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ABSTRACT Changes in dietary fatty acid composi
tion alter phospholipidfatty acid composition in a vari
ety of tissues, but little attention has been paidto skel
etal muscle. In this study, rats were fed for 9 wk one
of three isoenergetic diets: an essential fatty acid-de
ficient diet, a diet high in (n-6) fatty acids, and a diet
enriched with (n-3) fatty acids. Some rats from each
group were then fed a nonpurifieddiet for a further2 or
6 wk. Neither body mass nor food consumption varied
among the dietary groups at any stage. Analyses of
total phospholipids in soleus (a "slow" twitch muscle)
and extensor digitorum longus (a "fast" twitch mus

cle) revealed that after 9 wk of test diet consumption,
muscle phospholipids from rats fed the essential fatty
acid-deficient diet were deficient in essential polyun-
saturated fatty acids (triene:tetraene ratio 0.5),
whereas the polyunsaturated fatty acids in muscle
phospholipids from rats fed the high (n-6) fatty acid
and high (n-3) fatty acid diets reflected the composi

tions of their respective diets. Nevertheless, phospho
lipid fatty acid composition seemed to be selectively
dynamic. After recovery, although the phospholipid
fatty acid compositions of all groups were similar, they
all contained a much higher proportion of (n-3) fatty

acids than providedin the diets. Overall, these results
demonstrate that inrats, the fatty acid profileof skele
tal muscle phospholipids is strongly influenced by di
etary changes, with most effects being reversibleafter
short periods of adequate dietaryintake. J. Nutr. 126:
653-662, 1996.
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Studies using primates fed isoenergetic diets have
shown that manipulation of dietary fatty acid profile
can modify the phospholipid fatty acid composition in
a variety of tissues, including liver, kidney, brain, heart,
skeletal muscle and blood (Charnock et al. 1992). Modi

fications can occur rapidly (within days) and may affect
the relative proportions of particular fatty acids as well
as ratios of unsaturated fatty acid classes, e.g., the ratio
of (n-6) to (n-3) polyunsaturated fatty acids. These di
etary modifications in turn have been shown to dramat
ically alter a wide range of cellular activities through
alteration of the physical properties of membranes,
such as fluidity (McMurchie 1988). Such changes have
generally been attributed to changes in levels of unsatu
rated fatty acids, but relatively little is known about
the effects of variations in individual fatty acids, includ
ing the essential dietary fats (n-3) and (n-6).

A great deal of attention has been focused on the
relationship between cardiac muscle composition and
function. Several studies have shown that the phospho
lipid composition of cardiac muscle responds dramati
cally to dietary manipulation of polyunsaturated fatty
acids (e.g., Abeywardena et al. 1987, Chamock et al.
1985a and 1985b, Gudbjamason 1989). In rats, in
creased levels of dietary polyunsaturated fatty acids
produce increased levels of polyunsaturated fatty acids
in cardiac muscle phospholipids. In addition, polyun
saturated fatty acids afford protection from arrhythmia
and infarction, whereas saturated fatty acids increase
arrhythmogenesis (McLennan et al. 1989 and 1990). In
contrast to the number of studies performed using car
diac muscle, little is known about the effects of varia
tion in dietary fatty acid intake on the composition of
skeletal muscle. Important exceptions include studies
of the effects of dietary polyunsaturated fatty acids on
general hindlimb muscles in marmosets (Charnock et
al. 1989 and 1992), in which phospholipid fatty acid
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654 AYRE AND HULBERT

composition of marmoset cardiac and skeletal muscle
was shown to be very similar, even after manipulation
of dietary fatty acids. Also, Storlien et al. (1991) and
Pan and Storlien (1993) have shown the effects of di
etary lipid profile on skeletal muscle phospholipid
composition and metabolism.

Most fatty acids can be derived from stored fatty
acids (either in adipose tissue or intracellularly as tri
glycÃ©ridesor free fatty acids) or synthesized de novo
from standard precursor fatty acids. In contrast, the
"essential" (n-6) and (n-3) polyunsaturated fatty acids,

which are important components of muscle mem
branes (50-60% of total fatty acids, personal observa
tion), are not believed to be synthesized de novo and
must be ingested as part of the diet. This is an im
portant point to consider when dealing with cases of
abnormal nutritional status such as dietary disorders
and starvation, as well as during fetal development and
active growth periods.

