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Fatty acid composition of skeletal muscle reflects dietary fat

composition in humans'=3

Agneta Andersson, Cecilia Ndlsén, Siv Tengblad, and Bengt Vessby

ABSTRACT

Background: It is still unknown whether the fatty acid composi-
tion of human skeletal muscle lipids is directly influenced by the
fat composition of the diet.

Objective: We investigated whether the fatty acid composition of
the diet is reflected in the fatty acid profile of skeletal muscle
phospholipids and triacylglycerols.

Design: Thirty-two healthy adults (25 men and 7 women)
included in a larger controlled, multicenter dietary study were ran-
domly assigned to diets containing a high proportion of either sat-
urated fatty acids (SFAs) [total fat, 36% of energy; SFAs, 18% of
energy; monounsaturated fatty acids (MUFAs), 10% of energy] or
MUPFAs (total fat, 35% of energy; SFAs, 9% of energy; MUFAs,
19% of energy) for 3 mo. Within each diet group, there was a sec-
ond random assignment to supplementation with fish oil capsules
[containing 3.6 g n—3 fatty acids/d; 2.4 g eicosapentaenoic acid
(20:5n—3) and docosahexaenoic acid (22:6n—3)] or placebo. A
muscle biopsy sample was taken from the vastus lateralis muscle
after the diet period. Parallel analyses of diet and supplementa-
tion effects were performed.

Results: The proportions of myristic (14:0), pentadecanoic
(15:0), heptadecanoic (17:0), and palmitoleic (16:1n—7) acids in
the skeletal muscle phospholipids were higher and the propor-
tion of oleic acid (18:1n—9) was lower in the SFA group than in
the MUFA group. The proportion of total n—3 fatty acids in the
muscle phospholipids was =2.5 times higher, with a 5 times
higher proportion of eicosapentaenoic acid (20:5n—3), in sub-
jects supplemented with n—3 fatty acids than in those given
placebo. Similar differences were observed in the skeletal mus-
cle triacylglycerols.

Conclusion: The fatty acid composition of skeletal muscle lipids
reflects the fatty acid composition of the diet in healthy men and
women. Am J Clin Nutr 2002;76:1222-9.

KEY WORDS n—3 Fatty acids, monounsaturated fatty acids,
saturated fatty acids, skeletal muscle phospholipids, skeletal
muscle triacylglycerols, diet, adults, fish oil

INTRODUCTION

It has been suggested that not only total fat intake but also
dietary fatty acid composition plays an important role in the devel-
opment of obesity, type 2 diabetes (1), and cardiovascular disease
(2). The fatty acid composition of the diet is known to influence
the fatty acid composition of stored and structural lipids in differ-
ent body compartments, such as serum lipids (3-5), erythrocyte

membranes (5), buccal epithelial cells (6), and adipose tissue (7,
8). Skeletal muscle is an essential tissue for whole-body energy
metabolism, including insulin-stimulated glucose uptake (9) and
fatty acid oxidation (10). The fatty acid composition of skeletal
muscle phospholipids has in several human populations been
related to peripheral insulin sensitivity (11-14) and obesity (13,
15). In general, an increased unsaturation of the muscle membrane
fatty acids has been associated with improved insulin sensitivity;
in particular, the proportion of n—3 fatty acids may have a bene-
ficial role (16, 17). Increased intake of n—3 fatty acids has been
suggested to reduce the incidence of coronary artery disease (18),
and a high proportion of n—3 fatty acids in red blood cell mem-
branes has been associated with a reduced risk of primary cardiac
arrest (19).

Few studies have addressed whether the fatty acid composition
of the diet influences the fatty acid profile of skeletal muscle
phospholipids and triacylglycerols. The fatty acid composition of
the cell membrane is a dynamic system, and the regulation mech-
anisms are not fully understood. Both genetic (20) and lifestyle-
related factors, including diet (21, 22) and physical activity (23,
24), seem to play a part in determining the fatty acid composition
of skeletal muscle phospholipids. Changes in the fatty acid pro-
file of skeletal muscle phospholipids in response to changes in the
fatty acid composition of the diet have been clearly shown in ani-
mals (17, 25-27). More recent data, comparing breast-fed and for-
mula-fed infants, indicate that the fatty acid composition of the
diet may modify the phospholipid fatty acid profile in human
skeletal muscle as well (21, 22). The question of whether the fatty
acid composition of the diet influences that of skeletal muscle tri-
acylglycerols has so far been addressed only in animal studies (27,
28). The aim of the present study was to investigate whether a
dietary intervention, with changes in the fatty acid composition
of the diet, is reflected in the fatty acid composition of skeletal
muscle phospholipids and triacylglycerols in middle-aged men
and women.
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TABLE 1
Fatty acid composition of the n—3 fatty acid capsules (fish oil) and the
placebo capsules (olive oil)’

n—3 Capsules Placebo capsules

% of total fatty acids
16:0 1.7 9.2
16:1 2.0 0.7
16:4 0.9 —
18:0 0.9 4.0
18:1 9.5 79.6
18:2n—6 14 5.7
18:3n—3 1.2 0.6
18:4n—-3 5.8 0.4
20:1n—9 — —
20:4n—6 2.6 —
20:4n—3 1.7 —
20:5n—3 394 —
22:0 1.6 —
21:5n-3 1.5 —
22:5n—6 0.8 —
22:5n—3 3.7 —
22:6n—3 24.1 _

!Identified by gas chromatography.

