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Abstract
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Insulin sensitivity is related to the fatty acid profile of skeletal muscle. The aim of this
thesis was to investigate whether physical activity and dietary fat quality, independent
of each other, influence the fatty acid composition of the skeletal muscle lipids. In an
intervention study where middle-aged men were exercising for six weeks, and in a
cross-sectional study comparing sedentary with endurance-trained young men, it was
demonstrated that the fatty acid composition of the skeletal muscle lipids differed
between physically active and inactive men. In brief, a lower proportion of palmitic
acid (16:0) and total n-6 polyunsaturated fatty acids (PUFA) and a higher proportion
of stearic (18:0) and oleic acid (18:1n-9) and total n-3 PUFA in the muscle
phospholipids were associated with physical activity, despite similar fatty acid
composition of the diet. In the second study, that included a higher level of physical
activity, differences in the fatty acid profile were also found in the skeletal muscle
triglycerides. 
   In contrast, after short-term supra-maximal exercise we found no significant changes
in the proportion of the fatty acids in skeletal muscle. 
   Furthermore, after a treatment period of three months, with diets with various dietary
fat quality, the proportions of saturated fatty acids (14:0, 15:0 and 17:0) were higher
and the proportion of 18:1 n-9 lower in subjects with a high intake of saturated fatty
acids compared with subjects with a high intake of monounsaturated fatty acids. In
addition subjects given n-3 supplementation had a higher proportion of total n-3 PUFA
and lower n-6 PUFA in the skeletal muscle phospholipids than controls. Differences
similar to those observed in the phospholipids were found in the triglycerides. 
   In summary, these results suggest that regular aerobic physical activity and dietary
fat quality influence the fatty acid composition of the skeletal muscle lipids, which
may affect insulin sensitivity and glucose homeostasis.
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Abbreviations
________________________________________________________________

ATP Adenosine triphosphate
AOC Antioxidative capacity
BMI           Body mass index
BMR Basal metabolic rate
C Carbon atoms (i.e. C18, fatty acids with 18 carbon atoms)
CE          Cholesterol esters
CK Creatine kinase
CV             Coefficient of variation 
DHA Docosahexaenoic acid
EPA Eicosapentaenoic acid
E%              Energy percentage
kcal             Kilocalorie
kJ Kilojoule
MDA Malondialdehyde 
M-value Glucose disposal (measurement of insulin sensitivity)
M/I              Insulin sensitivity index
MJ Megajoule
n-3, n-6, etc. Fatty acids that have the first double bond at the 3rd, 6th, etc.

carbon atom from the terminal methyl (-CH3) group.
PAL Physical activity level
PC Phosphatidylcholine
PE Phosphatidylethanolamine 
PI Phosphatidylinositol 
PL Phospholipids
PUFA        Polyunsaturated fatty acids
SD             Standard deviation
TG Triglycerides (triacylglycerols)
UI Unsaturation index (the average number of double bonds per fatty

acid residue)
VO2 peak Peak oxygen uptake
8-iso-PGF2α 8-iso-prostaglandin F2α (F2-isoprostane)
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List of fatty acids
_________________________________________________________________

Code Common name
_________________________________________________________________

12:0 Lauric acid
14:0 Myristic acid
15:0 Pentadecanoic acid
16:0 Palmitic acid
17:0 Heptadecanoic acid
18:0 Stearic acid
16:1 n-7 Palmitoleic acid
18:1 n-7 Vaccenic acid
18:1 n-9 Oleic acid
18:2 n-6 Linoleic acid
18:3 n-3 α-linolenic acid
18:3 n-6 γ- linolenic acid
20:3 n-6 Dihomo-γ-linolenic acid
20:3 n-9 Eicosatrienoic acid or “Mead” acid
20:4 n-6 Arachidonic acid
20:5 n-3 Eicosapentaenoic acid (EPA)
22:5 n-3 Docosapentaenoic acid
22:6 n-3 Docosahexaenoic acid (DHA)
18:0/16:0 Elongase activity (estimated)
20:4 n-6/20:3 n-6 ∆ 5 desaturase activity (estimated)
20:3 n-6*/18:2 n-6 ∆ 6 desaturase activity (estimated)
18:1 n-9/18:0 ∆ 9 desaturase activity (estimated)

_________________________________________________________________
* the chose of 20:3 n-6 instead of 18:3 n-6 (which is undetectable in muscle PL)    

   assuming that ∆ 6 desaturase and not elongase activity is rate-limiting

Definitions of following terms as used in the thesis: 

Oxidation: an energy releasing process, when fat, carbohydrates and/or protein,
together with oxygen, produces ATP in the mitochondria. Oxidation of fatty acids is
more specifically called β-oxidation.
Lipid peroxidation: a free radical induced process, when lipids are oxidized without
release of energy, starting with a reactive species that abstract a hydrogen atom from
the fatty acids. 
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Background
________________________________________________________________

Introduction

The prevalence of obesity and type 2 diabetes mellitus is rapidly increasing all
over the world (1, 2). This will have major consequences for community health
and demand for medical care in the years to come. Impaired peripheral insulin
sensitivity plays a central role in the pathogenesis and clinical course of type 2
diabetes and obesity (3). It is thus of great importance to clarify possible
mechanisms involved in the development of insulin resistance. In addition to
genetic predisposition, physical activity level and dietary habits are important
life style factors associated with type 2 diabetes and obesity. 

Total amount, as well as type of dietary fat are likely to be contributing factors
in the etiology of insulin resistance [reviewed in (4-6)]. Generally, a high intake
of saturated fatty acids is associated with negative effects whereas an increased
proportion of unsaturated fatty acids seems to have beneficial effects. In several
studies the relationship between a high intake of dietary fat on the one hand and
the high fasting insulin levels respectively impaired glucose tolerance on the
other is attenuated among physically active compared to sedentary subjects (7-
9). Data from animals suggest that exercise reduces the negative influence of
high-fat intake on insulin sensitivity (10, 11), which also has been indicated in
humans (12). In addition, regular physical activity is known to result in several
beneficial metabolic adaptations including both increased fat oxidation
[reviewed in (13, 14)], and improved insulin sensitivity [reviewed in (15-17)].
The mechanisms responsible for the proposed effects on insulin sensitivity by
dietary fat and physical activity are not fully investigated. 

The skeletal musculature has a central role for the whole body energy
expenditure, as a primary site of lipid utilization [discussed in review (18)], and
it stands for the majority of the whole-body insulin-mediated glucose uptake
(19, 20). Skeletal muscle characteristics (e.g. fiber type, oxidative capacity,
capillary density and glucose transport capacity) have been related with
cardiovascular risk factors such as obesity and insulin resistance [reviewed in
(21)]. In recent years the focus on skeletal muscle lipid metabolism has
increased. The fatty acid composition of skeletal muscle lipids has in different
populations been linked to insulin sensitivity (22-26). Thus, the skeletal muscle
lipid metabolism and the muscle fatty acid composition might be important for
the total energy metabolism in general and for the glucose metabolism in
particular, and may thereby play a role in the pathogenesis of metabolic
disorders such as type 2 diabetes and obesity (18). 
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The regulation of the fatty acid composition of skeletal muscle lipids;
triglycerides (TG) and phospholipids (PL), is not fully understood.
Environmental factors influencing the fatty acid supply and turnover, such as
dietary intake and increased physical activity, would be potential exogenous
regulators. It is also worth considering possible negative effects of very
strenuous exercise that may result in an oxidative stress [see reviews (27, 28)],
and risk for lipid peroxidation (29) likely to influence fatty acid composition in
the muscle. 

Skeletal muscle lipids 

Skeletal muscles account for 30-40% of the body weight (30). The whole body
muscle mass has been estimated to contain approximately 400 g fat (13). The
intra-myocellular TG are located as lipid droplets within the muscle fibers and
serving as a source of energy, whereas the muscle PL are structural lipids
localized mainly in the cell membranes. Triglycerides consist of a molecule of
glycerol esterified with three fatty acids of varying length and saturation. The
lipid molecules in the membranes are arranged as continuous double layers
mainly built up by PL (31). There are different PL classes in skeletal muscle:
phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylinositol
(PI), phosphatidylserine, sphingomyelin and cardiolipin (32, 33).
Phosphatidylcholine and PE account for 70-75% of the total muscle membrane
PL classes (32) and represent the major PL in outer and inner membrane
respectively. Phosphatidylinositol, one of the minor (5-10%) PL in cell
membrane, may be of particular interest because of its role in insulin signal
transduction (34, 35). Phospholipids have a polar group and two non-polar fatty
acid tails. The two non-polar fatty acid tails differ in length and saturation (36).
The one tail, at the sn 1 position, is usually a saturated fatty acid, whereas the
other tail, at the sn 2 position, is usually an unsaturated fatty acid. Differences in
length and saturation of the membrane fatty acids are important because they
influence the physicochemical properties of the cell membrane and interact with
the membrane proteins (36). This could be crucial for membrane fluidity,
membrane enzymes, receptors, transport systems, and cell signalling, as well as
for the metabolic activity of the cell (37-39).

Fatty acid composition in skeletal muscle and insulin sensitivity

The fatty acid composition of muscle PL has during recent years been suggested
to be an important factor involved in the etiology of insulin resistance (5, 6, 40,
41) and obesity (42). Supporting this hypothesis is the observed association
between the fatty acid composition of skeletal muscle PL and insulin sensitivity.
Borkman and colleagues (26) from Australia were the first to show a positive
correlation between the proportion of long chain (C20-22) polyunsaturated fatty
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acids (PUFA) in the skeletal muscle membrane PL and insulin sensitivity. In
addition they found the insulin sensitivity to be positively correlated with the
ratio of 20:4 n-6/20:3n-6 and with the proportion of arachidonic acid (20:4 n-6)
in muscle PL. This was demonstrated in the m. rectus abdominus in a group of
normoglycemic men and women undergoing coronary bypass operation, as well
as in the m. vastus lateralis in a group of young healthy men. Further studies in
different populations confirmed and extended those observations. In an older
Swedish male population, investigated at our department, significant
relationships between the fatty acid profile in m. vastus lateralis PL and insulin
sensitivity were again found (23). However, in this population no correlation
was observed between the proportion of long-chain PUFA and insulin
sensitivity. Instead, a strong negative correlation was found between the
proportion of the saturated palmitic acid (16:0) and insulin sensitivity.
Furthermore, a study carried out in adult healthy Pima Indians (24), a population
with particularly high prevalence of type 2 diabetes and obesity, also confirmed
the association between fatty acid composition of skeletal muscle PL and insulin
sensitivity. Insulin action was positively correlated with the proportion of long-
chain PUFA, the unsaturation index (UI, the average number of double bonds
per fatty acid residue), the ratio of 20:4 n-6/20:3n-6 and the proportion of
arachidonic acid (20:4 n-6) in m. vastus lateralis. 

The observations in humans, connecting insulin sensitivity and fatty acid
composition of skeletal muscle PL, are consistent with earlier in vitro and
animal studies. An increased content of PUFA within the cell membrane in vitro
has resulted in increased membrane fluidity, number of insulin receptors and
insulin binding, whereas converse effects have been observed when the
proportion of saturated fatty acids were increased (43-45). In rats, an improved
insulin action and/or insulin binding has been linked with an increased
proportion of longer and more highly unsaturated, particularly n-3, fatty acids in
the muscle membrane PL (22, 46, 47). 

Not only the fatty acid composition of the muscle membrane PL but also the
intra-myocellular TG stores have been related to insulin sensitivity. A high
amount of muscle TG has, in some studies, been linked with poor insulin
sensitivity (22, 48, 49). In contrast, trained individuals have demonstrated a high
content of intra-myocellular TG (50, 51) and an improved insulin sensitivity (15,
16, 52) compared to sedentary controls. Suggested explanations for this diversity
is different location and/or utilization of the muscle TG as an energy source in
sedentary and endurance-trained individuals [discussed by Pan et al 1997 (48)].
So far little data is available about the fatty acid composition of muscle TG and
its relation to insulin sensitivity. Obese patients with impaired insulin sensitivity
have shown higher proportions of myristic (14:0), palmitic (16:0) and stearic
acid (18:0) and decreased proportions of oleic (18:1 n-9) and linoleic acid (18:2
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n-6), giving a lower ratio of unsaturated to saturated fatty acids in the skeletal
muscle TG when compared with non-obese healthy subjects (49). Furthermore,
rats given a high fructose and lard diet showed an increased proportion of
saturated and a decreased proportion of PUFA in the muscle TG, parallel with a
decreased insulin sensitivity (53). These changes were prevented in rats treated
with bezafibrate, a lipid-lowering drug. In addition the bezafibrate treatment
resulted in an increased ratio of 20:4 n-6/20:3n-6 in the muscle TG. 

Muscle fiber type, insulin sensitivity and fatty acid composition 

Different muscle fiber types (classified according to the contractile properties)
are known to vary in insulin sensitivity. Rat muscles with mostly type I fibers
(slow-twitch) have demonstrated higher insulin sensitivity than muscles with
mainly type IIb fibers (fast-twitch) (54). In addition insulin resistant humans are
characterized by a high proportion of type IIb fibers and a low proportion of
type I fibers in m. vastus lateralis (55-58). In line with this, endurance-trained
athletes often has a high percentage of type I fibers in m. vastus lateralis (59,
60) and high insulin sensitivity (15, 16, 52). A muscle with high proportion of
type I fibers is also generally associated with a higher oxidative capacity (59-
61), higher content of intra-myocellular TG (61-63) and more efficient
utilization of fatty acids as energy substrate (64) compared to a muscle with a
high proportion of type IIb fibers. However, physical activity can cause
adaptations that attenuate the metabolic differences between fiber types (59, 65,
66), e.g. the type IIb fibers become more similar to the type I fibers. 

It has been demonstrated that the fatty acid composition of the muscle PL is
related to the type of muscle fiber. In rats a high proportion of PUFA,
particularly the long chain n-3 PUFA, in skeletal muscle PL has been related to
a high proportion of type I fiber (63, 67). The muscle rich in type I fiber also had
a lower proportion of palmitic acid (16:0), and a higher proportion of stearic
acid (18:0), giving a higher 18:0/16:0 ratio than the type IIb fiber muscle. This
has been supported in a human study where the percentage of type I fiber in
muscle was correlated with a low proportion of 16:0 and high proportions of
18:0 and long chain n-3 PUFA in muscle PL (68), a fatty acid pattern similar to
that which has been linked to enhanced insulin sensitivity (23, 26). Exactly how
altered muscle fatty acid composition is related with muscle fiber type
distributions still remains unclear. 