The present study describes the effects of two manip
ulations of dietary fatty acid profile on the composition
of skeletal muscle phospholipid, the major ubiquitous
structural lipid of membranes. First, for 9 wk rats were
fed one of three test diets that differed only in their
fatty acid composition. The diets were ÃŽ) an essential
fatty acid-deficient diet (EFAD)4 containing mainly sat
urated fatty acids, 2) a diet high in (n-6) fatty acids [High
(n-6)], and 3) a diet enriched with (n-3) fatty acids [High
(n-3)]. Second, all groups were fed a nonpurified diet for
0, 2 or 6 wk to determine the rapidity of phospholipid
fatty acid turnover in muscle. Dietary fatty acids were
manipulated during the post-weaning growth phase,
which is likely to be the most sensitive to dietary
changes due to the manufacture of new membrane.

The aims of this study were 1) to determine whether
the phospholipid fatty acid composition of skeletal
muscle is altered by deficiency and/or enrichment of
dietary polyunsaturated fatty acid composition, and 2)
if effects are detected, to determine whether further
changes are detected following subsequent periods of
consumption of a nutritionally adequate nonpurified
diet. The effects of change in dietary fatty acids on rep
resentatives of two major types of skeletal muscle
("slow-twitch" and "fast-twitch") were investigated.

Soleus and extensor digitorum longus (EDL) muscles
were chosen as the best examples of these muscle types.
Soleus contains 87% type IA (slow-twitch oxidative)
and 13% type UÃ€(fast-twitch oxidative) fibers, and EDL
contains 2% type IA, 42% type HA and 56% type ÃœB
(fast-twitch glycolytic) fibers (Ariano et al. 1973).

MATERIALS AND METHODS
Animal* and diets. All experiments were approved

by the University of Wollongong Animal Experimenta-

4Abbreviations used: EDL, extensor digitorum longus; EFAD, es
sential fatty acid-deficient; High (n-6), diet high in (n-6) fatty acids;
High (n-3), diet high in (n-3) fatty acids.

TABLE 1

Composition of experimental diets1

Diet

IngredientProtein

(casein)Sesame
oilCoconut
oilMaxEPA
oilSalt
mix!Vitamin
mix3CelluloseWaterSucroseHigh

(n-6)220100â€”â€”50101050560EFADg/kg

diet220â€”100â€”50101050560High

(n-3)22070â€”3050101050560

1All diets were identical except for the type of fat. The EFAD
diet contained 10% coconut oil, the High (n-6| diet contained 10%
sesame oil and the High (n-3) diet contained 7% sesame oil and 3%
MaxEPA oil. Dashes denote zero amount.

2 The salt mixture consisted of NaCl (139.3 g); KI (0.79 g);
KH2PO4 (389.0 g); MgSCVTHjO (57.3 g); CaCO3 (381.4 g);
FeSO4 â€¢7H2O (27.0 g); CoCl2 (0.023 g).

3 The vitamin mixture consisted of menadione (0.0175 g); choline
Cl (7 g); p-aminobenzoic acid (0.3500 g)Â¡inositol (0.3500 g); nicotinic
acid (0.1400 g); calcium pantothenate (0.1400 g); riboflavin (0.0280
g); thiamine HC1 (0.0175 g); pyridoxine HC1 (0.0175 g|; folie acid
(0.0070 g); biotin (0.0014 g); vitamin B-12 (0.000105 g); dextrose (up
to 35 g). Vitamins A, D and E were added separately to provide 11
mg retinyl palmitate, 50 /ig cholecalciferol and 58 mg RRR-a-tocoph-
erol per kilogram of diet, respectively.

tion Ethics Committee. Male weanling Wistar rats,
bred at the University of Wollongong (housed individu
ally at 22 Â±2Â°Cand 57 Â±2% relative humidity, age
21-23 d, mean weight 54 Â±1 g), were assigned at ran
dom, one per litter, to each of three dietary groups.
Groups of 12 rats were fed the three diets for 9 wk.
Following this test period, subgroups of four rats fed
each diet were randomly allocated to each of three
treatments and killed immediately, killed after 2 wk
of consuming a nonpurified diet (Allied Rat and Mouse
Cubes, containing approximately 22% protein, 60%
carbohydrate and 5% fat; Fielders' Agricultural Prod

ucts, Tamworth, Australia) or killed after 6 wk of con
suming the nonpurified diet. Another group of four rats
was analyzed at weaning to give an indication of mus
cle phospholipid fatty acid composition prior to dietary
intervention. Rats were killed by decapitation, and
muscles were removed and stored at -80Â°C pending

analyses. All rats were given free access to food and
water, and food intake and body mass were recorded
throughout the study.

