been related to
reduced activities
of insulin-sensitive
hepatic A6- and A’desaturases (van Doormaal et al., 1984; Faas and Carter, 1980;
Worcester et al., 1979). Activities of fatty acid desaturases are
influenced
by both the content and composition
of diet fat
(Garg et al., 1988; Weekes et al., 1986), but the physiological
role of diabetic-induced
membrane changes and the role of
diet in modifying
or attenuating
desaturase activity remains
to be determined.
The present study was designed to extend our earlier finding
of diet fat-induced alterations
in insulin binding to adipocytes
(Field et al., 1988) by demonstrating
that the composition
of
diet fat, when consumed at a level (40% of energy) and
polyunsaturated
to saturated
fatty acid (P/S) ratios at either
end of the physiological
range of dietary fat reported in the
North American population
(Field et al., 1985), can alter in
normal and streptozotocin-induced
diabetic adipocytes:
1)
fatty acyl composition
of plasma membrane phospholipids,
2)
membrane-mediated
processes of insulin binding and glucose
transport,
and 3) intracellular
glucose oxidation
and incorporation into lipid.
MATERIALS

Animals
and Diet-In
the
gue-Dawley
rats (49.2 -+ 1.4
groups and fed semipurified
(% w/w):
27% high protein

AND

METHODS

first experiment
40 weanling
male Sprag) were randomly
assigned
to two diet
nutritionally
complete
diets containing
casein, 38% carbohydrates
(cornstarch),

1 The abbreviations
used are: P/S, polyunsaturated
fatty acid ratio; HEPES,
4-(2.bydroryethyl)-l-piperazineethanesulfonic acid.
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20% fat, 1% vitamin
mixture
(Association
of Analytical
Chemists),
5% mineral
mixture
(Bernhart-Tomerelli),
0.3% choline,
0.6% inositol, 0.3% methionine,
and 8% non-nutritive
cellulose.
The complete
nutrient
composition
of the diet has been reported
in detail earlier
(Field et al., 1988). The diets differed
only in the composition
of fat
providing
P/S ratios of 0.2 (low P/S) or 2.0 (high P/S) (Table
I).
Both diets were supplemented
with w-3 fattv acid (1% (w/w) of diet
fat) and by analysiswere
cholesterol-free.
After feeding the diets for
21 days, half the animals
in each diet group were made diabetic
by
an intravenous
penile injection
of streptozotocin
(40 mg/kg
body
weight)
in an acetate buffer (pH 4.5) and half received
acetate buffer
alone. Only animals
with non-fasting
blood glucose
levels greater
than 200 g/d1 were considered
diabetic.
The diets were fed for an
additional
21 days, after which
for 10 consecutive
days an animal
from each treatment
group was killed by decapitation
and serum was
collected
for glucose and insulin
determinations.
Serum glucose was
determined
using a glucose analyzer
(Glucose
Analyzer
2, Beckman
Instruments
Inc., Fullerton,
CA) and insulin by radioimmune
assay
(Insulin
RIA 100 Kit, Pharmacia
Co., Uppsala,
Sweden) against a rat
insulin
standard.
Epididymal
fat pads were collected
andadipocytes
isolated
bv the method
of Rodbell
(1964).
using a modified
KrebsRinger solution
(pH 7.4) buffered
with HEPES
(Whitesell
and Abumrad, 1985) containing
2% (w/v)
bovine serum albumin
(Fraction
V,
Sigma) and 2 mM pyruvate.
This buffer was used for all subsequent
assays. The adipocytes
from animals
in this experiment
were used to
determine
plasma membrane
composition,
insulin
binding,
and glucose transport.
A second experiment
was performed
to determine
the effects
of
diet fat on intracellular
glucose metabolism.
The protocol
was identical to the first
experiment
with the following
changes:
40 male
Sprague-Dawley
rats, 4 weeks of age (140 + 10 g) were fed high fat
diets providing
P/S ratios of 0.3 (low P/S) or 1.0 (high P/S) (Table
I): diabetes
was induced
in half the animals
in each diet group after
14 days of diet treatment
and feeding continued
for an additional
14
days.
Insulin
Binding-Freshly
isolated
epididymal
adipocytes
were incubated
for 45 min at 24 “C (pH 7.4) with “‘I-porcine
insulin
(specific
activity
89 &i/pg),
as described
by Olefsky
and Reaven
(1975) in a
total volume of 1 ml with approximately
6.0 X lo4 cells, as previously
described
(Field et al., 1988). A steadv state for insulin
binding
was
attained
after 25 min.. Binding
was corrected
for nonspecific
binding
(20 fig/ml insulin)
which was 6-15% of total binding
and did not vary
with diet treatment
or disease
state. Insulin
degradation
was not
measured.
Glucose Transport-The
glucose transport
activity
of fat cells was
assessed from the initial uptake of 3-0-[methyl-i4C]glucose
(Du PontNew England
Nuclear)
by a modification
of the method
described
by
Whitesell
and Abumrad
(1985). The method
involved
adding 50 ~1 of
cells (7.5 X lo5 cells) to 10 jJ of insulin
in varying
concentrations
TABLE
I
Major fatty acid composition
of diets fed
Abbreviations
used: Zsats, sum of saturated
fatty acids; Zmonounsats, sum of monounsaturated
fatty acids; Zpolyunsats,
sum of polyunsaturated
fatty acids; Z(w-6),
sum of w-6 unsaturated
fatty acids;
Z(w-3),
sum of w-3 unsaturated
fatty acids; P/S, polyunsaturated
to
saturated
fattv acid ratio.
Diet
Fatty acid