SUBJECTS AND METHODS

Subjects

One hundred sixty-two healthy participants (86 men and 76
women) aged 30-65 y were included in a controlled, multicenter
dietary study, the KANWU (Kuopio, Aarhus, Naples, Wollon-
gong, Uppsala) study (29), with the main objective of examining
whether changes in the fatty acid composition of the diet affect
insulin sensitivity. Of the 34 subjects included in Uppsala, 32 sub-
jects (25 men and 7 women) volunteered for a muscle biopsy at
the end of the treatment period and were included in the present
study. Subjects with impaired glucose tolerance were included in
the KANWU study, whereas individuals with diabetes mellitus
according to World Health Organization criteria (30) were not.
Detailed information about the inclusion and exclusion criteria is
published elsewhere (29). The participants were told to keep their
degree of physical activity and alcohol consumption, if any,
unchanged throughout the study. All the women were post-
menopausal and were not receiving any hormone replacement
therapy. All subjects gave their informed consent. The study was
approved by the local ethics committee at the Medical Faculty of
Uppsala University.

Study design

The subjects were randomly assigned to diets containing either a
high proportion of saturated fatty acids (SFA diet; n = 16) or a high
proportion of monounsaturated fatty acids (MUFA diet; n = 16) for
3 mo. Within the diet groups, there was a second random assignment
in which one-half of the subjects in each diet group were supple-
mented with fish oil capsules (n—3 group, n = 15: SFA + n—3,
n =7, and MUFA + n—3, n = 8) and one-half were supplemented
with placebo capsules (control group, n = 17: SFA + placebo, n =9,
and MUFA + placebo, n = 8). The n—3 capsules (Pikasol; Lube A/S,
Hadsund, Denmark) contained 3.6 g n—3 fatty acids/d, of which2.4 g
was eicosapentaenoic (20:5n—3) and docosahexaenoic (22:6n—3)
acids and 1.2 g was other n—3 fatty acids. The placebo capsules

contained the same amount of olive oil. The complete fatty acid com-
position of the fish oil and placebo capsules is presented in Table 1.

The test period was preceded by a 2-wk stabilization period
during which subjects consumed their habitual diets and were
given placebo capsules. Routine clinical tests, according to the
main protocol (29), including an oral-glucose-tolerance test, were
carried out during this period. Blood samples were taken and
anthropometric measurements were performed before and at the
end of the dietary period. So that we could monitor dietary intake,
the participants completed a 3-d weighed-food record (2 week-
days and 1 weekend day) once before and twice during the inter-
vention period. In addition, dietary adherence was monitored
through analysis of the fatty acid composition of serum choles-
terol esters and phospholipids before and at the end of the inter-
vention period. At the end of the diet period, a muscle biopsy
sample was taken from the quadriceps (vastus lateralis) muscle
for analysis of the fatty acid composition of phospholipids and
triacylglycerols.

Diets and dietary analyses

Special fat products and food items in combination with dietary
advice were given to the subjects for control of the fatty acid com-
position of the diet according to the KANWU study protocol (29).
The SFA diet included butter and table margarine containing a rel-
atively high proportion of SFAs. The MUFA diet included a spread
and margarine containing high proportions of oleic acid
(18:1n—9) derived from sunflower oil high in 18:1n—9 with neg-
ligible amounts of n—3 fatty acids. The subjects were not told
which diet they were given. The participants were asked to reduce
their intake of other food items with a high fat content and espe-
cially to avoid fatty fish and products including fish fatty acids.
To ensure good adherence to the diet, the subjects met the same
nutritionist for dietary advice at least twice each month during the
study. All participants were instructed to eat a diet with the same
proportions of macronutrients and with an energy level individu-
ally adjusted to maintain constant body weight. The target diets
were calculated to contain 37% of energy as fat, with 17%, 14%,
and 6% of energy as SFAs, MUFAs, and polyunsaturated fatty
acids (PUFAs), respectively, in the SFA diet, and 8%, 23%, and
6% of energy as SFAs, MUFAs, and PUFAs in the MUFA diet.
The achieved dietary intake was calculated from the weighed-food
records by using the PC-KOST database (version 1-96; Swedish
National Food Administration, Uppsala, Sweden) and a comput-
erized calculation program (STOR MATS, version 4-0d; Rudans
Littdata; Visteras, Sweden). Data for margarine and other spe-
cially prepared foods were entered into this database for inclusion
in the analysis.