All diets were identical except for their lipid compo
nent. Each diet contained 10 g fat/100 g diet, but the
type of fat varied (Table 1). The EFAD diet contained 10
g coconut oil/100 g (ETA Food Services, Wollongong,
Australia) and was therefore lacking both (n-6) and (n-
3) essential polyunsaturated fatty acids because coco-
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DIETARY FATS AND MUSCLE PHOSPHOLIPID COMPOSITION 655

TABLE 2

Fattv acid composition of experimental diets and nonpurifted dietl

Fatty acid2

Diet

High (n-6) EFAD High (n-3) Nonpurified

8:010:012:014:015:016:016:l(n-9)18:018:l(n-9)18:l(n-7)18:2(n-6)18:3(n-3)18:4(n-3)20:5(n-3)22:6|n-3)%

Saturated%
Unsaturated%
(n-9|%
|n-6)%
(n-3)(n-3):(n-6)â€”â€”â€”1.38

Â±0.0510.30
Â±0.05â€”4.09

Â±0.0228.60
Â±0.21.01
Â±0.0250.12
Â±0.043.94
Â±0.04â€”â€”â€”16.2028.6050.104.100.08â€”

g/iui4.10

Â±1.37.20
Â±0.356.90
Â±0.616.90
Â±0.40.46
Â±0.046.90
Â±0.2â€”2.40

Â±0.14.10
Â±0.2â€”1.15

Â±0.07â€”â€”â€”â€”94.904.101.20â€”â€”g

jatty aciasâ€”_â€”2.80

0.11.40
0.112.90
0.13.33
0.053.70

0.122.10
0.21.69

0.0235.20
0.13.00
0.031.34
0.026.23
0.083.45

0.0321.3022.5035.4015.500.44___1.71

0.01.37
0.0120.30

0.21.58
0.038.60

0.231.30
0.31.30

0.0429.80
0.32.15

0.02â€”â€”â€”33.2031.6030.002.200.07

1The diet high in (n-6) fatty acids [High (n-6) diet) contained 10% sesame oil, the essential fatty acid-deficient |EFAD) diet contained 10%
coconut oil, and the diet high in (n-3) fatty acids [High (n-3) diet] contained 7% sesame oil and 3% MaxEPA oil. The nonpurified diet consisted
of standard rat pellets. Values are means Â±SEMof three determinations.

2 Only fatty acids detected at greater than l g/100 g total fatty acids are listed.

nut oil is extremely high in saturated fatty acids (92%).
This diet was chosen because a deficiency of essential
fatty acids is likely to occur in conditions of malnutri
tion, including those due to eating disorders. The High
(n-3) diet contained 7 g sesame oil/100 g (Meadowlea
Foods, Sydney, Australia) [containing 43% (n-6) fatty
acids] and 3% MaxEPA oil (R. P. Scherer, Pty. Ltd.,
Melbourne, Australia) [containing 30% (n-3) fatty
acids]. It was therefore enriched with (n-3) polyunsatu-
rated fatty acids. This diet was investigated because,
for humans, increased levels of (n-3) fatty acids are in
creasingly recommended by health professionals due
to their beneficial effects on the cardiovascular system.
Also, recent surveys have shown documented shifts
in fat consumption away from saturated fats towards
polyunsaturated fats (Castles 1993).The High (n-6)diet
contained sesame oil (10 g/100 g), which is high in (n-
6) fatty acids (43%). Such a diet is most similar to a
typical human diet. A listing of fatty acids in the test
diets and the nonpurified diet is shown in Table 2.
Initial trial studies (Ayre 1994) were conducted to es
tablish diets that were isoenergetic and equally palat
able and thus equally consumed.