Experiment
High P/S

c14:o
Cl&O
Cl61
Cl&O
C18:l
C18:2(6)
Cl8:3(6)
C18:3(3)
ZSats
ZMonounsats
ZPolyunsats
Z:(w-6)
Z(w-3)
P/S ratio

0.8
11.0
0.2
16.1
11.0
58.7
0.1
0.8
28.2
12.0
59.9
58.9
1.0
2.1

1
Low P/S

Experiment

High P/S
total
fatty acids
9x3(w/w) of
2.5
1.3
23.6
16.1
0.5
0.2
53.6
27.5
4.2
8.0
12.3
43.8
0.3
0.2
1.1
0.9
81.1
45.7
5.0
8.3
14.0
45.0
12.7
44.0
1.3
1.1
0.2
1.0

2
Low P/S
2.7
22.0
0.3
47.1
4.2
18.2
0.3
0.9
74.7
4.6
19.5
18.5
1.0
0.3
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followed
by incubation
for 30 min at 37 “C. 3-0-[methyl-‘“C]Glucose
(specific
activity
11 mCi/mmol)
was added to each tube to achieve a
final glucose concentration
of 0.5 mM. The reaction
was stopped after
5 s for insulin-stimulated
or 20 s for basal rates (no insulin).
Transport was stopped
by adding
300 ~1 of cold phloretin
(0.3 mM in
albumin-free
Krebs-Ringer/Hepes
buffer;
Sigma) and cells separated
by centrifugation
through
silicon oil. The tubes were cut through
the
oil and the cell pellet counted
in 5 ml of Aquasol
(Du Pont-New
England
Nuclear)
using a Beckman
LS 5801 scintillation
counter
at
a counting
efficiency
of approximately
97%. All samples
were assayed
in triplicate
and corrected
for the amount
of trapped
buffer
determined by adding the methylglucose
to cells suspended
in 300 ~1 of
phloretin.
To minimize
diffusion
of trapped
glucose, the time between
stopping
the reaction
and separating
cells was less than
3 min.
Glucose
transport
was measured
in half the animals
in each group
over a range of insulin
concentrations
(O-1000
rig/ml)
at 0.5 mM
glucose.
Glucose Metabolism-The
ability
of adipocytes
to metabolize
glucose was determined
by a modification
of the method
of Rodbell
(1964). Freshly
isolated
cells (200 ~1, approximately
1.0 X 10’ cells)
were incubated
in 1 ml of siliconized
vaccutainers.
To each tube D[U-i4C]glucose
(1 mM, specific
activity
100 &i/mmol,
Du Pont-New
England
Nuclear)
was added, and a 500-~1 polypropylene
microcentrifuge
tube suspended
inside before capping
the vaccutainer
with a
rubber
stopper.-Tubes
were incubated
for 96 min in a slow shaking
water bath. To trap “COz,
methylbenzethonium
hydroxide
(200 rl;
Sigma)
was added to each microcentrifuge
tube and the reaction
stopped
by injecting
the cell suspension
with 250 ~1 of 2 N sulfuric
acid. To ensure total i4C02 collection,
incubation
for an additional
90
min was performed
before microcentrifuge
tubes were removed
and
placed in Aquasol
containing
1% (v/v) acetic acid. For determination
of i4C incorporation
into lipids, the cell suspensions
were extracted
using the Dole and Meinertz
(1956) procedure
and the hexane layer
containing
lipid dried and counted
in Aquasol.
Cell Counting-Glucose
transport,
oxidation,
and incorporation
into lipid and insulin
binding
were calculated
on a per cell basis and
expressed
per 2.0 x lo5 cells. Cell number
was determined
after 24 h
fixation
at 36 “C in 1% osmium
tetroxide
in 0.05 M collidine
(in
saline) as described
bv Hirsch
and Gallian
(1968) usine a Coulter
ZM
Counter
and a 400~;rn
aperture
(Coulter
Electronics,
Vancouver,
British
Columbia,
Canada).
Plasma
Membrane
Isolation
and Analysis-Plasma
membranes
were prepared
from adipocytes
according
to the method
of Lewis et
al. (1979), modified
to enable isolation
of plasma
membranes
from
small samples
of material
in 2 ml using a Beckman
TL-100
ultracentrifuge
(Beckman
Instruments
Ltd.), as previously
described
(Field
et al., 1988). The modification
included
loading
the second
pellet
resusuended
in 200 ul of buffer (0.25 M sucrose,
1 mM EDTA,
10 mM
Tris-HCl)
at pH 7.4 on a 1600-~1 linear gradient
containing
32-52%
(w/v) sucrose in 1 mM EDTA
and 10 mM Tris-HCl
(DH 7.4) followed
by’centrifugation
at 45,000 rpm (205,780
x g at r.,,) in a .Beckman
TLS-55
rotor for 30 min at 4 “C. The white band near the top of the
gradient
containing
the plasma membrane
fraction
was collected
and
diluted
to a volume
of 1 ml in 10 mM Tris-HCl,
1 mM EDTA
(pH
7.4) and centrifuged
at 29,000 rpm (30,000 x g at ravg) for 30 min at
4 “C in a Beckman
TL-100
rotor. The plasma
membrane
pellet was
collected,
resuspended
in 400 ~1 of 10 GM Tris-HCl
buffer- (pH 7.4),
and stored at -70 “C for analvsis
of lipid composition.
Purity
of this
plasma membrane
fraction
was assessed by assaying
5’-nucleotidase
(Goldtine
et al., 1977) and succinate
dehydrogenase
(Kun and Abood,
1949). The specific
activity
of 5’-nucleotidase
was highest
in the
plasma
membrane
fraction
(6.46 + 0.04 pmol of phosphorus
hydrolyzed per mg of protein/h)
representing
greater
than b-fold enrichment from the cell homogenate.
Succinate
dehydrogenase
activity
was low in the plasma
membrane
(1.47 + 0.123 rmol of paraiodonitrozolium
violet reduced
per mg of protein/h)
representing
less than
11% of the activity
found in the mitochondrial
fraction.
The purity
of the plasma membrane
fraction
was comparable
to previous
reports
(Lewis et al., 1979) and did not differ with diet treatment
or diabetes.
Lipids
were extracted
from plasma
membranes
by a modified
Folch
procedure
described
earlier
(Field et al., 1988). Individual
phospholipids
were separated
in a one-dimensional
solvent
system
using
Whatman
HP-K
thin layer chromatography
plates
(10 X 10 cm)
(Touchstone
et al., 1980). Phospholipid
fatty acid methyl
esters were
prepared
using
14% (w/v)
BF3/methanol
reagent
(Morrison
and
Smith, 1964) and separated
by automated
gas-liquid
chromatography
(Vista
6010 GLC and Vista 402 data system;
Varian
Instruments,
Georgetown,
Ontario,
Canada).
Chromatography
was performed
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using a fused silica BP20 capillary
column
(25 m X 0.25 mm inner
diameter;
Varian,
Georgetown,
Ontario)
under conditions
described
in detail earlier
(Field et al., 1988).
Statistical
Analysis-Rates
for glucose transport
and total insulin
bound were compared
between
treatments
by least-squared
analysis
of variance
procedures
for unbalanced
data with
insulin/glucose
concentrations
as repeated
measures
variables
(Harvey,
1975). The
effect of diet treatment
and disease state on body weight, serum levels
of glucose and insulin,
and membrane
phospholipid
fatty acid composition
were compared
by analysis
of variance
procedures
followed
by a Duncan’s
multiple
range test used to discriminate
significant
differences
between
individual
treatments
(Steele and Torrie,
1980).
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RESULTS
Animal