Muscle sample

Muscle biopsy samples (15-30 mg) were obtained from the
quadriceps (vastus lateralis) muscle under local anesthesia by using
a Bergstrom needle and were immediately frozen in liquid nitrogen
and stored at —70 °C until analyzed. The vastus lateralis is the most
commonly investigated muscle with regard to fatty acid composition
and the associations between insulin sensitivity and obesity (11-15).

Fatty acid composition

The fatty acid composition of serum phospholipids, cholesterol
esters, skeletal muscle phospholipids, and triacylglycerols was
determined by gas-liquid chromatography as previously described
in detail (23). Briefly, the lipid esters were extracted in chloroform,
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TABLE 2

Clinical characteristics of the participants in the 2 diet groups according to n—3 fatty acid supplementation’

SFA group MUFA group P for main effect of
n—3(m=1E6M) Control(n=2F,7M) n—-3m=3F5M) Control (n=1F, 7M) Diet? Supplement?
Age (y) 53+8 52+5 51+7 48 £ 11 NS NS
Body weight (kg) 86.6 £ 15.8 81.7+132 76.7 £ 10.9 82.5+109 NS NS
Height (cm) 180.3+12.3 1759+9.2 176.0 £ 11.9 1785+7.6 NS NS
BMI (kg/m?) 264 £2.0 26.3£2.8 247+1.8 259+3.1 NS NS
Waist-to-hip ratio* 0.89 £ 0.06 0.92 £ 0.06 0.86 £ 0.06 0.92 +£0.04 NS 0.02
Blood glucose, 5.36+0.24 5.33£048 5.63£0.53 5.58£043 NS NS

fasting (mmol/L)

!X + SD. SFA, saturated fatty acid; MUFA, monounsaturated fatty acid.
’Differences between the SFA (n = 16) and MUFA (n = 16) diet groups.

3 Differences between the n—3-supplemented (n = 15) and control (n = 17) groups.

“Significance calculated with a nonparametric test.

separated by thin-layer chromatography, transmethylated, and sep-
arated by gas-liquid chromatography on a capillary column.
Butylated hydroxytoluene was added as an antioxidant during the
fatty acid analyses. The fatty acids were identified by comparing
each peak’s retention time with those of methyl ester standards.
The relative amount of each fatty acid (% of total fatty acids)
was quantified by integrating the area under the peak and divid-
ing the result by the total area for all fatty acids. The activity of
Ad-desaturase was estimated as the product-to-precursor ratio of the
proportion of arachidonic acid (20:4n—6) to dihomo-vy-linolenic
acid (20:3n—6) in skeletal muscle phospholipids. The sum of n—6
PUFASs [linoleic acid (18:2n—6), 20:3n—6, and 20:4n—6] and the
sum of n—3 PUFAs [«-linolenic acid (18:3n—3), 20:5n—3, docos-
apentaenoic acid (22:5n—3), and 22:6n—3] in muscle phospho-
lipids and triacylglycerols, respectively, were calculated. The pro-
portions of 18:3n—3 in the muscle phospholipids and of 20:3n—6,
22:5n—3, and 22:6n—3 in the muscle triacylglycerols were too
low to detect in several subjects. The individual proportions of
these fatty acids are reported only for the subjects who had
detectable values. In the calculated sum of n—3 and n—6 PUFAs,
these values are included as zero.

Blood sampling and anthropometric measurements

Blood samples were drawn after the subjects had fasted for 12 h
overnight. Body weight, height, and waist and hip circumferences
were measured, and the waist-to-hip ratio and body mass index
(in kg/m?) were calculated as described in the main protocol of
the KANWU study (29). Plasma glucose concentrations were ana-
lyzed by the glucose oxidase method (31).

Statistical methods

The data were analyzed statistically by using the SAS (version
8.0) and JMP (version 3.2) software programs (SAS Institute Inc,
Cary, NC). The results are expressed as means = SDs. For each
outcome variable, the treatment differences were estimated from
a statistical model (analysis of covariance) in which treatment cat-
egories (SFA or MUFA and the presence or absence of n—3 fatty
acids) and their interactions were analyzed as explanatory factors,
adjusted for the possible confounding effects of age, sex, and the
baseline value of the outcome variable. For variables with skewed
distributions (Shapiro Wilk’s W test < 0.95), a logarithmic trans-
formation was made to obtain normal distribution. When normal-
ity was not achieved by logarithmic transformation of the data, a
nonparametric test was used (identified in the tables). For nonnormal

variables, a test for interaction was performed by using the boot-
strap percentile method with 20 000 replicated bootstrap samples
(32). Because no interactions between diet and supplementation
effects were observed (except for the proportion of 18:3n—3 in
skeletal muscle phospholipids) and because one-half of the sub-
jects in both diet groups were given n—3 supplements, the data
were analyzed in 2 parallel ways. On the one hand, the total SFA
group (n = 16) was compared with the total MUFA group (n = 16);
on the other hand, the supplemented n—3 subjects (n = 15) were
compared with the control subjects (n = 17). In this way, we get
as large a sample size as possible for each treatment and increase
the statistical power. For comparison of baseline data and for
dietary intake before and during the study, the Student’s unpaired
test or Wilcoxon’s rank-sum test was used. Relations between
variables were analyzed by simple linear correlations: Pearson’s
correlation or the nonparametric Spearman’s correlation. For all
tests, two-tailed significance values were given with P < 0.05
regarded as statistically significant.