Biosynthesis and selective handling of fatty acids in the body

As mentioned above, mainly the long chain PUFA have been positively related
to insulin sensitivity. Apart from long chain fish fatty acids, the majority of the
dietary fatty acids have to be substantially elongated and desaturated to be
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transformed into long-chain PUFA (69). Elongase and desaturase enzymes are
crucial rate-limiting elements in this transformation (figure 1) and could thereby
influence the fatty acid composition of the lipids in the body. All four families
of unsaturated fatty acids share the same enzymes for elongation and
desaturation leading to a competition between fatty acid families as substrates
for the enzymes (70). The enzyme preference order is n-3, n-6, n-9 and n-7. 

Fatty acid families and their metabolic pathways 
________________________________________________________________________

n-3 n-6 n-9 n-7
________________________________________________________________________

Desaturase: 18:0 ← 16:0

     ∆ 9      ⇓   ⇓

18:3 18:2 18:1 16:1 

      ∆ 6    ⇓   ⇓   ⇓   ↓

18:4 18:3 18:2 18:1 

          ↓   ↓   ↓      

20:4 20:3 20:2 

    ∆ 5   ⇓   ⇓    ⇓

20:5  20:4 20:3 

             ↓   ↓   ↓

22:5 → 24:5 22:4 → 24:4 22:3 

     ∆ 6                  ⇓                   ⇓   

22:6 ← 24:6 22:4 ← 24:5  
__________________________________________________________________________

Figure 1. ↓  → ← chain elongation, ⇓ desaturation, ← β-oxidation.

Indirect information about the enzyme activities is in humans commonly
achivied from analyses of the product/precursor ratios of, for example, the cell
membrane fatty acids. Even if this is an indirect estimate of the enzyme
activities and must be interpreted with caution, it is used in human studies
because of practical and ethical limitations. In two studies where those ratios
have been measured in the skeletal muscle PL a low ratio of 20:4 n-6/20:3 n-6,
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representing a low ∆5 desaturase activity, has been related to impaired insulin
sensitivity (24, 26). 

For a given dietary fatty acid composition there is still an individual variation in
the fatty acid profile in the body tissues, which for instance could be due to
genetic factors. This has been illustrated in a relatively wide range of the
proportions of the long-chain PUFA in the muscle membrane PL in infants (71,
72) in spite of identical fatty acid composition of their diet. Individual variations
might involve differences in the activities of desaturase and elongase enzymes. 

The overall control of the partitioning of dietary fats between storage and
oxidation is not clear. In rodents different oxidation rates of different fatty acids
after oral administration have been shown; saturated C12-14 were oxidized at
faster rates than saturated C16-18; the unsaturated C18 faster than unsaturated
C20; the unsaturated C18 faster than saturated C16-18 (73, 74). The degree of
incorporation of the unsaturated fatty acids into the liver phosphoglycerides was
the converse of their oxidation rates. Similar observations have more recently
been made in humans (75): oxidation of saturated fatty acids decreased with
increasing chain length and the oxidation of the 18-carbon fatty acids was
positively correlated with the number of double bonds. Furthermore, different
fatty acids are partitioned into different lipids in the body, generally with a
relatively greater incorporation of the dietary long chain PUFA into the PL than
TG (73, 76). There is also a differential mobilization of fatty acids from adipose
tissue; increasing with a greater unsaturation at a given chain length and
decreasing with a higher chain length for a given unsaturation (77). It is
reasonable to assume that this selective handling of different fatty acids to some
extent influences the fatty acid composition in the skeletal muscle lipids. 

Regular physical activity and fatty acid composition in skeletal muscle

Several metabolic adaptations, such as an increased oxidative capacity, have
been observed in skeletal muscle after physical activity (66, 78-80). It is well
established that habitual physical activity improves the insulin sensitivity (15-
17, 52), which may be explained by multiple factors including an increase in the
muscle blood flow and capillary density (57), increased glycogen synthase
activity (81) and increased capacity of the glucose transporters (82). Beside the
beneficial impact of exercise on glucose metabolism, regular physical activity is
a central environmental factor for increasing the fatty acid oxidation (13, 14).
The increased reliance on fatty acids as energy substrate is not only observed
during sub-maximal physical activity (83, 84), but also in the resting state in a
trained individual (85). The increased fat oxidation at rest has been shown to be
unrelated to changes in energy balance or lipolysis (86). The role of intra-
myocellular TG as energy source during exercise is, however, still not clear.
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Some studies have demonstrated decreased TG stores after exercise, but others
have not [see reviews (14, 87)]. Furthermore, some studies suggest a significant
role of the muscle TG as energy source during endurance exercise with
moderate intensity, whereas others suggest that the muscle TG are an important
fuel in the post-exercise recovery period. Those differences are probably
explained by different methodology, type of exercise and the difficulty in
measuring TG content in muscle. If there is a selective mobilization of fatty
acids from the muscle TG, like that observed in fat tissue TG (77), is so far not
known.

Simultaneously with the higher fatty acid utilization during exercise, a higher
energy intake is needed for a physically active individual to maintain energy
balance. A higher energy intake, but with a similar dietary fat quality as for a
sedentary person with lower energy intake results in a higher absolute intake of
all the fatty acids. This means a higher availability of fatty acids both as energy
substrate and for incorporation in membranes e.g. in skeletal muscle PL. The
higher total fatty acid turnover may thus influence the fatty acid composition in
the muscle. 

Consequently, regular endurance exercise seems to be a potential way of
influencing the fatty acid composition of both skeletal muscle PL and TG.
Changes in muscle PL may in turn be a mechanism contributing to the training-
induced improvement in insulin sensitivity. Whether physical activity influences
the fatty acid composition in skeletal muscle has, however, not been examined
in detail. The fatty acid profile in skeletal muscle membrane lipids in a group of
sedentary men compared with a group of long-distance runners (88) showed a
lower proportion of palmitic acid (16:0) in the long-distance runners. In
addition, a positive correlation between the proportion of C18 fatty acids and
miles of running per week was found in the trained group. There was however
no control of the dietary intake. Changes in fatty acid composition in other body
tissues due to exercise have been observed, for example in adipose tissue TG
after long-term endurance training (89) and in the plasma-free fatty acids
directly after a one-hour aerobic exercise of various intensities (90).

Supra-maximal exercise and fatty acid composition in skeletal muscle

Beneficial metabolic adaptation due to exercise is not a consistent finding.
Strenuous exercise, especially eccentric muscle contractions, has been shown to
cause muscle damage with consequent insulin resistance (91, 92) and impaired
glycogen syntheses (93). Furthermore, strenuous exercise greatly increases the
flow of oxygen through skeletal muscle. At the same time there is an extremely
high energy/adenosine triphosphate (ATP) demand, which in turn might
stimulate two potentially harmful sources of free radical generation: the
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semiquinone in the mithocondria and the xanthine oxidase in the capillary
endothelial cells (27). In a situation of oxidative stress where the rate of free
radical production exceeds the capacity of the antioxidative defence system, as
may be anticipated during very strenuous exercise (27, 28, 94), the free radicals
are likely to react particularly with the long-chain PUFA in the cell membrane
(29) and thereby possibly influence the fatty acid composition of the membrane
PL. In line with this a decreased proportion of long-chain PUFA in skeletal
muscle PL has been observed in strenuously exercising rats (95). A similar
observation has been made in humans where a decreased proportion of long
chain PUFA in the PL of the erythrocyte membrane (96) was found after long-
term physical activity as well as after a maximal exercise test. In addition, a
decreased proportion of linoleic acid (18:2 n-6) in total muscle fatty acids in
parallel with an increased level of lipid peroxidation biomarker has been
observed after 45 minutes of eccentric exercise in men. These changes were not
significant in vitamin E supplemented subjects (97). The effects on fatty acid
composition in muscle and erythrocytes may have been a result of lipid
peroxidation. The effect on fatty acid composition in skeletal muscle lipids due
to supra-maximal exercise, a potential model in creating metabolic and oxidative
stress, has however so far not been investigated in human. 

Dietary fat quality and fatty acid composition in skeletal muscle 

Cross-sectional studies, as well as dietary interventions, have shown that the
fatty acid composition in storage and structural lipids, such as in serum/plasma
lipids (98-101), erythrocyte membrane PL (99), buccal epithelial cells PL (102)
and adipose tissue TG (103, 104), at least to some extent is modified by and
consequently also reflects the fatty acid profile in the diet. The fatty acid profile
in different body tissues is thus commonly used as biomarker for dietary fat
quality. Presumably, the dietary fatty acid profile would also be reflected in the
skeletal muscle lipids. Studies in animals used for meat production have shown
that different nutritional conditions can change the fatty acid composition in
total muscle lipids and thereby affect meat quality (105). Diet-induced
differences in the fatty acid profile of the skeletal muscle PL (22, 46, 106, 107)
and the muscle TG (53, 107) specifically, are also evident in animals. In infants,
a higher proportion of total long chain PUFA has been observed in the muscle
PL of breast-fed compared with age-matched infants fed with a formula low in
long chain n-3 PUFA (71, 72). Data regarding fatty acid composition of muscle
PL and TG related to dietary fat quality in adult humans are still lacking. 

The strongest correlation between dietary fat quality and fatty acid composition
in body tissues has generally been observed for PUFA (99-101, 108, 109)
particularly for the essential linoleic (18:2 n-6) and alfa-linolenic (18:3 n-3) and
for the long chain n-3 PUFA most of which are also exogenously delivered.



Background

15

Saturated and monosaturated fatty acids may to a greater extent be synthesized
endogenously and more poorly reflect the dietary intake. However, fatty acids
with an uneven number of carbon atoms, such as pentadecanoic acid (15:0) and
heptadecanoic acid (17:0), cannot be synthesized in the human body and would
therefore be expected to directly reflect the exogenous supply, as observed in
serum and adipose tissue (110-112).

The metabolic fate of dietary fatty acids is strongly influenced by the overall
fatty acid profile of the diet. Because of the competion among the fatty acid
familieis for the enzymes of elongation and desaturation the proportions of the
n-3 and n-6 PUFA in the diet could be of importance. Differences in the fatty
acid composition of plasma lipids have for instance been observed after
consumption of diets with different absolute amounts of dietary fat, but with a
constant fatty acid composition. A low fat diet was associated with higher
proportions of long chain n-3 PUFA in plasma PL and cholesterol esters (CE)
than a high fat diet with similar fatty acid profile, suggesting a favoring
elongation and desaturation of the availble n-3 fatty acids when the total amount
of linoleic acid (18:2 n-6) was reduced (113). Similar effects have been
observed in the fatty acid composition in muscle PL in rats, where
supplementation of n-3 fatty acids had different effects on incorporation in
muscle PL and TG depending on background diet (114). Additionally, the
proportion of “Mead” acid (20:3 n-9), which is normally negligible in the
skeletal muscle PL, markedly increased in muscle PL when rats were fed a diet
deficient in the essential n-3 and n-6 fatty acids (106). This illustrates an
increased desauration of the fatty acids of the n-9 family and synthesis of 20:3 n-
9 from 18:1 n-9. The presence of 20:3 n-9 in cell membrane PL is therefore
often used as an indicator of essential fatty acid deficiency.

Depending on the dietary sources, some fatty acids could also reflect intake of
other fatty acids occurring in the same food item. One example is high intake of
dairy and meat products, which contain a high proportion of saturated fatty acids
but also a relatively high proportion of oleic acid (18:1 n-9). A high proportion
of oleic acid in plasma may reflect a high intake of oleic acid but may during
other circumstances reflect a high intake of food items that are also rich in
saturated fatty acids. The fatty acid composition in body tissues is expressed as
proportions of total fatty acids, which means that an increase in one fatty acid
automatically leads to an decreased proportion of other fatty acids.
Consequently it is of great importance to consider the whole fatty acid pattern
when interpreting the fatty acid profile in the body lipids in relation to dietary
intake. 

Since the fatty acid profile in the skeletal muscle PL has been related to insulin
sensitivity, changes of the fatty acid profile in muscle PL may be one possible
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mechanism explaining how dietary fat quality may influence the insulin
sensitivity. Already 66 years ago (115) it was suggested that a high intake of
dietary fat and low intake of carbohydrates was linked with insulin resistance.
The likely role of dietary fat and fat quality in the etiology of insulin resistance
has later been discussed, see reviews (4-6). Generally, a high intake of saturated
fatty acids is associated with negative effects, whereas an increased proportion
of unsaturated fatty acid seems to have beneficial effects. Data in humans is so
far mainly based on epidemiological and cross-sectional studies, showing
association between high fat intake, particularly saturated fat, and impaired
insulin sensitivity (direct or indirect measurements) (7-9, 116, 117), and data
demonstrating correlations between fatty acid profile in serum lipids (partly
reflecting dietary fat intake) and insulin sensitivity (23), markers of insulin
resistance (118) and development of type 2 diabetes (119), respectively. A
recent dietary multi-center study (KANWU) demonstrated for the first time that
a diet intervention high in saturated, compared to a diet high in monosaturated
fatty acids had negative influences on insulin sensitivity (120). In rats high fat-
intake is known to cause insulin resistance, while including long chain n-3
PUFA in the diet prevents insulin resistance (121). The positive effect of n-3
supplementation on insulin sensitivity as shown in experimental studies has so
far not been confirmed in any human clinical trials (6, 120). One suggested
mechanism, explaining the positive effect of n-3 PUFA on insulin sensitivity in
rats, is the increased proportions of long chain PUFA in the skeletal muscle PL
(22).



Background

Overview of thesis design 

The main purpose of this thesis was to investigate whether different degrees of
physical activity and variations of dietary fat quality, independent of each other,
influence the fatty acid composition of the skeletal muscle PL and TG. The
general design of the work is illustrated in figure 2. Three possible ways by
which the fatty acid composition in skeletal muscle might be modified were
investigated: 1) Increased level of physical activity resulting in an increased
energy expenditure and fatty acid turnover (papers I and II); 2) Supra-maximal
exercise likely to result in an increased oxidative stress and possible lipid
peroxidation (paper III); 3) Changes in the dietary fat quality and thereby altered
supply of certain fatty acids (paper IV).
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Aims
___________________________________________________________________________

The specific aims of this thesis were:
 
* to investigate whether regular physical activity influences/is associated 
   with the fatty acid composition of skeletal muscle PL and TG (papers I 
   and II).

* to investigate whether supra-maximal exercise influences the fatty acid  
   composition of skeletal muscle PL (paper III).

* to investigate whether the fatty acid composition of the diet is reflected in    
   the fatty acid composition of skeletal muscle PL and TG  (paper IV).