Weights, Serum

Insulin,

and Glucose

In both experiments
serum glucose levels were significantly
higher and serum insulin levels lower in diabetic animals
(Table II). Although
in the first experiment
serum insulin
levels did not differ between diabetic groups, serum insulin
levels were higher in control animals fed the high P/S diet
compared to control animals fed the low P/S diet. In the first
experiment,
animals fed the high P/S diet (P/S = 2.0) gained
significantly
more weight than animals fed the low P/S diet.
The diet effect on body weight, however, was not seen in the
second experiment where older animals were fed the diets for
2 weeks instead of 3 weeks in which both groups of diabetic
animals weighed less than control animals.
Insulin

Binding

When analyzed across the eight insulin
concentrations,
adipocytes from control animals fed the high P/S diet bound
significantly
(p < 0.05) more insulin than cells from control
animals fed the low P/S diet (Fig. 1). Diet did not influence
insulin binding to cells from diabetic animals, when analyzed
over the eight insulin levels. At all insulin concentrations
less
than 1000 rig/ml the amount of insulin bound by cells from
both diabetic groups did not differ from control animals fed
the high P/S diet but were significantly
greater than control
animals fed the low P/S diet. However, at the 1000 rig/ml
insulin concentrations,
cells from diabetic animals fed the low
P/S diet bound less insulin than either control group. Despite
the use of high insulin concentrations,
saturation
of insulin
binding did not occur.
Glucose Transport
Insulin-stimulated
glucose transport
at 0.5 mM glucose by
cells from diabetic animals was significantly
lower than for
cells from control animals (p < 0.001; Fig. 2). For control
animals at all insulin concentrations
tested, adipocytes from
TABLE