RESULTS

Clinical characteristics

There were no significant differences between the 2 diet groups (SFA
and MUFA groups) in age, sex, body weight, height, body mass index,
waist-to-hip ratio, or fasting plasma glucose concentrations at baseline
(Table 2). For subjects in the n—3 and control groups, the only observed
difference in clinical characteristics was in the waist-to-hip-ratio, which
was higher in the control group. The clinical characteristics remained
unchanged in each treatment group during the intervention period.

Dietary intake

The subjects’ reported nutrient intakes before the study did not
differ significantly between the 2 diet groups or between the n—3
and control groups (Table 3). During the intervention period, the
reported fatty acid composition of the diet differed between the
diet groups, with twice as much SFAs and one-half the amount of
MUFAs in the SFA group than in the MUFA group. No signifi-
cant differences were observed between the diet groups during the
intervention period for intakes of total energy, macronutrients, or
PUFAs. The reported mean intakes of fat and fatty acids during
the study were close to the target values, indicating a valid design
in monitoring the fatty acid composition of the diet. No significant
differences in dietary fatty acid composition, as calculated from
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TABLE 3
Calculated average dietary intake in the 2 diet groups, according to n—3 fatty acid supplementation, before and during the study period’
SFA group MUFA group
n—=3(n="7) Control (n =9) n—3 (n=28) Control (n =8) P for main effect of

Before During Before During Before During Before During Diet’ Supplement’
Energy (MJ) 105+24 102+22 98+20 88+11 93+17 87+19 107+1.8 10.1+2.0 NS NS
Protein (% of energy) 147+£27 145+16 148%+23 150%x15 159+26 153+15 146+13 146%13 NS NS
Carbohydrate (% of energy) 47.9+5.5 48.6+2.0 514+42 462+38 493+6.8 49.6x40 475%+48 475+14 NS <0.05
Fat (% of energy) 36.3+55 36.1+£1.6 29.1+47 353+5.02 31.6+83 34.1+34 352+£50 364+24 NS NS
SFAs (% of energy)* 16.1£40 180x10 122+18 17.6+24 133+38 85+0.6 148+23 10.0+14 <0.001 NS
MUFASs (% of energy)* 133+1.5 10.1£0.7 109+£22 104+1.6 11.8+34 193+£26 128+23 194+14 <0.001 NS
PUFASs (% of energy) 45+04 46+08 38+09 42+08 40x10 39+04 52+1.0 43+£05 NS NS
Alcohol (% of energy)” 1.1+£12 08%£09 48%+59 3.6+34 32+40 1.1+17 26£56 14%1.6 NS NS
Dietary fiber (g) 23+6 23+4 23+6 18£5 206 20+9 23+6 23+£5 NS NS
Cholesterol (mg) 36084  380+117 282+82 354+72 396+ 131 224+89 402+145 245+54 <0.001 NS

X £ SD. SFA, saturated fatty acid; MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty acid. There were no significant differences between

groups before the study period.

2Differences between the SFA (n = 16) and MUFA (n = 16) diet groups during the study.
? Differences between the n—3-supplemented (n = 15) and control (n = 17) groups during the study.

“Significance calculated with a nonparametric test.

the food records, were found between the n—3 and control groups
(Table 3). However, a slightly higher proportion of carbohydrates
(as a percentage of energy) was reported in the n—3 group.

Fatty acid composition of skeletal muscle phospholipids

In skeletal muscle phospholipids, the proportions of myristic
(14:0), pentadecanoic (15:0), heptadecanoic (17:0), and palmi-
toleic (16:1n—7) acids were higher and the proportion of 18:1n—9
was lower in the SFA group than in the MUFA group (Table 4).
The subjects in the n—3 group had higher proportions of total n—3
PUFAs and lower proportions of all the n—6 PUFAs than did those
in the control group, followed by a lower ratio of n—6 to n—3 fatty

acids. Compared with the control group, the n—3 group had a
higher ratio of 20:4n—6 to 20:3n—6 (estimate of A’-desaturase
activity). No interactions were observed between the effect of diet
and the effect of n—3 supplementation, except for the proportion
of 18:3n—3 (P < 0.05). The results of the analyses of the fatty acid
profile in skeletal muscle phospholipids are presented for 29 of
the 32 total participants; muscle samples in 3 subjects were ana-
lyzed unsuccessfully.