Subjects and Study Design
________________________________________________________________

Paper I

Twenty-two healthy men who had not been engaged in any regular physical
exercise training during the last year were recruited from the local employment
exchange in Uppsala, Sweden. Three subjects did not continue the study. The
remaining nineteen subjects had a mean age of 40 ± 8 years (mean ± SD) and a
body mass index of 25.6 ± 3.5 kg/m2. The peak oxygen uptake was 36.8 ± 6.9
ml/min/kg. Ten subjects were tobacco users. During a ten-week period all
subjects were given a standardized diet with identical fatty acid composition
(Figure 3). After four weeks the subjects were randomly assigned to an exercise
group (EXE, n = 10) or to a sedentary group (SED, n = 9). The EXE group took
part in a daily exercise program for six weeks whereas the SED group remained
sedentary. Blood samples were taken at the beginning, after 4 weeks, and at the
end of the study, and the body composition was measured. At the beginning and
the end of the exercise-intervention period a muscle biopsy was taken and a sub-
maximal bicycle test and a euglycemic hyperinsulinemic clamp test were
performed.  

 

Figure 3. Study design, paper I. 
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Subjects and Study Design

Paper II

Sixteen healthy untrained young men (UNT) and fifteen healthy endurance-
trained male athletes (TRA) volunteered for the study. The UNT group had, at
the most, been engaged in sport activities one day per week during the last year.
The TRA group included cyclists, cross-country skiers and orienteerers, who
had trained systematically and actively competed during the last two years or
more. One subject in the UNT group and one in the TRA group did not complete
the study. The remaining subjects in the UNT group (n = 15) had a mean age of
23 ± 3 years (mean ± SD), a body mass index of 23.1 ± 2.6 kg/m2 and a peak
oxygen uptake of 49.4 ± 6.0 ml/min/kg. The subjects in the TRA group (n = 14)
had a mean age of 21 ± 4 years, a body mass index of 22.9 ± 1.5 kg/m2 and a
peak oxygen uptake of 64.2 ± 4.6 ml/min/kg. None of the subjects were tobacco
users. A standardized diet in order to control for the dietary fat quality was given
to all subjects for eight weeks (Figure 4). During the diet period, the TRA group
trained according to their usual training schedule and the UNT group continued
their ordinary life with low physical activity. Blood samples, body composition
measurements and euglycemic hyperinsulinemic clamp tests were performed
prior to and after the diet period. At the end of the diet period a muscle biopsy
was taken. 

Figure 4. Study desig

Bloo
Body
Clam
Endurance trained athletes (TRA) n = 14
n, pa

 Untrained young men (UNT) n = 15

Standardized diet   8 wks

d sam
 com
p

Standardized diet    8 wks
20

per II.

ples
position

Blood samples
Body composition
Clamp
Muscle biopsy



Subjects and Study Design

21

Paper III 

Twelve healthy, sedentary young men, who had not been engaged in sports
activities more than one day per week during the last year, volunteered for this
study. Two subjects did not complete the study. The remaining ten participants
had a mean age of 26.0 ± 3.6 years (mean ± SD), a body mass index of 24.6 ±
3.5 kg/m2 and a peak oxygen uptake of 39.2 ± 9.1 ml/min/kg. One subject was a
tobacco user. The subjects performed four sets of supra-maximal bicycle sprints
during two days (Figure 5). On the day before the first set of bicycle sprints and
on the third and eleventh day after the last set, euglycemic hyperinsulinemic
clamp tests were performed. Directly before the first set of bicycle sprints, and
on the fourth and twelfth day after the last set, a muscle biopsy was taken. Blood
samples were taken before and after the first and the last set of bicycle sprints.
Twenty-four hour urine samples were collected one day before the start of the
study, during the two exercise-days and the day after the last set of bicycle
sprints. 

Days -2   -1 Exercise protocol
 Day I          Day II 

 1  2  3  4  11  12

Bicycle set X         X X          X  
24h urine sample  X       X      X  X 
Blood sample* X             X
Clamp  X  X  X
Muscle biopsy X  X  X

Figure 5. Study design, paper III. * blood samples were taken prior to, directly after and forty
minutes after the first and last set of bicycle sprints.  



Subjects and Study Design

Paper IV  

One hundred sixty two healthy participants (86 men and 76 women) aged 30-65
years were included in a controlled dietary multi-center study, the KANWU-
study (120). Of the 34 subjects that were included in Uppsala, 32 subjects (25
men and 7 women) volunteered for a muscle biopsy and were included in the
present study. The subjects had a mean age of 51 ± 4 years (mean ± SD) and a
body mass index of 25.8 ± 2.5 kg/m2. After a two week stabilization period on
habitual diet and placebo supplement capsules, subjects were randomized to a
diet containing a high proportion of saturated (SAFA diet, n = 16) or a high
proportion of monounsaturated fatty acids (MUFA diet, n = 16) for three months
(Figure 6). Within the diet groups there was a second randomization allotting
half the participants on both diets to a supplementation with capsules containing
totally 3.6 g n-3 fatty acids per day, including 2.4 g of eicosapentaenoic (EPA)
and docosahexaenoic acids (DHA), (n-3, n = 15) or placebo capsules, containing
the same amount of olive oil (controls, n = 17). Prior to and after the diet period
blood sampling and anthropometric measurements were performed. At the end
of the period a muscle biopsy was taken. 

Figure 6. Study design, pape
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Methods
________________________________________________________________

Physical capacity 

Peak oxygen uptake (VO2 peak), in papers I and II was determined during an
incremental exercise test on an electronic bicycle ergometer (Monark® 829E,
Varberg, Sweden), with simultaneous measurements of respiratory gas exchange
(SensorMedics 2900Z®, Anaheim, California, USA). In paper I a sub-maximal
bicycle test (55% of the pretest VO2 peak) was performed with the same
equipment as in the VO2 peak test. The peak oxygen uptake in paper III was
estimated using a sub-maximal test, according to Åstrand (122), on an electronic
bicycle ergometer (Monark 829E, Varberg, Sweden). Heart rate was recorded
using an ambulatory telemetric device (Sport Tester PE 3000;Polar Electro,
Kempele, Finland).

Exercise programs and control of physical activity level

Paper I: The EXE group was instructed to perform a daily training program at
an individually determined heart rate equivalent to that attained in the sub-
maximal test (55% of pretest VO2 peak). The exercise, including bicycling and/or
running/walking, corresponded to an extra energy turnover of approximately 2.9
MJ/day (700 kcal/day). During the workouts the participants themselves
monitored their heart rate with the same portable microcomputer as in the
submaximal bicycle test. 

Paper II: The subjects in the TRA group recorded their daily duration and type
of exercise in a training diary. As an approximate measure of the average level
of physical activity, the estimated physical activity level (PALest) was obtained
by dividing the daily energy intake (EI) by estimated basal metabolic rate
(BMRest): PALest = EI/BMRest (123). EI was based on the weighed food records.
BMRest was calculated using equations from Westerterp et al.(124), taking both
fat-free mass and fat mass into account.  

Paper III: The bicycle sprints were performed on a friction-loaded Wingate
cycle ergometer (Monark, Varberg, Sweden). Each set consisted of 15 sprints
of 10 seconds supra-maximal bicycling interspersed with 50-seconds passive
rest periods. During each sprint subjects were instructed to pedal at a speed as
high as possible. Each sprint began from a stationary start with no resistance,
followed by an acceleration period of 5 seconds. Thereafter the appropriate
resistance was applied and the 10-second sprint started. The workload
determined on an individual basis corresponded to approximately 7% of the 
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subject’s body weight. The work performed during each sprint was recorded, as
was also the peak heart rate reached at the end of each sprint. Subjective rating
of the relative perceived exertion was recorded for the legs and chest separately,
at the end of each set of bicycle sprints, using the Borg Scale from 6-20 (125).

Standardized diets 

Paper I: The subjects received all their food during the study period. All food
was prepared in a metabolic ward kitchen. Twice a week the participants
collected their food, which was prepared separately for each individual. The
menu was based on a traditional Swedish diet, which included breakfast, lunch,
dinner, and snacks. The menu was prepared on four different energy levels; 10.0
MJ, 11.7 MJ, 13.4 MJ and 15.1 MJ, (2400 kcal, 2800 kcal, 3200 kcal and 3600
kcal) respectively. The energy level was individually adjusted to maintain a
constant body weight throughout the study. To adjust the energy intake more
precisely, snacks with a nutritional quality similar to that of the standardized
menu were added to the standardized menu. A list of food, low in fat, for free
consumption up to 840 kJ/day (200 kcal) was available to each participant. The
free consumption of alcohol and food had to be recorded by each subject. A
three-day weighed food record was performed once before the study period to
monitor habitual dietary intake.  

Papers II and IV: A partly controlled diet with special fat products and food
items in combination with dietary advice was given to the subjects. They were
supplied with margarine to be used as spread and for cooking their habitual diet.
In addition, they received a portion of standardized lunch meal to include daily
in their diet. In paper IV, they also received other food items with standardized
fat quality such as bread and muffins. The subjects were asked to reduce the
intake of other food items with high fat content. In paper IV they were also told
especially not to eat fat fish and products including fish fatty acids, which
neither was included in the lunch meals. All participants were given detailed
dietary instructions and regularly met the same dietitian/nutritionist to assure
good adherence to the diet. To monitor the dietary intake a three-day weighed
food record was performed once prior to and twice during the study period. In
study IV the target value for the diet for the two treatments was calculated to 37
energy percent (E%) fat with 17E%, 14E% and 6E% of saturated, mono-
unsaturated and polyunsaturated fatty acids, respectively in the SAFA diet, and
8E%, 23E% and 6E% in the MUFA diet. 

Dietary analysis 

The dietary analyses were calculated from the weighed food records using the
database of the Swedish National Food Administration (PC-Kost 1994 in paper
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I and PC-Kost 1996 in papers II and IV) and computerized calculation program,
Dietist, Kost och Näringsdata AB, Stockholm, Sweden (paper I) or Stor MATs
Rudans Lättdata, Västerås, Sweden (papers II and IV). The same databases were
used for planning the study diets. Data from fatty acid analysis of margarine and
other specially prepared foods were entered into these databases for inclusion in
the calculations. 

Fatty acid composition

The fatty acid compositions of serum PL and CE, skeletal muscle PL and TG
were determined by gas liquid chromatography. 

For determination of the fatty acid composition in serum, 5 ml of methanol was
added to 1 ml serum. Chloroform (10 ml) containing 0.005% butylated
hydroxytoluene as an antioxidant, was then added followed by 15 ml of 0.2
mmol/l sodium dihydrogen phosphate (NaH2PO4). After thorough mixing the
extract was left at +4oC for 1-4 days. The chloroform phase was evaporated to
dryness under nitrogen and the lipid residue was dissolved in chloroform. The
lipid esters (CE and PL) were separated by thin layer chromatography, as
previously described (126), and transmethylated at 60oC overnight after addition
of 2 ml 5% H2SO4 in methanol. The methyl esters were extracted into 3 ml of
petroleum ether (b.p. 40-60oC) containing 0.005% butylated hydroxytolvene
after addition of 1.5 ml distilled water. The phases were separated after thorough
mixing and centrifugation at 1500 x g for 10 min. The petroleum ether phase
was pipetted off and the solvent was evaporated under nitrogen. The methyl
esters were then redissolved in 1 ml Uvasol, grade hexane.

The fatty acid methyl esters were separated by gas-liquid chromatography on a
25-m WCOT (wall-coated open tubular) glass capillary column coated with SLP
OV-351 (Quadrex, New, CT, USA), with helium as carrier gas. A Hewlett-
Packard system (Avondale, PA, USA) consisting of model GLC 5890, integrator
3396 and autosampler 7671 A was used. The temprature was programmed to
100-210o C. The fatty acids were identified by comparing each peak´s retention
times with fatty acid methyl ester standard Nu Check Prep (Elysian, MN.USA)
fatty acids methyl esters standards.

The skeletal muscle tissues (15-30 mg) were homogenized in 1 ml of
physiological saline in a Kinematica Polytron PT 3000 homogenizer at 30 000
rpm for 15 s on ice. The homogenized muscle tissue was extracted overnight by
a solvent system containing 5 ml methanol, 10 ml chloroform containing
0.005% butylated hydroxytoluene, and 15 ml 0.2 mmol/l NaH2PO4. The
chloroform phase was evaporated to dryness under nitrogen, after which the
lipid esters (PL and TG) were separated by thin layer chromatography
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transmethylated, and analyzed by gas-liquid chromatography as described
above. 

The fatty acid composition (14:0 to 22:6 n-3) was expressed as percent of the
total fatty acids identified. The relative amount of each fatty acid (% of total
fatty acids) was quantified by integrating the area under the peak and dividing
the result by the total area for all fatty acids. The activities of certain enzymes
involved in fatty acid biosynthesis were indirectly estimated as the
product/precursor ratios of the percentages of individual fatty acids in the
skeletal muscle PL. The estimated enzyme activities comprise those of:
elongase, calculated as the stearic acid (18:0) / palmitic acid (16:0) ratio; ∆5
desaturase, calculated as the arachidonic acid (20:4 n-6) / dihomo-γ-linolenic
acid (20:3n-6) ratio; ∆6 desaturase, calculated as the dihomo-γ-linolenic acid
(20:3 n-6) / linoleic acid (18:2 n-6) ratio (assuming that ∆6 desaturase and not
elongase is rate-limiting); and ∆9 desaturase, calculated as the oleic acid (18:1
n-9) / stearic acid (18:0) ratio. The total percentage of long-chain PUFA with ≥
20 carbon units (C20-22 PUFA), the sum of n-3 PUFA (18:3 n-3, 20:5 n-3, 22:5
n-3, and 22:6 n-3), and the sum of n-6 PUFA (18:2 n-6, 20:3 n-6, and 20:4 n-6)
was calculated from the primary data. 

The coefficient of variation (CV) for determination of the proportions of fatty
acids in skeletal muscle PL based on duplicate samples was less than 10% for all
the fatty acids with the exception of palmitoleic acid (16:1 n-7), heptadecanoic
acid (17:0) and alfa-linolenic acid (18:3 n-3), which were present in small
amounts, with larger variations between the analyses (CV 20%, 28% and 44%,
respectively). The CV for the proportions of fatty acids in skeletal muscle TG
was 10% or less for all fatty acid with proportions larger than 0.5%, with the
exception of alfa-linolenic acid (CV 13%).

Muscle samples, blood samples and urine samples  

Muscle samples from m. quadriceps femoris vastus lateralis were obtained by
an incision through skin and fascia from the mid-lateral part of muscle, under
local anesthesia, using a Bergstrom needle (127) and were immediately frozen
and stored at –70° C until analysis. 