Animal body weights and serum
Values
superscript

are group means
are significantly
Diet

Group

Experiment
Control

1

Diabetic
Experiment
Control
Diabetic

2

+ SE.
different
n

II

glucose and insulin
Treatments
without
(p < 0.05).

g
P/S = 2.0
P/S = 0.2
P/S = 2.0
P/S = 0.2

9 437 * 8”
10 357 + 6*
10
10

P/S
P/S
P/S
P/S

10
10
10
10

=
=
=
=

1.0
0.3
1.0
0.3

Glucose

a common

Insulin

microunitslml

mgldl

367 f 15’
316 + 4’

138
126
381
284

+ 17”
+ 2”
f

61b

387 + 10”
364 + 9”
301+
12b
288 f 6’

141
133
514
501

3”
3”
33*
36b

Insulin

-+ 50’

77
52
45
43

*
+
f
f

3”
2b
5’
6’

+
+
+
+

61
55
28
23

f
+
+
+

9”
7”
4b
3*

1
1000

100

(rig/ml)

specific
bound
insulin
at 24 “C to adipocytes.
Total specific
insulin
bound at each insulin
concentration
are group
means f S. E. for 10 control animals fed the high P/S diet (0); 9
control
animals
fed the low P/S diet (0); 8 diabetic
animals
fed the
high P/S diet (M); and 8 diabetic
animals
fed the low P/S diet (Cl).
The level of significance is indicated (***, p < 0.001). At 1000 rig/ml
FIG.

1. Total

insulin values without a common superscript are significantly
ent (p < 0.05).

differ-

animals fed the high P/S diet transported
significantly
more
glucose than animals fed the low P/S diet (p < 0.01). At
insulin concentrations
less than 25 rig/ml, diet did not affect
the rate of glucose transport by diabetic animals. However, at
the two higher insulin concentrations
(100 and 1000 rig/ml),
glucose transport was improved in cells from animals fed the
high P/S diet (p < 0.05). Both the diet effect and lower rate
of transport by cells from diabetic animals was also observed
at in vitro glucose concentrations
of 0.2, 1.0, 1.5, and 2.0 mM
glucose (data not shown). The change in insulin-stimulated
glucose transport,
expressed as a percent of the amount of
glucose transported
at an insulin concentration
of 25 rig/ml
for each group (inset to Fig. 2), clearly illustrates
that for
animals fed the high P/S diet the relative increase in glucose
transport
at the higher insulin concentrations
measured is
greater than for animals fed the low P/S diet.
Relationship

levels

Final serum

Final

body weight

50

between Insulin

Binding

and Glucose Transport

Assuming that temperature
does not effect insulin binding
or glucose transport differently
for the four groups, Fig. 3 was
calculated using data from mean insulin binding at 24 “C and
mean glucose transport
at 36 “C for each of the four experimental groups. The mean amount of glucose transported
per
insulin bound is reduced in diabetic animals (Fig. 3). Diet fat
appears to influence this relationship
as mean glucose transport reached a maximum
at approximately
0.35-0.50 ng insulin hound/2.0
x lo5 cells for both control and diabetic
animals fed the low P/S diet, but for animals fed the high P/
S diet, glucose transport
continued
to increase with insulin
binding. Diet, through change in membrane composition,
may
influence
binding and transport
independently.
In control
animals, insulin binding and glucose transport were increased
in the same direction
with the high P/S diet. In diabetic
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1.2 ‘r
f
FIG. 2. Insulin-stimulated
glucose
transport.
The
amount
of glucose
transportedat
0.5 mM glucose for control
animals
fed the high P/S diet (0); control animals
fed the low P/S diet (0);
diabetic
animals
fed the high P/S diet
(B); diabetic
animals
fed the low P/S
diet (0). Values are group means + S. E.
(n = 5/group).
The level of significance
is indicated:
*, p < 0.05; **, p < 0.01; ***,
p < 0.001. Statistics
were conducted
across the lower insulin
concentrations
(O-25 rig/ml)
and the higher insulin
concentrations
(100,
1000
rig/ml).
The
change
in insulin-stimulated
glucose
transport
expressed
as a percent
of the
amount
of glucose transported
at 25 ng/
ml (100)
for each treatment.
Values
without
a common
superscript
are significantly
different
(p < 0.05).
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FIG. 3. The relationship
between
insulin
bound
and glucose
transported.
This figure was indirectly
compiled
and values
illustrated are group means calculated
from the data illustrated
in Fig. 1
(amount
of insulin
bound
at each insulin
concentration)
and the
amount
of glucose
transported
at each insulin
concentration
for
control
animals
fed the high P/S diet (m); control
animals
fed the
low P/S diet (0); diabetic
animals
fed the high P/S diet (B); diabetic
animals
fed the low P/S diet (0).