Fatty acid composition of skeletal muscle triacylglycerols

In skeletal muscle triacylglycerols, the proportions of 14:0,
palmitic acid (16:0), and 16:1n—7 were higher and the proportion

TABLE 4
Comparison of the fatty acid composition of skeletal muscle phospholipids between the 2 diet groups according to n—3 fatty acid supplementation’
SFA group MUFA group P for main effect of
n—3 (n=06) Control (n = 9) n—-3(n=28) Control (n = 6) Diet? Supplement?
% of total fatty acids % of total fatty acids P
14:0 0.97 £0.06 1.06 £0.13 0.80 £0.12 0.74 £0.15 <0.001 NS
15:0 0.31 £0.04 0.32+0.10 0.22+0.03 0.22+0.03 <0.001 NS
16:0* 244+1.8 23.9+0.7 234+1.9 234+14 NS NS
17:0* 0.43 +£0.03 0.40 +0.04 0.36 +0.03 0.36 £0.02 <0.001 NS
18:0 149+1.2 13.8+£0.7 141+12 14.0+0.8 NS NS
16:1n—7 0.66 £ 0.19 0.92+£0.35 0.63 £0.19 0.56 £ 0.20 <0.01 NS
18:1n—9 103£1.5 124+ 1.6 13714 15014 <0.001 <0.001
18:2n—6 273+ 1.6 302+1.9 254 +2.1 208+1.5 NS <0.001
18:3n—3* 0.49 +0.29 [3] 0.37£0.10 [5] 0.33 £ 0.08 [3] 0.30 +0.05 [4] NS NS
20:3n—6* 0.86 £ 0.11 1.28 £0.17 0.82 £0.08 1.23£0.21 NS <0.001
20:4n—6 8.39£0.72 109+ 1.0 894+ 1.13 105+1.2 NS <0.001
20:5n—3* 5.14+0.95 1.12 £ 0.20 5.28 £1.09 0.96 + 0.06 NS <0.001
22:5n—3* 2.29+0.24 1.41£0.10 2.03£0.17 1.20£0.12 NS <0.001
22:6n—3* 4.22+0.62 2211036 422+0.77 1.79 £0.20 NS <0.001
Sum n—6 36.5+1.9 424+2.1 35.1+27 41.6+22 NS <0.001
Sum n—3* 11.5£1.8 4.79 £ 0.66 11.7£1.8 4.14+0.17 NS <0.001
n—6:n—3" 331061 9.0+12 3.1+07 10.1+£0.9 NS <0.001
20:4n—6:20:3n—6 9.9+1.29 87+14 11.1+1.9 87+15 NS <0.01

% + SD; n in brackets. SFA, saturated fatty acid; MUFA, monounsaturated fatty acid. P values are adjusted for age and sex. No interaction between diet
and supplement effects was observed, except for the proportion of 18:3n—3, for which P < 0.05.

2Differences between the SFA (n = 15) and MUFA (n = 14) diet groups.

*Differences between the n—3-supplemented (n = 14) and control (n = 15) groups.

“#Significance calculated with a nonparametric test.
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TABLE 5
Comparison of the fatty acid composition of skeletal muscle triacylglycerols between the 2 diet groups according to n—3 fatty acid supplementation’
SFA group MUFA group P for main effect of
n—-3n=7) Control (n =9) n—3(n=23) Control (n = 8) Diet? Supplement’
% of total fatty acids % of total fatty acids
14:0 4.00£0.40 3.50+£0.40 3.20+0.54 3.18+£0.74 <0.01 NS
15:0 0.39 £0.07 0.34£0.05 0.32£0.07 0.31 £0.09 NS NS
16:0 246+13 240+ 1.4 227+22 23.0+ 1.1 <0.01 NS
17:0 0.29 £0.08 0.26 £ 0.04 0.25 £0.04 0.25£0.04 NS NS
18:0 5.38+1.93 448 £1.25 5.12+£1.28 5.08£1.19 NS NS
16:1n—7 6.80 +1.74 7.27 +1.50 5.77+2.21 5.50 +1.60 <0.01 NS
18:1n—9 46.2+2.0 48.7+1.8 503+1.7 514+1.9 <0.001 <0.01
18:2n—6 9.97£0.81 9.83£0.95 102£0.9 9.74 £ 1.17 NS NS
18:3n—37 0.82+0.15 0.84 £0.12 0.82+0.13 0.75 £ 0.27 NS NS
20:3n—6" 0.15+0.05 [6] 0.15+0.03 [5] 0.16 £0.07 [5] 0.17 £0.59 [4] NS NS
20:4n—6* 0.35£0.07 0.38 £0.07 0.35£0.06 0.34 £0.09 NS NS
20:5n—3 ND ND ND ND
22:5n—3* 0.57 £0.16 [6] 0.32£0.06 [5] 0.59 £0.26 [6] 0.35+0.02 [4] NS 0.001
22:6n—3* 0.75£0.17 [6] 0.34£0.07 [5] 0.65 £0.25 [7] 0.40 £ 0.09 [4] NS 0.001
Sum n—6* 10.4 £0.92 10.3+£0.93 10.6 +0.97 102+ 1.16 NS NS
Sum n—3 1.95+0.71 1.21£0.35 1.83 £0.67 1.12£0.50 NS <0.01
n—6:m—3 6.7+£4.9 93+£33 6.7+£33 10.6 £4.2 NS <0.01

!X £ SD; n in brackets. SFA, saturated fatty acid; MUFA, monounsaturated fatty acid; ND, not detectable. P values are adjusted for age and sex. No inter-

action between diet and supplement effects was observed.