Analyses of phospholipids. Diet and muscle lipid
samples were analyzed in a blind trial in which the
dietary group of each sample was concealed.

Total lipids were extracted with chloroform-metha-
nol (2:1)using the method of Folch et al. (1957).Neutral
lipids were separated from phospholipids by silicic acid
chromatography using the method of Borgstrom (1952).
Phospholipid fatty acids were methylated using boron
trifluoride in methanol, and the methyl esters formed
were evaporated to approximately 3 mL under nitrogen
(Morrison and Smith 1964). Fatty acid methyl esters
were purified on Florisil chromatography columns us
ing the method of Carrol (1961). They were then sepa
rated on an SGE capillary column (25QC2) in a gas
Chromatograph (Varian model 3300, Varian Australia
Pty. Ltd., Sydney, Australia) and a flame ionization de
tector. The output from the gas Chromatograph was
integrated using an electronic integrator (Shimadzu
Chromatopac CR-3, Shimadzu Corporation, Kyoto, Ja
pan). Individual fatty acids were identified by compari
son of retention times with standard methyl esters
(Sigma Chemical, St. Louis, MO; Larodan, Sweden and
Activon, Sydney, Australia).

All chemicals were analytical grade; solvents were
nanograde purity. Methanol, NaCl, Na2SO4,florisil and
petroleum ether were from BDH (Melbourne, Austra
lia), chloroform and diethyl ether from Mallinckrodt
(Sydney, Australia), BHT (2,6-ditert-butyl-p-cresol) and
silicic acid from Sigma Chemical (St. Louis, MO), boron
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656 AYRE AND HULBERT

trifluoride from Merck (Darmstadt, Germany) and hex-
ane from AfAX (Sydney, Australia).

To verify that the rats fed the EFAD diet were defi
cient in essential fatty acids, the triene:tetraene ratio
was calculated for both soleus and EDL muscles at each
of the three testing stages. This ratio [20:3(n-9) to
20:4(n-6)] is used as an indicator of essential fatty acid
deficiency. When the supply of (n-6) fatty acids is suffi
cient, the ratio is low, but in conditions of essential
fatty deficiency, the ratio increases. Triene:tetraene ra
tios greater than 0.4 are considered indicative of essen
tial fatty acid deficiency (Holman 1960).

StatÃ¬stica! methods. All results are expressed as
means Â±SEM. The level of significance chosen was
P < 0.05. A one-way ANOVA was used to test for
heterogeneity of food intake and rat weights. To test
for significance of the effects of the fixed factors diet
and time on muscle phospholipid fatty acid composi
tion, two-way ANOVA were used. Because the primary
interest was in differences among the dietary groups at
each time, one-way ANOVA were performed in cases
where the two-way ANOVA revealed a significant di
etary effect. ScheffÃ©'sF tests were applied a posteriori

to determine which dietary groups differed signifi
cantly (Zar 1984).

RESULTS

Food consumption and rat weights. Rats fed the
three diets did not differ significantly in their patterns
of food consumption throughout the 9-wk test period.
Furthermore, total food consumption over the 9 wk did
not vary significantly among dietary groups and were
967 Â±42 g [High (n-6) diet], 990 Â±31 g (EFAD diet)
and 1004 Â±34 g [High (n-3) diet]. Body mass did not
differ significantly among the three dietary groups after
9 wk of consuming the diets or during the 2- and 6-wk
recovery periods when rats were fed a nonpurified diet.
Mean body mass increased from 54 Â±l g at weaning
to 375 Â±6 g during the 9-wk test diet period and to
427 Â±9 g during the 6-wk recovery period.

Muscle phospholipid fatty acid composition at wean
ing. For their first 3 wk, rats obtained their dietary
supply of fatty acids indirectly from mothers fed the
nonpurified diet. Baseline values at weaning showed
that both types of skeletal muscle had a similar phos
pholipid fatty acid composition (Tables 3 and 4), in
cluding 38% essential (n-6) and 7% essential (n-3) fatty
acids, giving a ratio of (n-3):(n-6) fatty acids of 0.2 in
both muscles.