Adipocytes
from control
animals
oxidized
significantly
more glucose than cells from diabetic animals (Fig. 4A). Rates
were maximum by 25 rig/ml insulin and did not differ from
those at 100 and 1000 rig/ml (data not illustrated).
However,
feeding the high P/S diet to diabetic animals significantly
improved the rate of glucose oxidation
at both submaximal
and maximal levels. It did not affect oxidation
rates in the
nondiabetic
animals. Feeding a high P/S diet, compared to a
low P/S diet, significantly
improved the rate of glucose incorporation into lipid by adipocytes from both control and diabetic animals (Fig. 4B). The rate of glucose incorporation
into
lipid by adipocytes from diabetic animals fed the high P/S
diet did not differ significantly
from the rate by control
animals fed the low P/S diet. The basal rates (0 rig/ml insulin)
of glucose oxidation
and incorporation
into
lipids did not
differ significantly
with the two diets for either control or
diabetic animals. Basal rates of glucose incorporation
into
lipids for both diets and glucose oxidation for animals fed the
low P/S diet were significantly
(p c 0.05) lower for diabetic
than control cells.
Effect of Diet and the Diabetic State on the Fatty Acyl
Composition of Adipocyte Membrane Phosphotipids
Diet and the diabetic state significantly
altered the fatty
acyl composition
of the major
membrane
phospholipids
of the
adipocyte plasma membrane. Fatty acyl composition
of phosphatidylcholine,
phosphatidylethanolamine,
and phosphatidylinositol
is illustrated
(Tables III-V).
Phosphatidylcholine-In
both diabetic
and nondiabetic
states,
feeding a high P/S diet increased the polyunsaturated
fatty acid (total polyunsaturated
and total o-6 fatty acid, P/
S ratio, and C18:2(6)) content while decreasing the monoun-
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rated, total w-6, C18:2(6) and P/S ratio) in phosphatidylcholine. The increase in polyunsaturated
fatty acid (C18:2(6) and
P/S ratio) associated with the diabetic state, as compared to
control animals, was greater in diabetic animals fed the high
P/S diet and decrease in monounsaturated
fatty acid (C16:l
and Cl&l)
was greater for diabetic animals fed the low P/S
diet.
Phosphatidylethanolamine-Feeding
the high P/S diet significantly
increased the polyunsaturated
fatty acid (total polyunsaturated,
total o-6 and C18:2(6)) and decreased the monounsaturated
fatty acid (total monounsaturated,
C16:l and
C18:l) content in both normal and diabetic states (Table IV).
Although
total saturated fatty acid content was not affected
by diet, feeding the high P/S diet was associated with a
significant
decrease in C16:O and increase in C18:O content.
In diabetic animals a significantly
higher level of C18:2(6)
was associated with feeding the high P/S diet.
Phosphatidylinositol-Feeding
a high P/S diet significantly
increased the C18:2(6) content in both control and diabetic
animals (Table V). Feeding the higher P/S diet decreased the
total monounsaturated
fatty acid content in control animals.
The diabetic state was associated with lower polyunsaturated
fatty acid content (total polyunsaturated
fatty acids, total w6, C20:4(6) and P/S ratio), and higher levels of Cl&O, C16:1,
and total saturated fatty acids. The magnitude of increase in
total saturated and decrease in polyunsaturated
fatty acids,
as compared to control
animals, was greater for diabetic
animals fed the low P/S diet.

saturated
fatty acid content
(total monounsaturated
and
C18:l) (Table III). Although
the total saturated fatty acid
content was not altered by the two diet treatments,
feeding
the high P/S diet was associated with a higher content of
Cl&O and lower content of C16:O in membrane phospholipid.
The diabetic state was associated with a significantly
lower
level of monounsaturated
fatty acid (C16:l and Cl&l)
and
higher levels of polyunsaturated
fatty acid (total polyunsatu-
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Feeding a high P/S diet to control animals improved insulin
binding to adipocytes (Fig. 1). When analyzed over all insulin
concentrations
measured, diet fat composition
did not significantly affect the amount of insulin bound by cells from
diabetic animals. The enhanced insulin binding to adipocytes
from diabetic animals, as compared to control animals fed the
low P/S diet, is consistent with other reports that, despite
clear insulin resistance, insulin binding to adipocytes from
the streptozotocin
rat compared
to the nondiabetic
rat is
increased (Schoenle et al., 1977). Improved binding by feeding
a high P/S diet is consistent with the outcome of in vitro lipid
manipulation
studies (Gould et al., 1982; Ginsberg et al., 1981).

‘-20

FIG. 4. Insulin-stimulated
glucose metabolism.
ported are group means + S. E. (n = lo/group): 0, control
0, control P/S = 0.3; n , diabetic P/S = 1.0; Cl, diabetic
Groups were compared by analysis of variance calculated
insulin concentrations measured (*, p c 0.05; **, p < 0.01).
oxidation; B, glucose incorporation into lipids.