Differences between the SFA (n = 16) and MUFA (n = 16) diet groups.

’Differences between the n—3-supplemented (n = 15) and control (n = 17) groups.

“Significance calculated with a nonparametric test.

of 18:1n—9 lower in the SFA group than in the MUFA group
(Table 5). The subjects in the n—3 group had higher proportions
of 22:5n—3 and 22:6n—3, giving them a higher proportion of total
n—3 PUFAs, a lower ratio of n—6 to n—3 fatty acids, and a lower
proportion of 18:1n—9 than in the control group. No interactions
between the effect of diet and the effect of n—3 supplementation
were found.

Adjustment for sex and age, as possible for the parametric vari-
ables only, did not change the observed differences in the fatty
acid composition of the muscle phospholipids and triacylglycerols
between the treatment groups. The only discrepancy was observed
in the proportion of 18:1n—9 in the n—3 and control groups,
which was significantly different between groups only after the
adjustment. In addition, a significant difference in the proportion
of 15:0 in muscle triacylglycerols between the SFA and MUFA
groups was observed only without adjustment.

Fatty acid composition of serum lipid esters

Changes in the fatty acid composition of both serum phospho-
lipids and cholesterol esters during the intervention reflected the
dietary fatty acid profile in each treatment group. Effects of the
diets and the n—3 supplementation on serum phospholipid fatty
acid composition are shown in Table 6. Effects of the dietary treat-
ment on the fatty acid composition of the serum phospholipids
were similar to those presented in the main KANWU study (29).
No significant difference was observed in the proportions of fatty
acids in serum phospholipids at baseline either between the n—3
and control groups or between the 2 diet groups. The composition
of fatty acids in serum phospholipids in the SFA and MUFA groups
at baseline was as follows: 14:0, 0.45 = 0.09% and 0.46 £ 0.09%;
15:0, 0.25 + 0.04% and 0.23 = 0.05%; 16:0, 30.8 £ 0.9% and
30.4 £ 1.1%; 17:0, 0.44 + 0.04% and 0.43 + 0.05%; stearic acid
(18:0), 14.0£0.8% and 14.1 £ 0.8%; 16:1n—7,0.80 £ 0.18% and

0.79£0.21%; 18:1n—9, 12.9 £ 0.70% and 12.7 £ 1.3%; 18:2n—6,
21.3 £ 2.8% and 21.8 £ 1.5%; 18:3n—3, 0.30 £ 0.06% and
0.34 £ 0.11%; 20:5n—3, 1.60 £ 0.84% and 1.60 + 0.48%; and
22:6n—3, 4.66 = 1.02% and 4.71 £ 1.02%.

Correlations of fatty acid patterns within subjects

Relations between the proportions of individual fatty acids in skele-
tal muscle phospholipids and those of the corresponding fatty acids in
muscle triacylglycerols, serum phospholipids, and cholesterol esters,
respectively, were calculated in the whole study group (n = 29). Posi-
tive correlations were observed mainly for the PUFAs (data not shown).
The strongest correlations between the proportions of fatty acids in the
muscle phospholipids and the corresponding fatty acid in muscle tria-
cylglycerols, serum phospholipids, and cholesterol esters, respectively,
were found for the proportion of 18:1n—9 (r = 0.75, r = 0.75, and
r=0.75, P < 0.001), 20:4n—6 (r = 0.45, r = 0.80, and r = 0.60,
P <0.001-0.05), and 22:6n—3 (r=0.68, r=0.80, and r=0.81, P <0.001).

DISCUSSION

The results of the present study show for the first time that the
fatty acid profile of skeletal muscle lipids, both phospholipids and
triacylglycerols, in healthy men and women differs in groups with
different dietary fatty acid compositions. The n—3-supplemented
subjects, who were given 2.4 g 20:5n—3 and 22:6n—3/d, equiva-
lent to the consumption of =100-200 g fatty fish such as salmon,
had proportions of long chain n—3 PUFAs in skeletal muscle
phospholipids that were =~2.5 times higher than those in control
subjects. This difference may have been particularly obvious
because the study diets were low in long-chain PUFAs (not includ-
ing any fatty fish products). Whereas the supplemented group had
a high proportion of n—3 fatty acids in the muscle lipids, the con-
trol subjects had a total of =4.5% n—3 fatty acids in the muscle
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TABLE 6

Effects of 3 mo of a saturated fatty acid (SFA) or monounsaturated fatty acid (MUFA) diet and n—3 fatty acid supplementation on fatty acid composition

in serum phospholipids’

SFA group MUFA group
n—3n="7) Control (n =9) n—3 (n=2_8) Control (n = 8) P for main effect of
Baseline Change? Baseline Change? Baseline Change? Baseline Change? Diet’ Supplement?
% of total fatty acids % of total fatty acids