Effects of the test diets on muscle phospholipid fatty
acid composition. The phospholipid fatty acid compo
sition of skeletal muscles was influenced by, but did
not directly reflect, the fatty acid composition of the
diet. After the 9-wk test period, the proportions of total
saturated and unsaturated fatty acids were remarkably

similar for all three dietary groups in both soleus (Table
3) and EDL (Table 4) muscles, despite large differences
in the balance of dietary saturated and unsaturated
fatty acids. For example, the diets varied substantially
in the relative concentrations of saturated fatty acids
(from 16 to 95%), but the muscle phospholipids con
tained 32-38% saturated fatty acids regardless of the
diet. Although the relative proportions of the major
classes of unsaturated fatty acids differed significantly
among the three dietary groups, the unsaturated fatty
acid composition of the muscle phospholipids reflected
the dietary fatty acid composition for rats fed the High
(n-6) diet and for those fed the High (n-3) diet and to a
lesser extent for rats fed the EFAD diet. There was
little variation among animals within groups and little
difference between soleus and EDL muscles (Tables 3
and 4, respectively).

Phospholipids from both soleus and EDL muscles of
rats fed the EFAD diet contained a significantly higher
proportion of (n-9) fatty acids than those from either
the High (n-6) or High (n-3) group (Tables 3 and 4, re
spectively). The levels of all (n-9) fatty acids, 16:1, 18:1
and the unusual polyunsaturate 20:3 were significantly
greater than in the other groups. In fact, the muscle
phospholipids of rats fed the EFAD diet contained 60
to 100 times more 20:3(n-9) than those of the High (n-
6) and High (n-3) groups. These effects of the EFAD
diet were reflected by a significantly elevated triene:tet-
raene ratio (>0.5) compared with ratios for the High
(n-6) and High (n-3) groups (Table 5), and the EFAD
rats were therefore judged essential fatty acid deficient
(triene:tetraene ratio > 0.4; Holman 1960).

In contrast to the effects of the EFAD diet, the unsat
urated fatty acid compositions of muscle phospholipids
of rats fed the High (n-6) and High (n-3) diets more
closely reflected the respective dietary fatty acid com
positions. In addition to a low level of (n-9) fatty acids,
both soleus and EDL phospholipids from rats fed the
High (n-6) diet contained a significantly higher propor
tion of (n-6) fatty acids than those from the EFAD and
High (n-3) groups and a correspondingly lower propor
tion of (n-3) fatty acids than those from rats fed the
High (n-3) diet (Tables 3 and 4). This was reflected by
ratios of (n-3):(n-6) fatty acids in both muscles in the
High (n-3) group, which were significantly greater than
ratios in muscles of the other two groups.

Effects of the nonpurified diet on muscle phospho
lipid fatty acid composition. The rate of change of
phospholipid fatty acids, following the switch from the
test diets to the nonpurified diet, differed markedly
between the two muscle types and varied among the
classes of fatty acids. Although rats in all three dietary
groups showed changes in their muscle phospholipid
fatty acid composition, the changes were more rapid
for soleus.

In the EFAD group, there was a rapid decrease in (n-
9) fatty acids in both soleus and EDL muscles (Tables
3 and 4). The rate of change seemed to be slower in
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TABLE 5

Effects of dietary fatty acid profile on the triene:tetraene ratio in phospholipid fatty acids of soleas and extensor
difiitorum longus muscles of Wistar rats1,2

Soleus Extensor digitorum longus

9 wk of testdiet2
wk of recovery

6 wk of recoveryHigh|n-6)_b0.05
Â±0.05

0.01 Â±0.00EFAD0.56

Â±0.06a0.10
Â±0.03

0.02 Â±0.01High(n-3)_bâ€”P0.001NSNSHigh

|n-6)_b_b

_bEFAD0.54

Â±0.08a0.27
Â±0.02a

0.07 Â±O.OlaHigh(n-3)_b0.02
Â±O.Ob

_bP0.0010.001 0.001

1The triene:tetraene ratio is the ratio of the amount of 20:3(n-9) to 20:4(n-6). It provides an indication of the level of adequacy of essential
fatty acids. If the ratio is >0.4, the tissue is considered to be essential fatty acid deficient (Holman 1960).