Values reP/S = 1.0;
P/S = 0.3.
over the 7
A, glucose

TABLE III
Effect

of diet and

the diabetic

state

on the fatty

acyl composition

of phosphatidylcholine

Values are means +- S. E.; only major fatty acids are reported. See Table I for abbreviations.
common superscript are significantly different.
Fatty

acid composition

Significant

Control
P/S = 2.0
(n = 9)
C16:O
C16:l
cm0
C18:l
C18:2(6)
C20:4(6)

Bats
ZMonounsats
ZPolyunsats
Z(w-6)
Z(w-3)

14.6
1.1
34.0
6.7
25.3
13.7
49.9
8.8

+
zk
+
+
+
+
f
k

0.5”
0.2”
0.5
0.5”
0.9”
0.5
0.8
0.8

41.1 f 0.7oJ

40.1 k 0.8”
0.94 + 0.6
0.83 + 0.02”

Diabetic
P/S = 0.2
(n = 9)

% (w/w)

17.0
1.9
29.8
12.1
21.1
12.1
49.0
14.4
35.3
34.0
1.26
0.72

+
-+
f
f
+
f
+
f
+
+
+
+

0.5*
0.2*
0.8
0.6*
0.9*
0.8
0.5
1.5
0.8’
0.9*
0.2
O.lb

Values without a

P/S = 0.2

P/S = 2.0
(n = 10)
13.1
0.9
33.4
6.2
29.0
12.2
48.2
8.3
43.2
42.3
0.93
0.90

f 0.4’
2 0.1”
f 0.7
f 0.4”
f 1.1’
f 0.7
-c 0.3
f 0.6
-c 0.6”
f 0.7’
f 0.2
f 0.01’

effect

Diet

Disease

*

***
**

(n = 10)
% b/w)

16.0
1.6
30.6
10.3
24.7
11.6
48.5
13.5
38.4
37.3
1.14
0.79

P/S ratio
Significant effects by two-way analysis of variance procedures: * p < 0.05;
significant interactions were found.

f
f
f
+
+
+
f
+f
+
+
-+

0.5”~b
0.1’
0.8
0.3’
0.5’
0.4
0.5
0.5
0.5’
o.5d
0.1
o.02b

** p < 0.01;

***p

***
*
***

***
***

***
***
***

***
**

***

**

< 0.001.
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IV

Effect of diet and the diabetic state on the fatty acyl composition
ofphosphutidylethurwlamine
Values are means + S. E.; only major fatty acids are reported.
See Table I for abbreviations.
common
superscript
are significantly
different
(p < 0.05).

Values

Fatty acid composition

Significant

Control
P/S = 2.0
(n = IO)
Cl&O
C16:l
C18:O
C18:l
C18:2(6)

9.2
1.9
29.4
11.0
18.6

f
+
+
f
+

0.7
0.3
0.9
0.2
1.0”

C20:4(6)
Bats
ZMonounsats
ZPolyunsats
Z(w-6)

21.7
41.0
13.6
46.1
43.9

+
f
f
f
+

0.7
0.8
0.4
1.0
1.2

Z(w-3)
P/S ratio

2.19 f 0.2
1.15 + 0.04

Significant
effects
significant
interactions

P/S = 2.0
(n = 10)

(n = 7)

11.6
2.6
25.3
14.7
14.3

f
+
+
+
t

0.9
0.4
0.8
1.3
o.7b

9.3
2.1
29.9
10.6
22.0

+
f
f
+
-c

1.1
0.3
0.6
0.2
1.5’

23.7
39.5
18.1
42.3
39.7

+
+
k
f
+

1.7
1.4
1.1
1.7
1.7

19.4
41.4
12.8
46.0
44.6

+
+
f
f
f

0.8
0.8
0.5
1.2
1.2

2.69 + 0.2
1.09 + 0.08

of diet and disease
were found.

by two-way

Values
common

P/S = 0.2
(n = 10)
% w/w

1.27 + 0.3
1.12 + 0.05
analysis

TABLE

Effect
are means
superscript

of variance

Diet

Disease

*

11.8
2.6
25.3
13.7
15.6

+
+
f
f
+

0.6
0.2
0.7
0.8
0.8b

**
**
**
**
**

21.9
40.2
17.9
41.8
39.5

*
+
+
+
f

1.0
0.8
1.0
1.3
1.3

**
**
**

procedures:

* p < 0.05;

** p < 0.01.

of phosphatidylinositol
I for abbreviations.

Values

without

Fatty acid composition

Cl&O
C16:l
c18:o
C18:l
C18:2(6)
C20:4(6)
Bats
ZMonounsats
ZPolyunsats
Z(w-6)
Z(w-3)
P/S ratio

41.1
5.6
5.4
27.7
54.9
7.3
36.8
35.0
2.31
0.67

Significant
were found.

effects

++
+
+
+
+
f
f
f
f

1.9
0.4
0.4
1.3”
0.8”
0.6”
1.4”,’
1.3
0.2
0.03”,*

by two-way

analysis

No

V

Significant

Control
= 2.0
= 9)
1.1
0.2”

effect

2.32 f 0.2
1.04 + 0.05

of diet and the diabetic state on the fatty acyl composition
f S. E.; only major fatty acids are reported.
See Table
are significantly
different
(p < 0.05).