14:0 044 +£0.08 0.06£0.08 046+£0.10 0.04%£0.11 047+£0.09 —0.11£0.05 044£0.10 —-0.12£0.06 <0.001 NS
15:0 0.25+0.04 0.03+£0.03 0.24+0.04 0.02£0.04 024+£0.06 —0.02+£0.09 0.23+£0.05 —-0.05£0.04 <0.001 NS
16:0 30.5+0.6 047+0.63 31.0+x1.1 —-0.05+087 299+12 —-023+131 309+£09 —-156=%1.0 <0.01 NS
17:0 043+£0.04 0.06£0.07 0.44£0.04 0.0+0.03 045+£0.03 —-0.02+£0.04 040%£0.05 —-0.02%£0.05 <0.01 <0.05
18:0 13.8£0.6 0.65+0.72 142+09 -—-0.08£0.57 14.1+0.08 024+0.75 141+£09 —0.12+£0.36 NS <0.01
16:In—=7 0.79+0.12 —0.15+0.08 0.81+0.22 0.02+0.11 0.86+0.14 —-0.27+0.08 0.72+0.25 —0.1110.31 NS <0.05
18:In—-9 13.0+09 —-2.75+£0.74 128+05 —-1.14£0.62 132+1.1 052+1.16 123+13 351+0.85 <0.001 <0.001
18:2n—6 22.5+32 —433+347 204122 1.19+137 216%+15 —531+146 219+16 —146+1.13 <0.05 <0.001
20:3n—6  3.09+0.51 —1.22+0.59 331+£0.78 0.29+035 3.18+0.58 —1.21+£045 3.10+£0.54 091+044 <0.05 <0.001
20:4n—6 7.81+1.62 —0.71+1.02 851+122 0.72+£0.72 826+1.09 —-0.70+0.71 8.17 £0.57 0.74 £0.94 NS <0.001

20:5n—3  1.55+0.95 478+1.74 1.65+0.80 —020+048 150+£035 470+1.80 1.70+£0.58 —0.72£049 <0.05 <0.001
22:5n—3  1.11+034 087x0.50 1.16+0.25 —0.08*0.15 1.05+£0.12 050%+0.16 1.12+£0.10 —0.24%+0.18 <0.05 <0.001
22:6n—3 449+129 251%£139 479+081 —054%£0.65 475+£1.16 228+0.68 4.67+£096 —0.58*0.64 NS <0.001

X + SD. The proportion of 18:3n—3 was not detectable in most of the subjects and is therefore not presented in the table. No significant difference was
observed between the diet groups or between the n—3-supplemented and control groups at baseline. No interaction between diet and supplement effects was

observed. P values are adjusted for age, sex, and baseline value.
2 Absolute changes.

J Difference in changes (3 mo versus baseline) between the SFA (n = 16) and MUFA (n = 16) diet groups.
“Difference in changes (3 mo versus baseline) between the n—3-supplemented (7 = 15) and control (n = 17) groups.

phospholipids, which is =2 percentage units lower than that
observed in other Swedish populations (14, 23, 24). Similar results
were reported in infants: breast-fed infants have higher propor-
tions of n—3 PUFAs in their skeletal muscle phospholipids than
do formula-fed infants, reflecting the lack of long-chain n—3
PUFAs in the infant formula used (21, 22).

We also found the fatty acid composition of skeletal muscle
phospholipids to differ between the 2 diet groups, reflecting the
dietary fatty acid profile. The SFA group had higher proportions
of SFAs such as 14:0, 15:0, and 17:0 than did the MUFA group.
This agrees with the results of earlier studies that observed corre-
lations between milk fat consumption and the proportions of 15:0
and 17:0 in adipose tissue (33, 34) and between milk fat and but-
ter intake and 15:0 acid in serum (34, 35). The proportion of
18:1n—9 in the skeletal muscle phospholipids was higher in the
MUPFA group than in the SFA group, apparently reflecting the high
proportion of 18:1n—9 in the margarine used in the MUFA diet
and the low proportion of SFAs in this diet.

The triacylglycerols had an =4 times higher proportion of
18:1n—9 and an =25% lower proportion of total n—6 PUFAs than
did the phospholipids. The observed differences in the fatty acid
profile of the skeletal muscle triacylglycerols between treatment
groups, however, were similar to those for the phospholipids.
When the n—3 and control groups were compared, a higher pro-
portion of total n—3 PUFAs in the muscle triacylglycerols was
observed in the supplemented subjects, in agreement with, but not
so pronounced as, the observed differences in the muscle phos-
pholipids. In contrast with the composition of the muscle phos-
pholipids, there were no significant differences in the proportion
of total n—6 PUFAs in the muscle triacylglycerols.