2 Rats were fed one of three test diets for 9 wkâ€”the diet high in (n-6) fatty acids [High (n-6) diet], the essential fatty acid-deficient (EFAD)
diet, and the diet enriched with (n-3) fatty acids (High (n-3) diet]â€”followed by 2 wk and 6 wk of consumption of a nonpurified diet. Ratios
are based only on fatty acids detected at levels greater than 0.1 g/100 g of total fatty acids. Values are means Â±SEM,n = 4. The statistical
significance of variation in mean phospholipid levels among dietary treatments was assessed by one-way ANOVA. Within muscles, significantly
different treatment means are denoted by different superscripts. NS = not significant |P > 0.05).

EDL because the triene:tetraene ratio in these muscles
was still significantly higher in the EFAD group than
in the High (n-6) and High (n-3) groups after 6 wk,
whereas in soleus muscle there was no difference
among the dietary groups in the triene:tetraene ratios
after 2 wk (Table 5). Concurrent with the decrease in
(n-9) fatty acids in the nonpurified diet-fed EFAD
group was a dramatic increase in the levels of various
(n-6) and (n-3) fatty acids because the precursors of
these were now available in the diet (Tables 3 and 4).

Rats in the High (n-6) group showed an overall in
crease in (n-3)fatty acids in both soleus and EDL during
the recovery period. In soleus there was a concurrent
compensatory decrease in (n-6) fatty acids, but there
was no change in (n-6) fatty acids in EDL.

The levels of (n-3) fatty acids showed the most resis
tance to change in response to dietary changes. Both
soleus and EDL muscles from rats fed the High (n-3)
diet contained a significantly greater proportion of (n-
3) fatty acids after the 9-wk test period, and this trend
continued during recovery. Although the level of (n-3)
fatty acids decreased (soleus) or stayed constant (EDL)
in the High (n-3)group during recovery, this group still
retained a significantly higher level at 6 wk than in the
other two groups and a correspondingly higher ratio of
(n-3):(n-6)fatty acids. Although in soleus the levels of
total (n-3) fatty acids were not different among the
groups after 2 wk (Table 3), there was a significant
difference after 6 wk, as there was in EDL at both times
(Table 4).

DISCUSSION

This study demonstrates that the phospholipid fatty
acid composition of both fast and slow skeletal muscles
is influenced by the fatty acid profile of the diet. Indeed,
after 9 wk, all three test diets produced striking and

essentially predictable changes in phospholipid fatty
acids. The finding that phospholipid unsaturated fatty
acid composition in muscle may reflect the fatty acid
composition of the diet is supported by the limited
set of earlier studies that show separately the dietary
induction of similarly increased (n-3) polyunsaturated
fatty acid levels in unspecified skeletal muscles of tur
keys (Neudoerffer and Lea 1967) and marmosets (Char-
nock et al. 1989 and 1992), sartorius muscles of chicks
(Olomu and Baracos 1991), and quadriceps (a mixed
fiber muscle) in essential fatty acid-deficient weanling
rats (Ailing et al. 1972). Nevertheless, this study
showed that phospholipid fatty acid composition does
not always reflect dietary composition. This was most
noticeable in the (n-3) fatty acids. Furthermore, there
was substantial variation among muscles and fatty
acids in the rate of return to pre-diet levels for rats
switched to a nonpurified diet. These findings suggest
that the consequences of changing the dietary composi
tion depend upon the initial composition of the phos-
pholipids and the types of fatty acids available in the
diet.

The finding that changes can occur so rapidly may
have important implications for future studies of the
relationship between diet and the contractile properties
of muscle. In addition, skeletal muscle is the primary
site of insulin action, and muscle phospholipid fatty
acid composition is associated with insulin sensitivity
in both rats (Storlien et al. 1991 ) and humans (Borkman
et al. 1993). It is therefore possible that hyperinsulin-
emia and insulin resistance, which are features of disor
ders such as obesity and noninsulin-dependent diabetes
mellitus, may be altered by changes in dietary fatty
acids.