P/S
(n
10.3 f
0.9 f

a

Diabetic
P/S = 0.2

% w/w

without

a
effect

Diabetic
P/S = 0.2
(n = 6)
11.2 + 1.3
1.4 + 0.3”sb

P/S = 2.0

P/S = 0.2

(n = 10)
13.3 + 1.4
1.8 + 0.3*

(n=t3)
15.2 + 1.8
1.6 f 0.3”,*

38.5
5.8
3.7
28.7
52.8
9.1
38.3
35.4
2.88
0.73

42.7
6.7
5.5
22.2
56.7
10.2
33.3
30.8
2.46
0.59

40.3
6.4
4.6
20.7
58.7
10.4
30.6
28.6
2.08
0.53

f
f
It
-t
f
+
f
f
+
*

1.6
0.7
0.3
2.3”
l.l*
o.gb
1.7”
2.0
0.7
0.04”

of variance

procedures:

It is well documented
(Karnieli
et al., 1981; Schoenle et al.,
1977) that adipocytes
from diabetic animals
demonstrate
lower rates of glucose transport
(Fig. Z), oxidation
(Fig. 4A),
and incorporation
into lipids (Fig. 4B). Feeding a high P/S
diet to diabetic animals significantly
improved all three insulin-stimulated
functions. Moreover, feeding a high P/S diet
to diabetic animals improved the rate of lipid synthesis from
glucose to a level that was not significantly
different
from
nondiabetic
animals fed the low P/S diet. Similarly
in nondiabetic animals, the rate of glucose transport
and incorporation into lipid was significantly
increased in cells from
control animals fed the high P/S diet. The magnitude of the
diet effect on glucose transport
increased with increase in
insulin (Fig. 2) and glucose (data not shown) concentrations.
As glucose transport was also influenced by diet P/S and the
diabetic state, alterations
in oxidation and lipogenesis cannot
be solely attributed
to post-membrane
effects on insulin action. Improvement
in adipocyte insulin-mediated
action by
feeding a high P/S diet to nondiabetic
animals is consistent
with previous reports where very high polyunsaturated
fats

+
+
+
f
+
f
-+
++
+

2.8
0.8
0.4
1.3*
LO”,’
1.3”**
0.8”’
1.1
0.3
0.02b

* p < 0.05; **

p<

f
iz
+
+
f
+
f
f
+
f

1.3
0.7
0.7
2.6*
1.6”
l.O”sb
2.1’
2.3
0.2
o.05b~c

0.01. No significant

Diet

Disease
*
*

**
*

**
**
**
**
**

interactions

with P/S ratios that are difficult to attain in the human diet
were fed (Awad, 1981; Nelson et aZ., 1987; Ginsberg et al.,
1982; van Amelsvoort
et al., 1983). Dose-response
curves for
transport stimulation
indicate a high EC, for insulin relative
to other transport studies. It is likely that the higher glucose
concentration
used in the present study in combination
with
the 2 mM pyruvate provided as an energy substrate may be
responsible for this observation. It is noteworthy that a recent
report (Endemann
et al., 1990) defining phosphatidylinositol
kinase and insulin
receptor kinase dependence
on insulin
concentration
indicate that receptor autophosphorylation
plateaus at an insulin concentration
some 2-3-fold higher than
the maximum
insulin concentration
utilized in the present
study. Thus it appears that the dose-response
to insulin
observed here may be somewhat analogous to the range of
insulin concentration
found effective for maximal
receptor
autophosphorylation.
Diet fat composition
has been clearly demonstrated
in a
number of studies to be a major determinant
of adipose tissue
stored and structural lipid (Field and Clandinin,
1984, Field