Venous blood samples were drawn in the morning after an overnight fast. No
vigorous physical activity was allowed and no smoking or snuff-taking was
permitted in the morning prior to the sampling. During the bicycle sprints in
study III venous blood was drawn from an antecubital vein and collected in
vacutainer tubes. Blood samples were immediately chilled, kept on ice,
centrifuged and stored at –70° C until analysis. 
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The 24-hour urine samples were collected in a special aliquot cup (Daischo Co.
Ltd., Osaka, Japan). In a cartridge at the bottom of the collection cup a small
proportion (representative of and proportional to the whole urine volume) of the
urine was sampled. The volume of the urine in the special cartridge was
measured and noted. A representative sample from this cartridge was taken out
with a pipette, frozen and stored at –70° C. 

Biochemical analyses
 
The uric acid concentration in plasma was analyzed by enzyme immunoassay,
IL Test Uric Acid Trinder´s Method 181617-60 Monarch (Instrument
Laboratories, Lexington, MA). Creatine kinase (CK) in plasma was analyzed in
a spectrophotometer, Hitachi 717 (Boehringer Mannheim, Germany (128).

Malondialdehyde (MDA) levels in plasma samples were measured using an
HPLC system (Merck Hitachi) with fluorescence detection on a column
(Lichrospher 100 RP-18, 250 x 4 mm) as earlier described by Öhrvall et al.
(129).

The free 8-iso-Prostaglandin F2α (8-iso-PGF2α) in urine was analysed by a
radioimmunosassay with a specific antibody against free 8-iso-PGF2α as
described previously (130). The levels of 8-iso-PGF2α in urine are presented
both as µg per twenty-four hours and corrected for creatinine values as
nmol/mmol creatinine. Creatinine concentration was determined in each urine
sample by a colorimetric method using IL Test creatinine 181672-00 in a
Monarch 2000 centrifugal analyser (Instrumentation Laboratories, Lexington,
MA, USA). Antioxidative capacity (AOC) in plasma was measured by a
chemiluminescence assay in accordance with Whitehead et al. (131). The assay
is based on measurements of light emission when a chemiluminescent substrate,
luminol, is oxidized by hydrogen peroxide in a reaction catalyzed by horseradish
peroxidase. Suppression of the light output by antioxidants is related to the AOC
of the sample. The suppression was compared with the quenching activity of
trolox, a tocopherol analog, and the concentration was expressed as trolox
equivalents. Uricase was used to eliminate the uric acid content in the sample
before the AOC was measured, resulting in an AOC value without the response
from uric acid.

Insulin sensitivity 

Papers I, II and III: Insulin sensitivity was evaluated after an overnight fast by
the euglycaemic hyperinsulinemic clamp technique according to De Fronzo et
al. (132) with minor modifications. The insulin (Actrapid; Novo, Copenhagen,
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Denmark) infusion rate during the clamp test was 56 mU/m2/min, aiming a mean
plasma insulin concentration of about 100 mU/l. Euglycaemia was maintained
by infusion of a 20% glucose infusion with adjustment of the infusion rate
according to the results of regularly plasma glucose measurements. The target
level of plasma glucose during the clamp was 5.1 mmol/l. Insulin sensitivity is
expressed as the M-value (M) and by the insulin sensitivity index (M/I). The M-
value represents the glucose uptake during the last 60 min of the clamp test (M
value, mg/kg body wt/min). The insulin sensitivity index is a measure of tissue
sensitivity to insulin expressed per unit of insulin, obtained by dividing the mean
glucose uptake by the mean insulin concentration during the last 60 minutes of
the total 120 minutes clamp test (M/I, mg/kg body wt/min per mU/l multiplied
by 100). The serum insulin concentration was measured by an enzymatic
immunological assay (Boehringer Mannheim, Germany) performed in an ES
300 automatic analyzer. Plasma glucose concentrations were measured by the
glucose oxidase assay (133).

In paper I the participants were asked to minimize their physical activity on the
day before measurement of the insulin sensitivity, with the exception of the end
of the study when the EXE group were training as usual according to their
training program on the day before the clamp test. In paper II the measurements
of insulin sensitivity were performed in the ”habitual state”, which meant that
the TRA group trained as usual according to their training program on the day
before the clamp test and the UNT group remained sedentary. In paper III the
subjects were instructed to refrain from any form of physical activity apart from
the study exercise protocol during a 3-day period prior to each clamp. In all the
studies, the muscle biopsy was taken the day after the clamp to prevent the
effect of the biopsy on insulin sensitivity (134).

Anthropometric measurements and body composition

Body weight was measured on a digital scale with an accuracy of 0.1 kg. Body
mass index (BMI) was calculated as body weight (kg) divided by squared height
(m2). The body composition (body fat percentage) was estimated using a three-
compartment model (135) based on underwater weighing and bioelectrical
impedance analysis (BIA) performed in the morning after an overnight fast. For
BIA a multiple-frequency, bio-resistance body composition analyzer (XITRON
4000B, Xitron Tech, San Diego USA) was used. 

Fiber type distribution analysis 

To determine the relative proportions of different fiber types (i.e. the contractile
properties), the standard histochemical myosin adenosine triphosphatase
(ATPase) method was used. The sections were preincubated at pH 4.3 and fibers
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were classified in type I or II, as described by Brooke and Kaiser (136). As large
an area as possible was counted in each biopsy sample (206 ± 71 fibers per
sample). All morphologic measurements were performed by the same person,
who was blinded for the case status, with the use of a computerized image
analysis system, designed for analysis of skeletal muscle morphology (Bio-Rad
Scan Beam, Hadsund, Denmark), linked to an optical microscope (Leiz,
Germany) by a video camera (DAGE-MTI, Inc.,CCD-72, USA). The
reproducibility of muscle fiber distribution analyzed in our laboratory as
duplicate biopsy samples from the same site of right m. vastus lateralis in a
group of twenty three subjects corresponds to a CV of 20-30% (56). 

Statistics

The statistical analyses were performed using the statistical software packages
JMP and SAS (SAS Insitute, Cary, NC). All continuous variables are expressed
as mean ± standard deviation (SD), except in paper I where the results are
expressed as the least square mean ± SD. One variable, the rating of perceived
exertion (in paper III), was on an ordinal scale and is therefore presented as
median with the first and third quartiles (Q1 and Q3). For variables with skewed
distributions (Sharpiro Wilk´s W-test < 0.95) a logarithmic transformation was
made before the statistical analysis. When normality was not achieved by
logarithmic transformation of data, a non-parametric test was used. All tests
were two-tailed and statistical significance was accepted at the 0.05 level.

Differences in group means were analyzed with Student’s unpaired t-test.
Changes over time within groups were analyzed with Student´s paired t-test.
Alternatively the non-parametric Mann-Whitney’s U test or the Wilcoxon
matched paired signed rank sum test were used. Relations between variables
were analyzed by simple and partial linear correlations; Pearson’s correlation or
the non-parametric Spearman’s correlation. 

In paper I, group differences in fatty acid composition of skeletal muscle PL and
TG were adjusted for fiber type distribution, body weight and percentage body
fat, respectively, using an analysis of covariance (ANCOVA) model. In paper
III, significant differences over time were first tested in an overall test using
either analysis of variance or the non-parametric Friedman’s test. In case of a
significant overall test, pair-wise comparisons were made using paired Student´s
t-test or Wilcoxon´s non-parametric test. In paper IV a statistical model
(ANCOVA) in which treatment categories (SAFA/MUFA and the
presence/absence of n-3 fatty acid) and their interaction were analyzed factors,
and age, gender and possible baseline value of the outcome variable were
covariates. 
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Ethics

The studies were approved by the Ethical Committee of the Medical Faculty of
Uppsala University.  The informed consent of the subjects was obtained before
they entered the study.
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Results
________________________________________________________________

Paper I

Within the EXE group the fatty acid profile of the skeletal muscle PL changed,
during the sex-week exercise program, as illustrated in Table 1. 

Table 1. Effects of exercise on fatty acid composition (%) in skeletal muscle phospholipids
___________________________________________________________________

Fatty EXE group (n = 8) SED group (n = 8)  Diff. in changes 
acids wk 4 wk 10 wk 4 wk 10          EXE- SED

            p-value
___________________________________________________________________

16:0 22.4 ± 2.6 20.9 ± 1.6* 22.1 ± 1.5 21.8 ± 1.0 0.13

17:0 0.58 ± 0.18 0.61 ± 0.25 0.58 ± 0.09 0.64 ± 0.23 0.84

18:0 14.0 ± 1.1 15.1 ± 2.1 14.0 ± 1.2  14.0 ± 1.4 0.32

16:1 n-7 0.99 ± 0.29 1.04 ± 0.33 0.93 ± 0.35 1.06 ± 0.26 0.67

18:1 n-9 11.4 ± 0.7 13.1 ± 0.9*** 12.7 ± 1.3 13.0 ± 1.4 0.007

18:2 n-6 31.4 ± 1.3 29.0 ± 2.2* 31.3 ± 1.8 30.3 ± 1.7 0.27

20:3 n-6 1.45 ± 0.19 1.37 ± 0.18 1.11 ±  0.16 1.18 ± 0.18 0.14

20:4 n-6 13.8 ± 0.9 12.8 ± 1.7 12.0 ± 1.2 12.5 ± 1.5 0.048

20:5 n-3 1.26 ± 0.24 1.57 ± 0.37 1.60 ±  0.37 1.64 ± 0.49 0.29

22:5 n-3 1.77 ± 0.19 1.81 ± 0.29 1.92 ±  0.14 1.95 ± 0.26 0.96

22:6 n-3 2.70 ± 0.41 3.20 ± 0.87# 2.78 ± 0.76 3.08 ± 0.94 0.57

Σ n-6 46.6 ± 1.2 43.2 ± 3.5** 44.4 ± 1.8 43.9 ± 2.0 0.066

Σ n-3 5.23 ± 1.76 5.95 ±1.68 6.12 ± 0.91 6.05 ± 1.28 0.34

n-6/n-3 11.1 ± 8.2  7.9 ± 2.7   7.3 ± 1.1   7.6 ± 1.9 0.24

Σ C20-22 19.9 ± 2.9 20.2 ± 2.6 18.3 ± 3.0 19.6 ± 1.7 0.51

18:0/16:0 0.63 ± 0.09 0.73 ± 0.12 0.64 ± 0.06 0.64 ± 0.07 0.052

20:4/20:3  9.6 ± 1.5  9.4 ± 1.1 10.9 ±1.6 10.7 ± 1.1 0.98

___________________________________________________________________

Mean ± SD for each group.  Significant difference within the group during intervention period: 
* p < 0.05, ** p < 0.01, *** p < 0.001. # Borderline p = 0.066.

The proportions of palmitic acid (16:0) and linoleic acid (18:2 n-6) decreased (-
7% and -8%, respectively), and the proportion of oleic acid (18:1 n-9) was
increased substantially (+15%) in this group. The observed increase in oleic acid
also reaches statistical significance when comparing differences between the
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two groups. The proportion of arachidonic acid (20:4 n-6) tended to decrease in
the EXE group, while in the SED group it exhibited an increasing trend,
resulting in a significant difference in changes between the groups. There was a
reduction by 7% of total n-6 fatty acids (18:2 n-6, 20:3 n-6, 20:4 n-6) in the EXE
group during the exercise period. Compared to the SED group this decrease was
nearly significant. Within the SED group no differences were detected in the
fatty acid composition of the skeletal muscle PL during the intervention period.
Adjustment for the small individual changes in body weight did not influence
the above findings.

No significant changes were observed in the fatty acid composition of the
skeletal muscle TG in either of the groups or between the groups during the
intervention period (data shown in paper I). Two of the subjects in the EXE
group and one in the SED group did not undergo both muscle biopsies. Thus, the
effects of the intervention on the fatty acid composition of the skeletal muscle
PL and TG were calculated from eight subjects in each group. 

The reported habitual dietary intake prior to the study was similar in both groups
as illustrated in Table 2. 

Table 2. The calculated average dietary intake before entering the study a (wk -1) and 
during the intervention period b (wk 4-10)
_______________________________________________________________

Prior to the study During the intervention
EXE SED EXE SED 
(n=10) (n=9) (n=10) (n=9)

_______________________________________________________________

Energy, MJ    9.6 ± 1.5 11.4 ± 3.2 15.2 ±2.0 13.2 ± 1.3*

            kcal 2290 ± 360 2730 ± 770 3630 ± 450 3160 ± 310*

Protein, E%  15.7 ± 3.5 13.3 ± 2.0 12.9 ±0.1 12.8 ± 0.2

Carbohydrates, E%  47.6 ± 6.4 46.4 ± 3.5 48.9 ±0.3 49.2 ± 0.8

Fat, E%  34.8 ± 4.4 34.3 ± 7.0 37.5 ±0.4 37.2 ± 0.8

SAFA , E%  14.5 ± 3.5 13.9 ± 3.2 16.8 ±0.2 16.7 ± 0.3

MUFA, E%  13.0 ± 1.8 13.4 ± 3.2 13.5 ±0.2 13.4 ± 0.3

PUFA, E%    5.2 ± 1.4    5.0 ± 1.3  4.9 ±0.1  4.8 ± 0.1 

Alcohol, E%    1.9 ± 1.6    6.1 ± 8.3  0.7 ± 0.3  0.7 ± 0.2

Dietary fiber, g        20 ± 7     22 ± 5   28 ± 3.0  25 ± 2.0*

Cholesterol, mg   340 ± 200   360 ± 140  501 ± 64 425 ± 43**
_______________________________________________________________________
Mean ± SD for each group. E% = percentage of total energy in the diet. a Based on a three-day
weighed food record. b Based on the standarized menu and the free consumption. Significant
differences between EXE and SED during the intervention period:  * p < 0.05, ** p < 0.01. 
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The mean dietary intake during the intervention study calculated from the
standardized menu and the reported free consumption, showed no difference
between the two groups regarding the proportions of macronutrients and the
fatty acid composition (Table 2). The energy intake was higher in the EXE
group than in the SED group, which resulted in a higher absolute amount of the
macro- and micronutrients. The mean body weight, BMI, waist-hip ratio and
percentage of body fat remained unchanged during the study in both groups
(data shown in paper I). 

An identical dietary fat quality in the two groups was verified by a similar fatty
acid composition in serum PL and CE in the groups. No changes in the fatty acid
composition serum PL were observed during the exercise period in either of the
groups (data not shown). In the serum CE there was a decrease (-11%, p =
0.035) in the proportion of dihomo-γ linolenic acid (20:3 n-6) in the EXE group
and a decrease in the proportion of arachidonic acid (20:4 n-6) in the SED-group
(-10%, p = 0.031), but this did not lead to any significant difference between
groups.

The exercise training resulted in an improved aerobic capacity in the EXE
group, indicated by a decrease in the mean heart rate (122 ± 8 vs 135 ± 12
beats/min, p = 0.0004) during the sub-maximal bicycle test, after compared to
prior to the exercise program. This change was different (p = 0.012) compared
to the SED-group (121 ± 15 vs 121 ± 7 beats/min, p = 0.85).