In this study, the overall effects of changes in dietary
fatty acids were similar in both soleus and EDL mus
cles. The ratio of saturated to unsaturated fatty acids
remained stable despite dietary changes, but the pro
portions of the different classes of unsaturated fatty
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acids differed from the dietary fatty acid composition.
The high levels of (n-9) fatty acids in the EFAD group
are most likely to have come from endogenous conver
sion of other fatty acids, because these fatty acids were
not high in the EFAD diet. However, the high levels of
(n-6) and appreciable levels of (n-3) fatty acids in mus
cles from this group are more difficult to explain. Al
though the EFAD diet contained no measurable levels
of (n-3) fatty acids and only 1% (n-6) fatty acids, after
9 wk the muscle phospholipids of rats consuming this
diet contained 3% (n-3) and nearly 30% (n-6) fatty
acids. It is widely accepted that these fatty acids are
"essential" and therefore must be included in the diet.

In other words, they cannot be converted from other
fatty acids. If this is so and because the levels of these
fatty acids were negligible in the diet, virtually all of
these fatty acids must have been retained from the pre-
weaning or in utero periods.

The tenacity with which the (n-6) and (n-3) polyun-
saturated fatty acids are retained in muscle phospholip
ids is remarkable. For example, the EFAD rats were
deprived of any measurable amount of (n-3) in their
diet for 9 wk from the time of weaning. During this
time, they underwent a sevenfold increase in body
mass and presumably a similar increase in the amount
of body muscle. In adult rats, body musculature is ap
proximately 43% of body mass (Hulbert and Else 1989).
If we assume that weanling rats have the same percent
age of their body mass as musculature and that the
muscle phospholipid (n-3) fatty acids present in the
adult rats were already present in the weanling rats,
then the calculated percentages of (n-3) PUFA present
in the muscles of weanling rats would have been 20-
30%. This is approximately the same relative amount
of (n-3) polyunsaturated fatty acids found in the mus
cles of adult rats fed the diet highly enriched with (n-
3) fatty acids since weaning. Such calculations assume
that there was no metabolism of these (n-3) fatty acids
since weaning. If there were, the calculated values
would be even greater. The tenacity of (n-3) retention
is thus even more remarkable because Leyton et al.
(1987) have demonstrated that dietary 18:3(n-3) is pref
erentially metabolized compared with both saturated
fatty acids and many other unsaturated fatty acids.
Similarly, the (n-6) polyunsaturated fatty acids were
also strongly retained in the muscle phospholipids. In
this case, however, there were small but measurable
amounts of (n-6) fatty acids in the EFAD diet (1.2%),
and thus the growing rats received small quantities in
their diet. Although the EFAD rats received no (n-3)
fatty acids and only a small amount of (n-6) fatty acids
in their food, it is not known if they received any of
these essential fatty acids from microbial synthesis in
their gut. The role of the gut flora in essential fatty
acid provision is an area worthy of study.

Although many studies of dietary manipulation
have used experimental periods of several weeks,
months or even years, the present study and the earlier

work of Innis and Clandinin (1981) show clearly that
major changes in membrane fatty acid composition can
occur within a few days. In this study, it is likely that
changes in muscle phospholipid composition during
the 9-wk test period may reflect the creation of much
new membrane because body mass increased about
sevenfold in that time. However, although there was
little additional growth during the period when rats
were fed the nonpurified diet (only 10-12% in all di
etary groups), the changes in fatty acid proportions
were equally dramatic. For example, the total propor
tion of (n-9) fatty acids in soleus muscles from the
EFAD groups decreased by 75% during the 2-wk recov
ery period. Also, the proportion of (n-3) fatty acids in
soleus muscles from the High (n-6) group increased
150% during the same period. On this basis, total turn
over of muscle phospholipid occurs in less than 14 d.

The results of transferring all rats to a nonpurified
diet following 9 wk of consuming experimental diets
show that phospholipid fatty acids turn over relatively
rapidly in muscle. In liver, phospholipids of the endo-
plasmic reticulum seem to belong to two pools, one
with a half-life of 15 h and the other with a half-life of
80 h (Fincan et al. 1974). Although we did not measure
the half-life of muscle phospholipids, our results from
analyses of changes in muscle phospholipid fatty acid
composition suggest half-lives of this magnitude may
also be applicable to muscle.