Diet Fat Alters Adipocyte Membrane
et al., 1985). In the present study feeding the high P/S diet
significantly
increased the polyunsaturated
fatty acid content
(in particular
the levels of (X8:2(6))
and reduced the total
monounsaturated
fatty acid content
of adipocyte
plasma
membrane phospholipids
from both diabetic and control animals. The total saturated fatty acid content appeared unaltered by diet treatment.
However, feeding the high P/S diet
was associated with higher levels of Cl&O and lower levels of
C16:O. Although
generalizations
can be made as to the effect
of dietary fats on membrane composition,
it is apparent that
the influence of diet fat is specific for each of the phospholipid
fractions measured and that phosphatidylethanolamine
and
phosphatidylcholine,
the major adipocyte membrane
phospholipids
(Field and Clandinin,
1989) responded
more to
dietary manipulation.
Reports in other tissues and membranes
(Faas and Carter,
1980; Worcester et al., 1979) suggest decreases in A’- and A6desaturation
in the diabetic state. The adipocyte membrane
from diabetic animals was associated with an elevated content
of C18:2(6) in phosphatidylcholine
and phosphatidylethanolamine and a reduced content of C20:4(6) in phosphatidylinositol. Except for a lower level of C16:l in phosphatidylcholine,
the diabetic state was not associated with dramatic reductions
in monounsaturated
fatty acids reflective of decreased A’desaturation.
It is conceivable
that feeding high fat diets,
providing
an adequate content of essential fatty acids, may
have prevented
this diabetes-induced
change in monounsaturates as both of these factors have been shown in other
tissues to increase A’-desaturase
activity (Weekes et al., 1986;
Garg et al., 1988).
The fatty acyl content of phosphatidylcholine
and phosphatidylinositol
appears to be more susceptible to diabetesinduced alterations, which is not unexpected as the pathways
of synthesis and degradation
as well as the rates of turnover
differ for each phospholipid.
Recently it was suggested that
phospholipid
metabolism may be altered by the diabetic state
(Levy et al., 1988). In the present study the type of fat fed
influenced
membrane
changes associated with the diabetic
state. For example, compared to control animals fed the same
diet, a greater increase in C18:2(6) in phosphatidylcholine
and phosphatidylethanolamine
was observed in diabetic animals fed the high P/S diet and a greater decrease in C20:4(6)
was observed in diabetic animals fed the low P/S diet. The
reason for the magnitude
of these responses remains to be
determined
but may be related to fatty acid availability
and
to possible protective effects caused by feeding the high P/S
diet prior to induction
of diabetes.
The relationship
between receptor binding and insulin action is not clear as the precise events subsequent to hormonereceptor interaction
potentiating
the metabolic action of insulin are unknown.
It has been suggested that membrane
alterations
may influence insulin binding and action by: controlling conformational
changes in the receptor (Gould et at.,
1982), altering
mobility
within
the bilayer (Melchior
and
Czech, 1979), or changing the structure of the receptor (Ginsberg et al., 1982). Feeding the high P/S diet appeared to
increase the amount of glucose transported
per insulin bound
(Fig. 3), suggesting that diet may influence
the coupling
between the receptor and transporter.
Several lines of evidence support the concept that membrane-mediated
events
due to their contact with the lipid bilayer might be influenced
by diet-induced
alterations
in the lipid composition.
Plasma
membrane-generated
mediators of insulin action have been
proposed (Jarett and Kiechle, 1984; Kelly et al., 1986; Saltiel
et al., 1986), all of which are suggested to contain membrane
lipids. More recently membrane-bound
phospholipid-depend-
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ent “protein kinase C” was also speculated to be involved in
insulin-stimulated
glucose transport
(Christensen
et al.,
1987). Membrane
phosphatidylinositol
content
has been
shown to be involved in modulating
insulin action via diacylglycerol generation and protein kinase C activation (Farese et
al., 1982: Sweet et al., 1987). Both the composition
and content
of this phospholipid
in the adipocyte membrane are influenced
by dietary fat composition
(Table V) and content (Field and
Clandinin,
1989). Further support for the concept of membrane-mediated
effects on insulin action can be inferred from
in vitro work where much greater alterations
in lipid composition can be produced than by diet. Pretreating
adipocytes
with liposomes or reconstitution
in lipid vesicles to modify
the membrane
phospholipid
content and composition
has
been shown to alter both glucose transport
and oxidation
(Melchior
and Czech, 1979; Pilch et al., 1980; Sandra and
Fyler, 1981,1982). Although not assessed in the present study,
diet and the diabetic state could have influenced
insulin by
altering the rate of insulin degradation.
In addition to effects
on plasma membrane,
a high P/S diet could exert an effect
on cellular insulin action by modifying
intestinal
fat uptake,
intracellular
membrane
composition,
and enzyme activities
(Clandinin
et al., 1985), including
enzymes of the glycolytic
and fatty acid synthesis pathways (Nelson et al., 1987).
The diets fed in the present study provided a fatty acid
content and composition
reflecting that normally
consumed
by segments of the North American population
(Field et al.,
1985). Moreover, North American Diabetes Associations
currently recommend that individuals
with diabetes increase the
polyunsaturated
fat content of their diets (American Diabetes
Association,
1987). The whole body implications
of the findings that replacing dietary saturated fats with polyunsaturated fats improves insulin binding and insulin-stimulated
glucose transport, oxidation,
and incorporation
into lipids by
cells from diabetic animals are presently unknown. However,
feeding animals the high P/S diet (P/S = 2.0) compared to
the low P/S diet improved weight gain. It is, however, exciting
to consider that insulin action is muted when consuming
a
low P/S diet, whereas insulin stimulation
of glucose transport
continues to increase as more insulin is bound to the receptor
of cells with more unsaturated
membranes (Fig. 3). It has also
been shown that muscle cells respond to a high saturated fat
diet similarly to adipocytes (Grundleger
and Thenen, 1982).
Thus, it is interesting to speculate that a physiological
change
in diet fat intake may influence
insulin-mediated
action in
muscle. Feeding a high P/S diet also improves the clinical
condition of the diabetic state, possibly by modifying the form
and function of the intestine (Rajotte et al., 1988). From the
results of the present study, it is logical to suggest that dietinduced alterations
in membrane lipid composition
may provide a possible mechanism for the increased insulin responsiveness observed for cells from animals fed a high polyunsaturated fat diet.
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