The insulin sensitivity expressed as the M-value, increased from 6.19 ±1.64 to
7.60 ± 2.16 (+23 %, p = 0.001) in the EXE group, while there were no changes
in the SED group (5.94 ± 1.15 vs 6.14 ± 1.42, p = 0.60), leading to significantly
different changes (p = 0.034) between the two groups. The insulin sensitivity
index (M/I) increased by 29 % (6.56 ± 2.24 to 8.49 ± 2.66, p = 0.002) within the
EXE group, not giving any significantly different (p = 0.17) compared to the
SED group (6.33 ± 1.56 to 7.31 ± 2.66, p = 0.14). Fasting blood glucose and
serum insulin levels did not change in either group.

Paper II

When comparing the skeletal muscle profile in endurance-trained with untrained
young men after an eight-week period with standardized dietary fat quality
differences were observed both in the skeletal muscle PL and the TG. 

In the skeletal muscle PL (Table 3) the proportions of palmitic acid (16:0) and
dihomo-γ-linolenic acid (20:3 n-6), and the n-6/n-3 PUFA ratio were lower in
the TRA group than in the UNT group. The percentages of stearic acid (18:0),
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docosahexaenoic acid (22:6 n-3) and the total n-3 PUFA, the ratio of 20:4 n-
6/20:3 n-6, and the ratio of 18:0 to 16:0 were all higher in the TRA than in the
UNT group. The differences found were independent of body weight and
percentage of body fat. The group differences in the proportions of 16:0 and
20:3 n-6, the ratios of 20:4 n-6 to 20:3 n-6 and 18:0 to 16:0 remained significant
after correction for differences in fiber type distribution. 

Table 3. The fatty acid composition (%) of skeletal muscle phospholipids and triglycerides in 
trained (TRA) and untrained (UNT) groups at the end of the standardized diet period
___________________________________________________________________

Musle PL Musle TG
Fatty acid TRA group UNT group p-value TRA group UNT group p-value

(n=14) (n=15) (n=14) (n=15)
___________________________________________________________________

14:0 0.84 ± 0.11 0.86 ± 0.22 n.s 3.10 ± 0.55 3.48 ± 0.43 n.s  

15:0 0.21 ± 0.03 0.23 ± 0.05 n.s 0.40 ± 0.09 0.41 ± 0.09 n.s

16:0 19.3 ± 1.1 22.1 ± 1.6 <0.001 * 21.9 ± 1.3 23.7 ± 1.4 <0.001 *

17:0 0.29 ± 0.03 0.32 ± 0.07 n.s 0.35 ± 0.11 0.26 ± 0.05 0.021

18:0 14.7 ± 0.9 13.4 ± 1.3  0.004 7.50 ± 2.31 5.86 ± 2.10 n.s

16:1 n-7 0.64 ± 0.23 0.79 ± 0.27 n.s 4.80 ± 2.02 6.39 ± 1.99 0.044

18:1 n-9 11.2 ± 1.5 10.5 ± 1.3  n.s 48.4 ± 1.8 47.0 ± 2.1 n.s

18:2 n-6 31.1 ± 1.7 31.6 ± 2.9  n.s 11.7 ± 0.56 11.1 ± 1.1 n.s

18:3 n-3 0.74 ± 0.14 0.68 ± 0.28 n.s 1.70 ± 0.42 1.34 ± 0.31 0.012

20:3 n-6 1.10 ± 0.17 1.30 ± 0.22 0.018 *      n.d       n.d --

20:4 n-6 13.1 ± 1.3 12.9 ± 1.0  n.s 0.57 ± 0.16 0.60 ± 0.17 n.s

20:5 n-3 2.05 ± 0.45 1.84 ± 0.48 n.s      n.d       n.d --

22:5 n-3 1.80 ± 0.27 1.75 ± 0.26 n.s      n.d       n.d --  

22:6 n-3 3.76 ± 0.51 2.86 ± 1.09 0.024      n.d       n.d --

sum n-6 45.2 ± 1.7 45.8 ± 2.6  n.s       --        -- --

sum n-3   8.2 ± 1.1   6.1 ± 2.3  0.009       --        -- --

n-6/n-3   5.6 ± 1.0   9.7 ± 7.1  0.015       --        -- --

sum C20-22 21.0 ± 2.8 19.8 ± 2.9  n.s       --        -- --

18:1/16:0 0.58 ± 0.07 0.48 ± 0.05 <0.001       --        -- --

18:0/16:0 0.76 ± 0.07 0.61 ± 0.07 <0.001 *       --        -- --

20:4/20:3 12.1 ± 1.2 10.2 ± 1.9  0.006 *       --        -- --

20:3/18:2 0.04 ± 0.01 0.04 ± 0.01 n.s       --        -- --

___________________________________________________________________

Mean ± SD.  n.s = non significant, n.d = not detectable, -- = not calculated. * significant differences
even after adjustment for fiber type distribution.
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In the skeletal muscle TG (Table 3) the proportions of palmitic acid (16:0) and
palmitoleic acid (16:1 n-7) were lower, and those of heptadecanoic acid (17:0)
and α-linolenic acid (18:3 n-3) higher in the TRA than in the UNT group. These
results were all independent of body weight, but only the difference in 16:0
remained significant after correction for body fat proportion and fiber type
distribution.

The TRA group showed a higher proportion of type I fibers compared to the
UNT group (63.9 ± 17.8 % vs. 44.8 ± 11.7 %, p = 0.012) and thereby lower
proportions of type II fibers (36.1 ± 17.8 % vs. 55.2 ± 11.7 %, p = 0.012).
Determination of muscle fiber distribution included eight of eleven subjects in
the TRA group and eleven of fifteen subjects in the UNT group.

The proportion of type I fibers, the VO2 peak, the PALest, as well as the insulin
sensitivity were higher in the TRA compared to the UNT group. Those four
variables were all associated with a similar fatty acid pattern. Briefly, the fatty
acids (16:0 and 20:3 n-6) with lower proportions in the TRA group than UNT
group were in general inversely correlated with those variables. Whereas the
fatty acids and ratios of fatty acids (18:0, 22:6 n-3, sum n-3, 20:4 n-6/20:3 n-6,
18:0/16:0) with higher proportions in the TRA than in the UNT group were
generally positively correlated with those variables (data shown paper II).

The average dietary intake prior to and during the standardized period, estimated
from weighed food records, is presented in Table 4. The reported intake of total
energy was higher in the TRA group than in the UNT group, both at baseline
and during the standardized period. The relative intake of macronutrients was
similar in the groups both at baseline and during the standardized period, except
for a slightly higher relative energy intake of carbohydrates in the TRA group
compared to the UNT group during the standardized period.
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Table 4. Calculated average dietary intake prior to (baseline) and during the standardized diet
period in the trained (TRA) and untrained (UNT) groups
___________________________________________________________________

Baseline Standardized diet period  
TRA group UNT group p-value a TRA group UNT group p-value a
(n=14) (n=15) (n=14) (n=15)

___________________________________________________________________

Energy, MJ 15.6 ± 2.2 10.6 ± 3.0 <0.001 15.4 ± 2.3  9.6 ± 2.0 <0.001

kcal 3730 ± 530 2530 ± 720 <0.001 3680 ± 550 2300 ± 480 <0.001

Protein, E%    14 ± 2    15 ± 3 n.s    14 ± 2   15 ± 3 n.s

Carbohydrates, E%    60 ± 2    57 ± 4 n.s    58 ± 3   55 ± 4 0.042

Fat, E%    26 ± 2    28 ± 5 n.s    28 ± 2*   30 ± 4* n.s

SAFA, E%    11 ± 1    11 ± 2 n.s    10 ± 1     9 ± 2** n.s

MUFA, E%      9 ± 1    10 ± 2 n.s    11 ± 1***   12 ± 2*** n.s

PUFA, E%      4 ± 1      4 ± 1 n.s      5 ± 1***     6 ± 1*** n.s

Dietary fiber, g    34 ± 9    25 ± 9 0.015     34 ± 7   20 ± 8 <0.001

Cholesterol, mg  423 ± 149 309 ± 172 n.s   358 ± 126 240 ± 136 n.s
___________________________________________________________________

Mean ± SD. a Differences between groups at baseline and the standardized period, respectively. 
* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 for differences between baseline and standardized period in the
respective groups. Average dietary intake at baseline is based on one 3-day weighed food record.
Dietary intake during the standardized period is based on two 3-day weighed food records. E%,
percentage of total energy intake; SAFA,  saturated fatty acids; MUFA,  monosaturated fatty acids;
PUFA, polyunsaturated fatty acids. n.s = nonsignificant.

There were no differences in fatty acid profiles of serum PL and CE (data not
shown) between the study groups, either at baseline or at the end of the
standardized diet period, except for the proportion of palmitic acid (16:0) in
serum PL, which was lower in the TRA group than in the UNT group at the end
of the standardized period (29.6 ± 0.6 vs. 30.5 ± 1.1 %, p = 0.016). The
similarity of the fatty acid patterns in serum PL as well as CE in the two groups
reflects the similarity of the dietary fat quality.

According to the training diary, the TRA group exercised on average 74 ± 24
minutes a day during the eight-week standardized period. During this period
they were actually training 37 ± 7 days and resting 17± 5 days, which resulted in
a mean duration of exercise on the training days of 106 ± 30 min. The exercise
mainly consisted of endurance exercise.  
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Paper III

All the subjects completed the planned exercise protocol, except during the first
set of bicycle sprints when two subjects performed only eleven of the planned
fifteen sprints. The mean power output of the bicycle sprints was calculated to
625 ± 54 Watt. No changes were observed in the proportions of PUFA in the
skeletal muscle PL during the study period, as illustrated in Table 5. The
proportions of all other fatty acids also remained unchanged. The only observed
difference was shown in the ratio of 18:0 to 16:0, resulting in an significant
increase (+6 %) after exercise. 

Table 5. The fatty acid composition (%) of skeletal muscle phospholipids before supra-maximal
exercise, and three and twelve days after supra-maximal exercise (n = 10)
__________________________________________________________________

Fatty acid Before 3 days after 12 days after Overall-test
    A       B         C p-value

__________________________________________________________________

14:0  0.87 ± 0.26 0.79 ± 0.24 0.82 ± 0.32 0.36

15:0  0.24 ± 0.07 0.26 ± 0.10 0.24 ± 0.09 0.85

16:0  21.9 ± 2.0 21.4 ± 2.5 21.0 ± 1.5 0.35

17:0  0.34 ± 0.04 0.33 ± 0.05 0.32 ± 0.04 0.30

18:0  13.8 ± 1.1 14.3 ± 1.1 14.1 ± 1.2  0.84

16:1 n-7  0.63 ± 0.11 0.61 ± 0.17 0.66 ± 0.21 0.10

18:1 n-9  10.9 ± 0.8 10.7 ± 1.2 10.5 ± 0.9 0.26

18:2 n-6  31.5 ± 1.1 31.8 ± 2.6 32.7 ± 2.1 0.06

18:3 n-3  0.54 ± 0.11 0.63 ± 0.15 0.58 ± 0.22 0.30

20:3 n-6  1.36 ± 0.21 1.33 ± 0.18 1.31 ± 0.20 0.31

20:4 n-6  12.5 ± 1.1 12.5 ± 1.3 12.5 ± 1.3 0.94

20:5 n-3  1.31 ± 0.30 1.29 ± 0.33 1.38 ± 0.38 0.40

22:5 n-3  1.67 ± 0.16 1.69 ± 0.19 1.56 ± 0.17 0.11

22:6 n-3  2.41 ± 0.85 2.45 ± 0.78 2.46 ± 0.60 0.94

sum n-6 45.4 ± 1.4  45.6 ± 2.9 46.5 ± 1.9 0.21

sum n-3 5.92 ± 1.25  5.99 ± 1.07 5.83 ± 0.85 0.06

n-6/n-3    8.03 ± 1.96  7.82 ± 1.42 8.16 ± 1.43 0.13                

20:3/18:2 0.04 ± 0.01 0.04 ± 0.00 0.04 ± 0.01 0.10

20:4/20:3   9.4 ± 1.0   9.5 ± 1.2   9.7 ± 1.0 0.41

18:1/18:0 0.79 ± 0.09 0.75 ± 0.12 0.74 ± 0.08 0.06

18:0/16:0 0.64 ± 0.09 0.68 ± 0.10 a 0.68 ± 0.10 b 0.03
___________________________________________________________________

Mean ± SD. a p = 0.012 : B vs. A,  b p = 0.03 : C vs. A
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A peak heart rate of 180 ± 10 beats per minute (mean ± SD) was reached at the
end of the sprints and the relative perceived exertion according to the BORG-
scale; 17.0 (16-19) and 17.5 (16-19), [median (Q1-Q3)], for chest and leg,
respectively. The bicycle sprints resulted in increased concentration of AOC and
uric acid in plasma during both sets, as illustrated in Table 6. Also the level of
plasma CK, as measured prior to and the day after the exercise protocol was
increased due to the exercise (1.9 ± 1.7 vs. 24.2 ± 30.0 ukat/L, p = 0.002).

Table 6. Uric acid, antioxidative capacity (AOC), and malondialdehyde (MDA) in plasma prior to
(P), directly after (0) and forty minutes after (40) supra-maximal exercise (n=10)
___________________________________________________________________

Bicycle Overall-test
sprints    P     0    40 p-value
___________________________________________________________________

Uric acid (µmol/L)
Set I 336.2 ± 36.4 348.0 ± 42.9 562.8 ± 93.9 c e < 0.0001           

Set IV 467.0 ± 75.5 469.9 ± 81.7 544.1 ± 107.4 c e      0.001

AOC (µmol/L/trolox equivalents) 
Set I 208.2 ± 53.9 253.2 ± 65.9 a 224.6 ± 56.5 b d     0.001
Set IV 226.7 ± 52.7 260.9 ± 62.7 a 234.8 ± 54.3 b               0.002

MDA (µmol/L)
Set I 0.43 ± 0.08 0.48 ± 0.14 0.42 ± 0.15    0.67
Set IV 0.44 ± 0.12 0.45 ± 0.10 0.40 ± 0.08    0.27
___________________________________________________________________

Mean ± SD. Differences between 0 - P: a p < 0.01, Differences between 0 - 40: b p < 0.01, 
c p < 0.001, Differences between P - 40: d p < 0.01, e p < 0.001.  

The amount of free 8-iso-PGF2α in the 24-hour urine collection from the day
prior to the exercise, compared with the urine collections on the two exercise
days as well as the day after, did not show any differences (2.85 ± 2.20, 2.09 ±
0.82, 3.16 ± 4.18, 2.25 ± 1.22 µg/24 hour, p = 0.78). Neither could we find any
difference when the concentrations were expressed as the ratio to creatinine
concentration (0.48 ± 0.53, 0.35 ± 0.12, 0.51 ± 0.51, 0.44 ± 0.31 nmol/mmol
creatinine, p = 0.91). No significant changes were observed in plasma MDA
(Table 6).