In this study, none of the commonly reported symp
toms of EFA deficiency (such as dry scaly skin, skin
lesions and reduced weight gain) (Holman 1968) were
present. Despite this, however, it is important to note
that these rats were clearly deficient in essential fatty
acids as judged by a trienertetraene ratio greater than
0.4 (Holman 1960). It has been suggested (Mead 1984,
Phinney et al. 1993) that these symptoms, all related
to membrane function, may be alleviated in conditions
of high relative humidity, which was the case in this
study (57%).

The soleus and EDL muscle phospholipids showed
some interesting differences with respect to changes in
fatty acids. Although the different dietary lipids had
similar effects on phospholipid composition in soleus
and EDL, the muscles differed in their rates of recovery.
During the recovery period, the EFAD rats received
the essential precursor (n-6) and (n-3) fatty acids in the
nonpurified diet, and their desaturase enzymes would
have been preferentially producing the longer-chain
fatty acids (Jeffcoat and James 1984). This is evidenced
by the significantly decreased proportion of (n-9) fatty
acids and the significantly increased proportions of (n-
6) and (n-3) fatty acids in both muscles from EFAD rats
relative to the 9-wk test period (Tables 3 and 4). Most
differences in soleus muscle phospholipid fatty acid
composition among the dietary groups were no longer
apparent after 2 wk of recovery. Although EDL muscles
took longer to reach the same levels, in most cases
there was no difference among the dietary groups
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within 6 wk. The finding that the two types of muscles
differed in their rates of recovery was not surprising
because, in a comparison of several other tissues in
mice, Burns et al. (1983) showed significant variation
among tissues in the rate of response to dietary manip
ulation. This indicates that future investigations into
the effects of dietary fatty acid manipulation on skele
tal muscle structure and function need to specify the
types of muscle fibers being tested.

Results from this study suggest that turnover of fatty
acids in muscle phospholipids can be rapid (i.e., =s2
wk). Innis and Clandinin (1981) reported similarly high
rates of phospholipid turnover in cardiac mitochondrial
lipids. Changes in (n-9) and (n-6) fatty acids were typi
cally rapid in soleus muscles; however, these changes
were not complete in EDL muscles even after 6 wk.
Both muscles seemed resistant to the loss of (n-3) fatty
acids, inasmuch as they still contained a high level
after the 6-wk recovery period. This retention for at
least 6 wk of high levels of (n-3) fatty acids in the phos
pholipids of rats in the High (n-3) group indicates that
turnover rates vary markedly among classes of fatty
acids. Apparently both EDL and soleus tenaciously re
tained their high levels of (n-3) phospholipid fatty acids,
as has been demonstrated in chick brain and retina
(Anderson et al. 1992), despite evidence that (n-3) fatty
acids are oxidized more rapidly than (n-6) fatty acids
(Leyton et al. 1987). This may be an adaptive response
to maximize the availability of fatty acids that are es
sential for neural development and function.

The complex changes in muscle phospholipid com
position observed in the present study may have many
physiological consequences. In parallel studies, we
found no significant effects of these diets on aspects of
muscle membrane biochemistry that are believed to
underlie muscle function, i.e., neither the concentra
tion of Na+,K+-ATPase nor the activity of Na+,K+-
ATPase or Ca2+-ATPase varied significantly among the

three dietary groups (Ayre 1994). However, we have
described a set of changes in the performance of iso
lated soleus and EDL muscles that are well correlated
with the changes in muscle phospholipid composition
(Ayre and Hulbert 1996). Specifically, the muscles con-
tralateral to the ones assessed in this study were ana
lyzed for a wide variety of muscle contraction proper
ties. Several aspects of muscle function were impaired
following consumption of the EFAD diet (e.g., signifi
cantly lower tensions generated and reduced response
times). However, the responses of the rats fed the High
(n-6) and those of rats fed the High (n-3) diets were
indistinguishable [despite the differing (n-3):(n-6) ra
tios]. The muscle responses of all dietary groups were
similar after rats had been fed the nonpurified diet for
6 wk; however, for some properties the EDL muscles
took longer to recover than the soleus muscles. It there
fore remains to be determined whether EFAD rats are
more strongly influenced by deprivation of (n-3) or (n-6)
fatty acids. However, it is clear that changes in isolated

muscle function may be functionally related to the
changes in phospholipid fatty acid composition re
ported here.
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