The effects of supplementation with n—3 fatty acids appeared
to be different in different lipid structures, probably as a result of
the different turnover time and a selective handling of different
fatty acids. The influence of n—3 supplementation on muscle lipid

fatty acid composition has not previously been studied in humans.
In infants, the effects of feeding different fatty acids, including
long-chain PUFAs, were more marked in the muscle than in the
erythrocytes (22). The increased proportion of n—3 PUFAs in
serum phospholipids in this study is similar to earlier observations
(36). The difference between subjects who were or were not sup-
plemented with n—3 fatty acids in the proportion of n—3 PUFAs
in muscle phospholipids was approximately of the same magni-
tude as the difference seen in the serum phospholipids. The
observed differences in n—3 PUFAs in muscle triacylglycerols are
in line with those observed earlier in adipose tissue after supple-
mentation with n—3 fatty acids (36).

The fatty acid profile of different body compartments reflects
the preceding fatty acid composition of the diet at different
points in time. The dietary fatty acid profile is reflected in serum
triacylglycerols a few hours after a meal, whereas the fatty acid
composition of serum phospholipids and cholesterol esters
changes more slowly and reflects the fatty acid composition of
the diet during the preceding weeks to months (3, 5). The kinet-
ics of skeletal muscle phospholipid and triacylglycerol fatty acid
composition in response to changes in dietary fatty acid compo-
sition is not known. The 3-mo intervention period used in the
present study appears, however, to have been adequate for
detecting diet-induced differences. It is possible that the differ-
ences would have been even more pronounced if the interven-
tion had been continued longer.

Within the treatment groups, there were individual differences
in the proportions of fatty acids in skeletal muscle, although no
significant differences were seen in the fatty acid composition of
the diet. For example, the proportions of 20:5n—3 and 22:6n—3 in
skeletal muscle phospholipids varied widely in both the control
(0.9-1.4% and 1.6-2.8%, respectively) and particularly in the
n—3-supplemented (3.3-6.8% and 3.2-5.4%, respectively) sub-
jects. These wide ranges were observed despite an identical daily
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intake of 20:5n—3 and 22:6n—3 in the supplemented subjects and
a negligible intake of fish fatty acids in the control subjects. Good
compliance with the treatment diet and the n—3 supplementation
was verified by the fatty acid pattern in the serum and by the
weighed-food records. The observed individual variations are con-
sistent with earlier observations in infants (21), suggesting both
individual differences in activity of the fatty acid elongase and
desaturase enzymes and a different ability to incorporate long-
chain PUFAs into muscle membranes. The individual variations
are further supported when looking at correlations between fatty
acid compositions of different lipid esters within subjects.

Strong positive correlations were seen between the proportions
of PUFAs in particular in skeletal muscle phospholipids and the cor-
responding fatty acid in muscle triacylglycerols, serum phospho-
lipids, and cholesterol esters. The fact that the fatty acid composi-
tion of the diet influenced the fatty acid profile of skeletal muscle
phospholipids may be important for several reasons. The phospho-
lipid fatty acid composition of the cell membrane is known to influ-
ence membrane fluidity, membrane protein incorporation and
enzyme activities, receptor functions (37), and skeletal muscle func-
tion (38). In human populations, the fatty acid composition of skele-
tal muscle phospholipids has been related to insulin resistance
(11-14) and obesity (13, 15). Both insulin resistance and obesity
have mainly been linked with a low proportion of long-chain
PUFAs, a high proportion of 16:0, and a low ratio of 20:4 n—6 to
20:3 n—6. The KANWU study (29) is the first intervention study
in healthy humans showing effects on insulin sensitivity of changes
in dietary fatty acid composition. In that study, insulin sensitivity
was impaired after the SFA diet compared with the MUFA diet. In
the present study group, representing one-fifth of the total KANWU
group, we did not observe any significant changes in insulin sensi-
tivity between the 2 diet groups (data not shown), which is proba-
bly explained by the small sample size. No effect of n—3 supple-
mentation on insulin sensitivity was observed in the KANWU study.
Neither did we find any difference in insulin sensitivity between
subjects with or without n—3 supplementation (data not shown).

To limit the inconvenience to the subjects, a muscle biopsy was
not performed before the intervention. We have, however, no rea-
son to believe that the randomly assigned groups differed in their
fatty acid composition of the skeletal muscle at baseline. The clin-
ical characteristics of the subjects (with the exception of a differ-
ence in waist-to-hip ratio between the n—3 and control groups),
the fatty acid composition of the serum lipids, and dietary intake
did not differ significantly between the groups at baseline. Thus,
it is likely that the dietary treatment and the presence or absence
of n—3 fatty acids explains the observed differences in fatty acid
composition between the groups at the end of the study.

In conclusion, after a 3-mo dietary intervention study, the fatty
acid composition of skeletal muscle phospholipids and triacyl-
glycerols in healthy men and women clearly differed in groups
with different dietary fatty acid compositions. The present results
confirm earlier observations in animals and infants. Further stud-
ies are required to determine the time course of the dietary effects
on the fatty acid profile of the skeletal muscle lipid structures and
whether more extreme diets would give different results. More-
over, further investigations are needed to clarify the possible
implications of these changes for the development and treatment
of obesity and type 2 diabetes. ¥ ]
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