No significant differences were observed in insulin sensitivity over the study
time (the day before, third day and eleventh day after the exercise protocol),
presented as M-value (7.06 ± 2.56, 7.85 ± 2.75, 7.04 ± 2.89, p = 0.50) and
insulin sensitivity index M/I (8.30 ± 3.72, 9.71 ± 4.53, 8.62 ± 4.53, p = 0.12). 
No relationships were found between individual changes of the biomarkers for
metabolic stress and lipid peroxidation respectively, when correlated with
individual changes in fatty acid composition of skeletal muscle PL and insulin
sensitivity respectively (data not shown).
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Paper IV

In skeletal muscle PL (Table 7) the proportions of myristic (14:0),
pentadecanoic (15:0), heptadecanoic (17:0) and palmitoleic acid (16:1 n-7) were
higher and the proportion of oleic acid (18:1 n-9) and the 18:1/18:0 ratio were
lower in the SAFA group compared to the MUFA group. 

Table 7. Comparison of the fatty acid composition (%) of skeletal muscle phospholipids in the
two diet groups and in subjects with or without n-3 supplementation  
___________________________________________________________________

Diet treatment Supplementation
SAFA MUFA p-value a n-3 control p- value a
(n = 15) (n = 15) (n = 14) (n = 15)        

___________________________________________________________________

14:0 1.02 ± 0.12 0.78 ± 0.13 0.0001 b 0.88 ± 0.13 0.92 ± 0.21 0.39

15:0 0.32 ± 0.08 0.22 ± 0.03 0.0002 b 0.26 ± 0.05 0.28 ± 0.09 0.89

16:0 24.1 ± 1.2 23.4 ± 1.6 0.21 23.8 ± 1.9 23.7 ± 1.0 0.46

17:0 0.41 ± 0.04 0.36 ± 0.02 0.0002 b 0.39 ± 0.05 0.38 ± 0.04 0.88

18:0 14.2 ± 1.1 14.1 ± 1.0 0.54 14.4 ± 1.2 13.9 ± 0.8 0.12

16:1 n-7 0.81 ± 0.31 0.61 ± 0.19 0.002 b 0.64 ± 0.19 0.78 ± 0.34 0.16

18:1 n-9 11.6 ± 1.8 14.3 ± 1.5 0.0001 b 12.3 ± 2.2 13.4 ± 2.0 0.0001 c

18:2 n-6 29.0 ± 2.3 27.3 ± 2.9 0.11 26.2 ± 2.1 30.1 ± 1.7 0.0001 c

18:3 n-3 § 0.42 ± 0.18 0.31± 0.06 0.20 0.41 ± 0.21 0.34 ± 0.09 0.72

20:3 n-6 1.11 ± 0.26 0.99 ± 0.26 0.18 0.84 ± 0.10 1.26 ± 0.18 0.0001 c

20:4 n-6 9.90 ± 1.53 9.62 ± 1.38 0.87 8.70 ± 0.99 10.8 ± 1.0 0.0001 c

20:5 n-3 2.73 ± 2.12 3.43 ± 2.36 0.88 5.22 ± 0.99 1.05 ± 0.18 0.0001 c

22:5 n-3 1.75 ± 0.47 1.67 ± 0.45 0.44 2.13 ± 0.23 1.32 ± 0.15 0.0001 c

22:6 n-3 3.02 ± 1.12 3.18 ± 1.37 0.91 4.22 ± 0.68 2.04 ± 0.37 0.0001 c

sum n-6 40.1 ± 3.6 37.9 ± 4.1 0.19 35.7 ± 2.4 42.1 ± 2.1 0.0001 c

sum n-3 7.48 ± 3.61 8.44 ± 4.08  0.98 11.6 ± 1.7 4.53 ± 0.61 0.0001 c

n-6/n-3 6.69 ± 3.07 6.10 ± 3.65 0.81  3.17 ± 0.66  9.42 ± 1.18 0.0001 c

20:4/20:3 9.14 ± 1.45 10.1 ± 2.1 0.40 10.5 ± 1.7 8.70 ± 1.40 0.009 c

20:3/18:2 0.04 ± 0.01 0.04 ± 0.01 0.85 0.03 ± 0.0 0.04 ± 0.01 0.0001 c

18:1/18:0 0.82 ± 0.17 1.02 ± 0.15 0.0001 b 0.86 ± 0.20 0.97 ± 0.16 0.0008 c

18:0/16:0 0.59 ± 0.07 0.61 ± 0.08 0.63 0.61 ± 0.09 0.59 ± 0.05 0.69
___________________________________________________________________

Mean ± SD. a P-values adjusted for age and gender. b Significant difference between the SAFA and
MUFA groups. c Significant difference between the n-3 supplemented subjects and the controls.  
§ n = 7-9.
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The subjects given n-3 supplementation had higher proportions of the total n-3
PUFA and lower proportions of all the n-6 PUFA compared to the controls,
resulting in a lower n-6/n-3 ratio (Table 7). When compared with the controls
the subjects with n-3 supplementation also had a higher 20:4 n-6/20:3 n-6 ratio
and a lower ratio of 20:3 n-6/18:2 n-6. There were no interactions observed
between the effects of diet and the effect of n-3 supplementation. The results
from the analysis of the fatty acid profile in skeletal muscle PL are presented for
29 of the total 32 participants, because muscle samples in three subjects were
not analyzed successfully.

In skeletal muscle TG (Table 8) the proportion of myristic acid (14:0), palmitic
acid (16:0) and palmitoleic acid (16:1 n-9) were higher and the proportion of
oleic acid (18:1 n-9) lower in the SAFA group compared to the MUFA group. 

Table 8. Comparison of the fatty acid composition (%) of skeletal muscle triglycerides in the
two diet groups and in subjects with or without n-3 supplementation   
___________________________________________________________________

Diet treatment Supplementation
SAFA MUFA p-value a n-3 control p-value a
(n=16) (n=16) (n=15) (n=17)

___________________________________________________________________

14:0 3.72 ± 0.47 3.19 ± 0.63 0.007 b 3.57 ± 0.63 3.35 ± 0.59 0.22

15:0 0.36 ± 0.06 0.31 ± 0.07 0.07 0.35 ± 0.08 0.33 ± 0.07 0.39

16:0 24.3 ± 1.3 22.8 ± 1.7 0.008 b 23.6 ± 2.0 23.5 ± 1.3 0.46

17:0 0.27 ± 0.06 0.25 ± 0.04 0.27 0.26 ± 0.06 0.25 ± 0.04 0.27

18:0 4.87 ± 1.59 5.10 ± 1.20 0.84 5.24 ± 1.56 4.76 ± 1.22 0.07

16:1 n-7 7.07 ± 1.57 5.63 ± 1.87 0.005 b 6.25 ± 2.01 6.44 ± 1.75 0.39

18:1 n-9 47.6 ± 2.2 50.8 ± 1.8 0.0001 b 48.4 ± 2.8 50.0 ± 2.3 0.003 c

18:2 n-6 9.89 ± 0.86 9.95 ± 1.03 0.94 10.1 ± 0.8 9.79 ± 1.02 0.29

18:3 n-3 0.83 ± 0.13 0.78 ± 0.21 0.68 0.82 ± 0.13 0.80 ± 0.20 0.97

20:3 n-6 § 0.15 ± 0.04 0.16 ± 0.06 0.70 0.16 ± 0.06 0.16 ± 0.04 0.82

20:4 n-6 0.37 ± 0.07 0.34 ± 0.07 0.39 0.35 ± 0.06 0.36 ± 0.08 0.46

22:5 n-3 § 0.46 ± 0.18 0.49 ± 0.23 0.78 0.58 ± 0.21 0.33 ± 0.05 0.001 c

22:6 n-3 § 0.56 ± 0.25 0.56 ± 0.24 0.90 0.69 ± 0.21 0.37 ± 0.08 0.001 c

sum n-6 10.3 ± 0.9 10.4 ± 1.1 0.92 10.5 ± 0.92 10.2 ± 1.0 0.50

sum n-3 1.53 ± 0.64 1.47 ± 0.67 0.76 1.89 ± 0.66 1.17 ± 0.41 0.004 c

n-6/n-3 8.18 ± 4.13 8.67 ± 4.16 0.69  6.72 ± 3.94  9.93 ± 3.69 0.004 c

___________________________________________________________________

Mean ± SD.  a P-values adjusted for age and gender. b Significant difference between the SAFA and
MUFA group. c Significant difference between the n-3 supplemented subjects and the controls. 
§ n = 9-11.
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The subjects given n-3 supplementation had a higher proportion of
docosapentaenoic acid (22:5 n-3) and DHA (22:6 n-3), giving a higher
proportion of total n-3 PUFA, a lower ratio of n-6/n-3 and lower proportions of
oleic acid (18:1 n-9) compared to the controls (Table 8). No interactions
between the effects of diet and the effect of n-3 supplementation were found. 

The average nutrient intake prior to the study, as calculated from dietary records
(Table 9), was similar in the two diet groups. During the intervention period
both diet groups reported a similar intake of total energy and of all the
macronutrients. The dietary fat quality differed between the groups with twice as
much saturated fatty acids and half the amount of monounsaturated fatty acids in
the SAFA group compared to the MUFA group. The SAFA diet also provided a
higher amount of dietary cholesterol compared to the MUFA diet. The reported
intake of PUFA was similar in both groups. The reported mean intake of fat and
fatty acids during the study was close to the target values, indicating a valid
design in controlling dietary fat quality. Similar mean dietary intake was found
when comparing subjects with n-3 supplementation to subjects without
supplementation (data not shown).

Table 9. Calculated average dietary intake before and during the study period in the two diet
groups  
___________________________________________________________________

SAFA diet (n = 16) MUFA diet (n = 16) Target values for 
Before During Before During fat composition 

during the study
 SAFA    MUFA

___________________________________________________________________

Enegy, MJ  10.1 ± 2.2   9.4 ± 1.8  10.0 ± 1.8    9.4 ± 2.0

 kcal 2420 ± 520 2250 ± 420 2400 ± 440 2250 ± 490

Protein, E% 14.7 ± 2.4 14.8 ± 1.5  15.3 ± 2.1  14.9 ± 1.7

Carbohydrates, E%  49.8 ± 5.0 47.3 ± 3.3  48.4 ± 5.8  48.5 ± 3.1

Fat, E% 32.2 ± 6.1 35.6 ± 3.8  33.4 ± 6.9  35.2 ± 3.1 37 37

SAFA, E% 13.9 ± 3.5 17.8 ± 1.9   14.0 ± 3.1   9.1 ± 1.5 *** 17   8

MUFA, E% 11.9 ± 2.2 10.3 ± 1.3  12.3 ± 2.8 19.3 ± 2.0 *** 14 23

PUFA, E%  4.1 ± 0.8  4.4 ± 0.8   4.6 ± 1.1  4.1 ± 0.5   6   6

Alcohol, E%  3.2 ± 4.7   2.4 ± 2.9   2.9 ± 4.7  1.3 ± 1.6

Dietary fiber, g   23 ± 6     21 ± 6    21 ± 6   21 ± 7

Cholesterol, mg 317 ± 90 366 ± 91  399 ± 134 234 ± 72 ***

___________________________________________________________________

Mean ± SD. Significant difference between the diet groups during the study: ***p < 0.001. 
No significant differences were observed between the diet groups before the study.
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Observed changes in the fatty acid composition of serum PL and the serum CE
during the treatments reflected the dietary fat profile in each group (data shown
in paper IV). 
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Discussion
___________________________________________________________________________

Main findings  

There has been a lack of data on the fatty acid composition in skeletal muscle in
relation to physical activity and dietary fat quality in humans. In the present
work it was demonstrated that an increased physical activity per se influences
the fatty acid composition of the skeletal muscle PL. Differences in fatty acid
profile of the muscle TG compared to controls were only observed if the trained
subjects had been involved in larger training volumes for a longer duration. In
addition the present work demonstrated that a dietary intervention with changes
of the fatty acid composition, during a period of constant level of physical
activity, was reflected in the fatty acid profile in both skeletal muscle PL and TG
in human adults, confirming earlier observations in animals and infants. 

Regular physical activity and fatty acid composition in skeletal muscle 

Skeletal muscle phospholipids

The training-related influences on the fatty acid composition of muscle PL
found in papers I and II compared to results from other studies are illustrated in
Table 10. In papers I and II, a similar fatty acid pattern in skeletal muscle PL
was associated with endurance training. The proportion of palmitic acid (16:0)
in skeletal muscle PL decreased within the EXE group in paper I. This was
confirmed in paper II were the proportion of palmitic acid (16:0) was markedly
lower in the TRA group than the UNT group. These results are in agreement
with previous findings comparing trained and untrained men (88). However, in
that study there was no dietary control. 

Concomitantly with the lower percentage of palmitic acid (16:0) in the TRA
group in paper II, we observed a higher proportion of stearic acid (18:0)
resulting in a higher 18:0/16:0 ratio than in the UNT group. Also this finding is
in line with the study by Thomas et al.(88), showing a positive correlation
between miles of running per week and the proportion of total C18 fatty acids.
The ratio of 18:0 to 16:0 tended to increase also in the TRA group in paper I
when compared to the UNT group (p = 0.052). In paper I we did not, however,
observe any significant change in the proportion of stearic acid (18:0), but an
increased proportion of oleic acid (18:1 n-9). Interestingly, a recent study by
Helge et al. (137), including a four-week one-leg exercise program with young 
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healthy men, also demonstrated effects on the fatty acid composition of the
skeletal muscle PL. The one-leg training is an elegant model where the dietary
intake plays a minimal role as the influence of diet is similar on both legs. The
training resulted in an increased proportion of oleic acid (18:1 n-9) and a higher
ratio of 18:1 n-9 /16:0, in line with our result in paper I. In contrast to our
findings no significant changes in palmitic (16:0) or stearic acid (18:0)
proportions were found. There was however, a trend for a decrease in palmitic
acid (16:0) from 14.8% to 11.7% in the trained leg whereas the untrained leg
tended to increase from 14.2% to 15.4%, even if it did not reach significance. A
decrease in the proportion of palmitic (16:0) and increase in the proportions of
stearic (18:0) may suggest increased activities of the enzymes involved in
biosynthesis from 16:0 to 18:0 i.e. elongase (18:0/16:0).

In paper I the proportion of n-6 PUFA decreased within the EXE group with a
tendency towards an increased proportion of n-3 PUFA in the skeletal muscle
PL. Those findings were verified in paper II, where the proportion of n-3 PUFA
was higher and the n-6/n-3 PUFA ratio lower in the TRA than in the UNT
group. The proportion of total n-6 PUFA seemed to be lower in the TRA group
than in the UNT, but the difference did not reach statistical significance. The
proportion of dihomo-γ-linolenic acid (20:3 n-6) was lower in the TRA than in
the UNT subjects. In contrast we did not demonstrate any changes in the
proportion of dihomo-γ-linolenic acid (20:3 n-6) in paper I. Instead a decrease in
the proportion of arachidonic acid (20:4 n-6) was observed when differences in
the EXE group were compared to the SED group. The higher proportion of total
n-3 PUFA in TRA than UNT group in paper II was mainly explained by higher
proportion of DHA (22:6 n-3), which is in agreement with the one-leg exercise
study by Helge and colleagues (137) showing an increased proportion of DHA
(22:6 n-3) after training. In agreement with our results they found the n-6/n-3
ratio to decreased after training. 
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Table 10. Fatty acid composition of the skeletal muscle phospholipids related to physical activity
compared to effects of an insulin resistance agent (nicotinic acid, NA) and compared to the fatty acid
profile of muscle phospholipids that have been related to insulin sensitivity.
_____________________________________________________________________________________________________

Exericse:  NA:  Insulin
Fatty acids Study I a Study II b Study III c Thomas d Helge e  Helge f Krike.g  Clore h  senitivity i

6 wk. trained 2 d. trained 4 wk.  4 wk. 45 d.  4 wk. 
__________________________________________________________________________________________

16:0  ⇓* ⇓¤ -- ⇓ ↓ ↓ # -- ⇑ ⇓
18:0  ↑ ⇑ -- -- -- ↑# -- ⇓ ⇑ ⇓
sum C18  -- -- -- ⇑§ -- -- -- -- --
sum C18-20  -- -- -- ↑ -- -- -- -- --
18:0/16:0  ↑  ⇑¤ ⇑ -- -- -- -- ⇓ ⇑
18:1 n-7  -- -- -- -- ⇑ -- -- -- --
18:1 n-9  ⇑** -- -- -- ⇑ -- -- -- ⇓
18:1/16:0  ⇑** ⇑ -- -- ⇑ -- -- -- --
18:2 n-6  ⇓* -- -- -- -- ⇑ -- ⇑ ⇓
20:3 n-6  -- ⇓¤ -- -- -- -- -- -- ⇓
20:4 n-6  ⇓** -- -- -- -- ⇓ -- -- ⇑
20:4/20:3  -- ⇑¤ -- -- -- ⇓ -- -- ⇑
22:5 n-3  -- -- -- -- -- -- -- ⇓ ⇑
22:6 n-3  ↑ ⇑ -- -- ⇑ ⇓ ⇓$ ↓ ⇑
sum n-3  ↑ ⇑ -- -- -- -- ⇓$ -- ⇑
sum n-6  ⇓* ↓ -- -- -- -- -- -- ⇓
n-6/n-3  ↓ ⇓ -- -- ⇓ -- -- -- ⇓
C20-22  -- -- -- -- -- ⇓ -- ⇓ ⇑
Sum Unsat.   -- -- -- -- ⇑ -- -- -- --
UI  -- -- -- -- -- ⇓ -- -- --
__________________________________________________________________________________________

⇑ ⇓ denote significant changes/differences. ↑↓  denote non-significant trends.
a Andersson A, et al. 1998 (paper I). Healthy middle-aged men (n=8) after a moderate daily exercise program for

6 weeks, (60-120 min/day, 55% V02 peak, corresponding to 700 kcal/day) compared to controls (n=8). 
* significant changes within trained group, ** significant changes compared to changes in control group. 
Vastus lateralis  muscle. 

b Andersson A.,et al. 2000 (paper II). Endurance trained (n=14) compared to untrained young men (n=15). 
¤ significant differences even after adjustment for fiber type distribution. Vastus lateralis muscle

c Andersson A et al. 2001 (paper III). Healthy young men (n=12) after four sets of maximal bicycle sprints 
à 15 x 10 sec,  ≈ 625 Watt. Vastus lateralis muscle.

d Thomas T, et al. 1977 (88). Long-distance runners (n=10) compared to sedentary men (n=10), No dietary
control. § positively correlated with miles of running per week. Vastus lateralis muscle.

e Helge J, et al. 2001 (137). Healthy young men (n=7) after 4 week one-leg interval training, 60-120 min/day,  
70-100 Wmax, 4-5 times/wk. Vastus lateralis muscle.

f Helge J, et al. 1999 (95). Rats after a 4 weeks vigorous exercise program: treadmill, 6 day/wk, 60 min,
28m/min, 10° incline. (n=62: ½ trained, ½ controls) Red and white quadriceps and soleus muscle. # significant
changes in red quadriceps muscle.

g Kriketos A, et al 1995 (67).Rats (n=8) after 45 days wheel running on average 11±3 km/day. Controls (n= 8). 
Soleus and extensor digitorum longus muscle. $  differences only observed in soleus muscle.

h Clore J, et al. 2000 (138). Healthy subjects (n=9) treated with an insulin resistance agent during 4 weeks.
Vastus lateralis muscle. Phosphatidylcholine.

i Overview from Table 11. Fatty acid pattern related to enhanced insulin sensitivity (direct or indirect
measurements). Human and rat studies.

Skeletal muscle triglycerides

In paper I no changes were found in the skeletal muscle TG after the exercise
period, which is in line with the four-week one-leg exercise program by Helge et
al. (137). In contrast, a different fatty acid composition of skeletal muscle TG
was observed in the UNT compared to the TRA group in paper II. In paper I
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there was a much smaller difference in physical activity between the trained and
untrained subjects than in paper II, which may explain the different findings in
the two studies. Differences in the fatty acid profile in muscle TG associated
with physical activity have to our knowledge not earlier been demonstrated.
Interestingly, a four-month exercise program with healthy men has shown
changes in the fatty acid profile of adipose tissue TG; increases in lauric (12:0),
myristic (14:0), stearic (18:0) and linoleic acid (18:2 n-6) and decreases in
palmitic (16:0) and oleic acid (18:1 n-9) (89). The most pronounced difference
in the muscle TG fatty acid composition in our study was the lower proportion
of palmitic acid (16:0) in the TRA compared to the UNT group.

Supra-maximal exercise and fatty acid composition in skeletal muscle

After more strenuous exercise there may be a risk for lipid peroxidation due to
the high level of oxidative stress (27, 28). Particularly the long chain PUFA,
which have several double bonds, are sensitive for peroxidation (29). In contrast
to papers I and II, as well as to the one-leg study by Helge et al. and the study
by Thomas et al., decreased proportions of total long-chain PUFA and DHA
(22:6 n-3) in skeletal muscle PL has been observed in exercising rats (67, 95)
(Table 10). The discrepancy could be explained by the different species and/or
by the different mode of exercise, but may also be explained by lipid
peroxidation in the rat studies. Furthermore, a decreased proportion of PUFA
has previously been described in erythrocyte membrane PL, after long-term as
well as acute physical exercise in humans (96). In addition, a decreased
proportion of linoleic acid (18:2 n-6) in total muscle fatty acids and an increased
level of lipid peroxidation biomarkers have been observed after 45 minutes of
eccentric exercise in men, changes that were not significant in vitamin E
supplemented subjects (97).

The lack of effect on the fatty acid composition in the skeletal muscle PL and on
biomarkers for lipid peroxidation in paper III indicates that this type of exercise
may not be sufficient to provoke lipid peroxidation, despite a high level of an
acute metabolic stress. A type of high-intensity intermittent bicycle training,
similar to that used in our study, has earlier been observed to increase the level
of antioxidative enzymes, possibly as a response to an enhanced free radical
generation in human skeletal muscle (139). Due to the increased level of plasma
uric acid, as well as in AOC (in samples treated with uricase), we could assume
that our exercise protocol had promoted increased free oxygen radical
production. The lipid peroxidation was evaluated using two biomarkers of
different lipid peroxidation pathways. Both the level of MDA in plasma and
8-iso-PGF2α in urine remained unchanged during the study. The unchanged
levels of the biomarkers for lipid peroxidation, suggest a sufficient antioxidative
defense in relation to the likely increased free radical generation. In spite of the



Discussion

47

unchanged proportion of PUFA in the skeletal muscle PL we observed an
increase in the ratio of 18:0 to 16:0, which is similar to that observed in papers I
and II after more moderate exercise over a longer time.

Dietary fat quality and fatty acid composition in skeletal muscle

Skeletal muscle phospholipids

The influence of dietary fat quality on fatty acid profile in muscle PL has been
clearly demonstrated in experimental animal studies (22, 46, 106, 107).
Differences in muscle PL have also been observed in infants with different types
of feeding (71, 72). In the skeletal muscle PL in paper IV a higher proportion of
n-3 PUFA was observed in the subjects given the n-3 fatty acids compared to
controls. The n-3 supplemented subjects, given 2.4 g EPA and DHA daily,
which is equivalent to daily consumption of approximately 100-200 g fatty fish
such as salmon and mackerel, had approximately 2.5 times higher proportion of
total n-3 PUFA in skeletal muscle PL than the controls, independently of the
background diet. The difference in the proportion of total n-3 PUFA between
those groups may be particularly obvious since the study diets were low in long-
chain PUFA (not including any fatty fish products). Thus, after the diet with low
n-3, the control subjects demonstrated a total average percentage of n-3 PUFA
of 4.5 % in muscle PL, which is approximately 1-2 percentage units lower than
observed in other Swedish populations [papers I, II and III, and in Vessby et al
1994 (23)]. This is in agreement with the observations in infants (71, 72), where
breast-fed infants had higher proportions of n-3 PUFA in skeletal muscle PL
than the formula-fed infants, reflecting the lack of long chain n-3 PUFA in the
infant formula used. 

Interestingly, we also found that the fatty acid composition of skeletal muscle
PL differed between the two diet groups (MUFA and SAFA), reflecting the
dietary fatty acid profile. The SAFA group demonstrated higher proportions of
saturated fatty acids such as myristic (14:0), pentadecanoic (15:0) and
heptadecanoic acid (17:0) than the MUFA group. Fatty acids with an uneven
number of carbon atoms, such as 15:0 and 17:0, cannot be synthesized in the
human body and would therefore be expected to reflect the exogenous supply of
these fatty acids. The SAFA diet in the present study included mainly fat from
butter, which was reflected in the skeletal muscle PL. This is in agreement with
earlier studies showing correlations between milk fat consumption and the
proportions of pentadecanoic (15:0) and heptadecanoic acid (17:0) in adipose
tissue (110, 111) and between milk fat and butter intake and pentadecanoic acid
(15:0) in serum (111, 112). In the case of the MUFA group the proportion of
oleic acid (18:1 n-9) in the skeletal muscle PL was higher than in the case of the
SAFA group, apparently reflecting the high proportion of oleic acid (18:1 n-9)
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in the margarine used in the MUFA diet at the same time as the proportions of
saturated fatty acids were low in this diet.

Skeletal muscle triglycerides

The differences observed in the fatty acid profile in the skeletal muscle TG were
mostly similar to those in the fatty acid composition of the PL, but not so
pronounced. In muscle TG, higher proportions of myristic (14:0) and palmitic
acid (16:0) were seen in the case of the SAFA than in the case of the MUFA
group, whereas the proportions of myristic (14:0), pentadecanoic (15:0) and
heptadecanoic acid (17:0) were higher in the PL. When comparing the n-3
supplemented subjects with the controls a higher proportion of total n-3 PUFA
in the muscle TG was observed in the supplemented subjects, in agreement with
differences observed in the muscle PL. However, the differences compared to
the controls were not so marked as in the muscle PL. In contrast to the muscle
PL, there were no differences in the proportion of total n-6 PUFA in the muscle
TG between the n-3 supplemented subjects and the controls. Different fatty acid
composition in the skeletal muscle TG due to different fatty acid profile in diet
has to our knowledge only earlier been shown in animals (53, 107). 

Methodological concerns, possible confounders, strengths and limitations of
the studies

Dietary compliance

In paper I, a fully controlled diet supplying the subjects with all standardized
food items during the intervention period was used. In papers II and IV a
partially controlled diet supplying the subjects with standardized fat sources in
combination with dietary advice was used. The energy intake was individually
adjusted during the studies, leading to energy balance, as indicated by
unchanged mean body weight and body composition in all studies. In paper II
and IV, the dietary compliance was also controlled by weighed food records
during the intervention period. The compliance to the controlled diets was in the
present studies verified by the similarity regarding the fatty acid compositions of
serum CE and PL. Thus the results suggest good dietary compliance in papers I,
II and IV. In study III, the exercise period was too short to anticipate a possible
influence of the dietary fat quality on the muscle PL fatty acid composition,
therfore no dietary control was included.
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Control of physical activity

Apart from the regular control of the heart rate monitor recordings, in paper I,
the exercise compliance was verified by an improved aerobic capacity at the
sub-maximal bicycle test in the EXE group compared to the SED group. In
paper II, the differences in physical activity level between the TRA and UNT
group was verified by the difference in peak oxygen uptake, the estimated PAL,
and by the training diary. The high intensity exercise in paper III was indicated
by the increased plasma levels of CK and uric acid and the high perceived
exertion, which after the last bicycle set was 18 for the legs, corresponding to
very-to-extremely strenuous work (125). In paper IV, the subjects were
requested not to change their physical activity level during the study period,
which was verified with an interview at the end of the study.

Muscle biopsy sample

In all the papers the biopsies were taken in m. quadriceps femoris vastus
lateralis either in the left or in the right leg. Vastus lateralis muscle is the muscle
where association with insulin sensitivity and fatty acid composition in PL has
most commonly been studied, making this muscle a natural choice for our work.
This muscle is involved in physical activities such as running and bicycling and
can therefore be considered representative when looking at training effects in the
present studies. There is a possibility that there are minor variances in the fatty
acid composition in different sites of the muscle. In the study by Thomas et al.
(88) samples obtained from adjacent sites of the vastus lateralis muscle
exhibited similar percentages of individual fatty acids, except for oleic acid
which had a slight variation. Also triplicate samples from random sites in
quadriceps muscle of hamsters demonstrated only smaller variations in the fatty
acid profile (88). However, the long chain PUFA were not included in those
analyses. Furthermore, Clore et al. (25) stated (data not shown in the original
article) they did not find any differences in fatty acid composition of muscle
obtained by superficial (open) or deep biopsy (Bergström needle, closed).
Possible differences at different parts of the muscle would, however, give a
random error and would in that case lead to underestimated observed
differences/ changes/correlations. 

To limit the inconvenience for the subjects no muscle sample was taken prior to
the dietary intervention in paper IV. On the other hand we have no reason to
believe that the randomized groups differed in the fatty acid composition in the
skeletal muscle at baseline. The clinical characteristics, the fatty acid
composition in the serum PL and CE, as well as the dietary intake, were similar
in the groups at baseline. Thus, we suggest that the group difference in the fatty
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acid profile at the end of the dietary intervention is explained by differences in
dietary fat quality.  

Analysis of the fatty acid composition in muscle

The possibility to demonstrate significant changes of the minor fatty acid
components, e.g., regarding the proportion of n-3 fatty acids in the skeletal
muscle PL, is restricted by the measurement errors connected with the
determination of some of the fatty acids present in low proportions. For most of
the fatty acids we observed an intra assay CV less than 10 %, but for some of the
minor fatty acids, such as α-linolenic acid (18:3 n-3), up to 20-40%. Rough
methods and relatively few subjects could in statistical terms imply a risk of
accepting a null hypothesis, which actually is false (type II error). This might be
the case particularly in paper III where no significant difference in the
proportion of individual fatty acids was observed and differences might have
been expected in the minor long chain PUFA. In paper I several changes in the
fatty acid composition in skeletal muscle PL were significant within the EXE
group but not when compared with changes in the SED group. The absence of
significant differences between groups for the fatty acids, which changed
significant within the EXE group, is probably explained by a lack of statistical
power, especially since those changes were later verified in paper II. This means
that the differences observed between physically active and inactive subjects in
papers I and II may be conservative estimates of the true effects.  

On the other hand, a large number of statistical tests increase the chance of
rejecting a null hypothesis that actually is true, so called a “chance finding”
(type I error). The fatty acid composition includes a number of fatty acids and is,
in all of the present papers, measured in several lipid compartments at several
times. However, in all studies the fatty acids in the skeletal muscle PL and TG
are the main focus of the investigations. The findings in papers I and II support
each other and are mainly confirmed in earlier training studies. They are also in
agreement with what might be expected based on earlier associations
demonstrated between insulin sensitivity and fatty acid composition in skeletal
muscle. In paper IV the differences observed are also seen in the expected fatty
acids. In papers I, II and IV the risk for type I error appears therefore to be
small. On the other hand in paper III the increases observed in the ratio of 18:0
to 16:0 due to the supra-maximal exercise may be a chance finding, but could
also be an effect of physical activity. The change was not expected due to the
short period of exercise, but is totally in agreement with the findings in papers I
and II.
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Different classes of phospholipids  

The present work was performed on total cell PL, which is almost exclusively
associated with membranes. Our analyses did not differentiate between cellular
membranes, e.g. sarcoplasmic reticulum and mitochondria, or between the
different PL classes. Thus, our results could not show which membrane or PL
class is most influenced by exercise and dietary fat quality. 

There is a considerable variation in the fatty acid composition of different PL
classes (25, 63, 140). It could be argued that changes in the fatty acid
composition of skeletal muscle PL may occur indirectly due to changes in the
amounts of the different PL classes. There is some evidence that prolonged
adaptation to regular exercise may lead to increased muscle membrane PL
content in humans (50) and in rats (33). In the human study by Morgan et al. the
observed increase was almost completely due to increase in PC. The PC have
higher proportion of 16:0 and lower proportions of 18:0 and n-3 PUFA and have
a lower ratio of 20:4 n-6 to 20:3 n-6 than the PE (25, 63, 140). If our observed
differences in fatty acid profile could be explained by an increase in PC, then an
increase in the proportion of 16:0 and decrease in the proportions 18:0 and n-3
PUFA due to exercise would have been expected. We observed changes in the
opposite direction, so the findings in the present work are probably not
explained by changes in PL classes. 

Fiber type distribution

A lower proportion of 16:0 and higher proportions of 18:0 and long chain n-3
PUFA have been positively correlated with the percentage of type I fibers (63,
67, 68). Differences in fiber type distribution should therefore be considered as a
confounder when looking at the fatty acid profile in muscle PL, particularly
when the investigated groups is expected to vary in fiber type distribution as in
paper II. The TRA group had a higher proportion of type I fibers and a lower
proportion of type II fibers than the UNT group, in accordance with previous
observations in endurance athletes (59, 60). The group differences in the
proportions of palmitic acid (16:0) and dihomo-γ-linolenic acid (20:3 n-6), and
in the ratios of 20:4n-6/20:3 n-6 and 18:0/16:0 were, however, still significant
after adjustment for differences in fiber type distribution. A rather large CV for
the fiber type distribution (20-30%, duplicate samples from same muscle (56)),
and the fact that the fiber type analyse was missing for some of the subjects,
may attenuate the power of this adjustment and the data should be interpreted
cautiously. The calculated correlations, which were analyzed for all subjects
(TRA and UNT group), illustrates a similar fatty acid pattern for the percentage
of type I fibers, as well as for the indicators of physical activity level (VO2 peak,
and PALest ). For example, the proportion of 16:0 was negatively correlated,
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whereas the proportion of total n-3 PUFA was positively related to the
percentage of type I fiber, as well as to the VO2 peak, and PALest.

There is no total agreement to what extent exercise could influence fiber type
proportions in humans. Simoneau and Bouchard 1995 (141) have suggested that
genetic variance may stand for approximately 45%, environmental variance for
40% and sampling and technical variance for 15% of the differences in type I
fiber proportions in human skeletal muscle. They also found support from at
least five exercise training studies that regular exercise, particularly intermittent
high-intensity long term exercise, gives a shift towards more type I and type IIa
fibers away from type IIb. In addition, more drastic change in physical activity
level, such as immobilization of one leg in former endurance-trained individuals
has been observed to markedly decrease the proportion of type I fibers, that
returned back to baseline values after returning to training (142). In contrast
several earlier longitudinal studies of endurance training have not demonstrated
any altered percentage of type I fiber, but a shift within type II fibers, from IIb to
IIa [see review (21)]. In paper I the fiber distribution was not analysed and thus
the training-induced changes in fatty acid composition in muscle PL being
related to fiber type changes could therefore not be ruled out. On the other hand
the training load may have been too small to significantly influence fiber type
distribution in the present group. 

For the four-week one-leg endurance knee extensor exercise by Helge et al.
there were no correlations observed between changes in fiber type distribution,
shift from type IIx (IIb old nomenclature) to type IIa, and changes in fatty acid
composition (137). It has also been shown that for wheel-running rats there is an
increase in the percentage of type IIa fibers and a decrease in the percentage of
type IIb in m. extensor digitorum longus, without any changes in the fatty acid
profile in skeletal muscle PL (67). Metabolic adaptations to training, such as an
improved oxidative capacity, are observed within each muscle fiber type (59, 65,
66). It thus seems reasonable to suggest that changes in fatty acid composition
could also occur independently of fiber type changes. This remains however to
be clarified. 

No fiber type distribution was analysed in papers III and IV, but in those studies
we had no reason to look at fiber type distribution as a confounder to our
findings. However in rats, diet-induced changes have been observed to be more
rapid in slow-twitch than fast-twitch muscle (106), and individual responses due
to diet-induced changes in fatty acid profile in muscle PL might differ
depending of fiber type distribution. Whether any individual response due to the
dietary intervention in paper IV is dependent on differences in fiber type
distribution we can not know.
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Duration of study periods

Skeletal muscle fatty acid composition kinetics in response to training and
dietary fat intake in humans is not exactly known. According to dietary studies
in rats a turnover of muscle PL occurs in less than two (106) to four weeks (95).
In humans the dietary fatty acid profile is reflected in the serum TG a few hours
after a meal, while the fatty acid composition of the serum PL and CE change
more slowly and reflects the fatty acid composition of diet during the preceding
weeks to months (98, 99, 101, 109). In one recent study by Clore et al., changes
in the proportions of the fatty acids in muscle PL were found after 4 weeks
treatment with nicotinic acid (138). In papers I and II the standardized diet
period was 4-10 weeks and in paper IV a dietary intervention period of 3 months
was used. These time periods appear to be adequate for control for dietary
influences and to detect diet-induced differences. However, it is possible that the
differences in paper IV would have been more pronounced if the intervention
had been continued for a longer time. The training-induced influences were
more pronounced in paper II than paper I, probably as a result of a higher level
of physical activity for many years. 

Individual response and differences between lipid structures

Despite a similar fat quality in the diet and level of physical activity there are
some individual differences in the proportions of the fatty acids in muscle lipids.
For example, in paper IV a wide variation of the proportions of EPA (20:5 n-3)
and DHA (22:6 n-3), in skeletal muscle PL was observed both in the control
group (0.9 – 1.4% and 1.6 - 2.8%, respectively) and particularly in the n-3
supplemented group (3.3 – 6.8 and 3.2 - 5.4%, respectively). These wide ranges
were observed in spite of an identical daily intake of EPA and DHA in the
supplemented subjects and a negligible intake of these fish fatty acids in the
control subjects. The individual variations, in paper IV, were further supported
when looking at correlations between fatty acid compositions of different lipid
esters in subjects. Strong positive correlations between the proportion of
particularly the unsaturated fatty acids in skeletal muscle PL and the
corresponding fatty acids in muscle TG, serum PL and CE, respectively, were
seen (data shown in paper IV). The observed individual variations are consistent
with earlier observations in infants (71, 72), and could suggest an individual
difference in fatty acids elongase and desaturase enzyme activities, and/or
different ability to incorporate long-chain PUFA into muscle membrane. This
may for instance be due to a genetic variation. In a rat study by Ayre et a.l (143)
the proportion of 20:4 n-6 decreased after six weeks of exercise in obese rats,
whereas it increased in lean rats, indicating different responses in different
genotypes.
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The fatty acid patterns of skeletal muscle PL and TG are strikingly different.
The TG have an approximately five times higher proportion of oleic acid (18:1
n-9), a four times lower proportion of total n-6 PUFA and almost ten times
lower proportion of n-3 PUFA than the PL (comparing table 7 and 8),
demonstrating the selective incorporation and/or utilization of specific fatty
acids in different lipid structures and compartments in the body. Both the fatty
acid profile of the PL and of the TG in skeletal muscle differed, however,
between the treatment groups (SAFA/MUFA and the presence/absence of n-3
fatty acid) in paper IV and in the trained and sedentary individuals in paper II. 

Possible mechanisms explaining training-induced changes in muscle fatty
acid composition

The present studies were not designed to determine mechanisms that explain
training-induced effects on the fatty acid profile. However, several possible
mechanisms could be discussed. If we assume that those changes are not
explained by changes in the muscle fiber type distribution or by changes in the
proportion of different PL classes, as has already been discussed, other
mechanisms must be responsible. It could be the physical activity itself, as well
as factors associated with physical activity.

* It is reasonable to assume that a higher ”energy flux” including a more rapid
turnover of endogenous and exogenous fatty acids could influence the fatty acid
composition of the skeletal muscle lipids, despite a dietary fatty acid
composition similar to that of a sedentary individual. A higher total energy
intake and, hence, a higher total intake of fat to maintain energy balance at a
higher level of physical activity will result in greater availability of all fatty
acids for incorporation into cell membranes. At the same time, the endurance
training will increase the use of fatty acids as an energy substrate. There is
evidence for a selective mobilization (77), oxidation and incorporation of
different fatty acids due to their chain length and desaturation (73-75).
Collectively, this would possibly influence the fatty acid composition in the
muscle lipids. However, the oxidation rates of the 18-carbon atom fatty acids
have been positively correlated with the number of double bonds in humans (75)
and evidence from rats studies suggests a more rapid oxidation of n-3 PUFA
than n-6 PUFA (73, 74). In addition the 18:1 n-9 had a higher oxidation rate
than 16:0. This differences in oxidation rate of fatty acids does not appear to
explain the fatty acid profile in muscle PL associated with physical activity in
the present studies: giving a higher proportion of n-3 PUFA, lower n-6 PUFA
and an increased proportion of 18:1 n-9 and a lower proportion of 16:0 in
muscle PL. Instead, this may indicate an adaptive response to training to
maximize the availability of certain fatty acids in the muscle PL that may be
important for the working muscle cell.
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* Regular training induces several adaptations to enhance the muscle cells
ability to maintain homeostasis during sustained contractions (79). Maintenance
of homeostasis is related to the transport and control of ion and metabolite
concentrations within the cell. The cell transport and communication processes
are in turn influenced by membrane functions and thereby membrane lipid
composition (38). The remodelling of PL fatty acid composition and thereby
membrane fluidity could be a way for the muscle to keep up with a rapid ion
flux and increased metabolism due to the regular muscle contractions. The
skeletal muscle contractility depends in part on membrane potential and the
chemical gradients for Na+ and K+ (144). In addition long-chain n-3 PUFA are
an important component in for example neurons with a specific need for rapid
electric potential (145) and the degree of polyunsaturation of cell membrane
fatty acids has been related with the cellular metabolic activity (37).

* Catecholamine stress has been shown to alter fatty acid composition of cardiac
PL in rats (146), with an increase in the proportions of 20:4 n-6 and 22:6 n-3 and
decreases in the proportion of 18:2 n-6, which partly agrees with the fatty acid
profile associated with physical activity in the present work. However, training
of only one muscle group as in the one-leg exercise by Helge et al. (137) also
affects the fatty acid composition in skeletal muscle PL, an exercise model
which only seems to slightly increases the plasma catecholamine levels (147),
and probably would affect both legs in the similar way. Training-induced
influences of the fatty acid composition seem therefore more likely to be, due to
a local adaptation of the muscle, than due to increased cathecolamine levels. The
variation in catecholamine response due to different types of physical exercise
may, however, mean that different types of exercise could influence the fatty
acid composition in different ways. 

* The increased fat metabolism due to physical activity appears to involve an
enhanced activity of several enzymes and transport mechanisms, such as muscle
lipoprotein lipase (148, 149), fatty acid binding protein (150) and carnitine
palmitoyltransferase (83, 151). A possibly selectively handling of the fatty acids
in those steps may as well play a role for the fatty acid composition in the
muscle lipids.

* Alterations in the activity of desaturase and elongase enzymes could probably
also influence fatty acid profile in skeletal muscle. In paper II, the indirect
measure of ∆ 5 desaturase (estimated by the ratios of 20:4 n-6 to 20:3 n-6 in
muscle PL) was significantly higher in the trained than in the sedentary subjects.
However, to our knowledge there are no studies that address the question
whether physical activity would influence the activity of those enzymes.



Discussion

56

* Remodelling of membrane phospholipids is primarily achieved by cycles of
phospholipid deacylation and reacylation, which are accomplished largely by the
combined action of two groups of enzymes: phospholipases and acyltranferases
(152). Possibly physical activity also could influence those enzyme activities. 

* Finally, the known increase in mithocondria density due to physical activity
(66) may at least partly contribute to the change in the fatty acid composition in
total muscle PL. It has been shown that mithocondria membranes in liver, brain
and heart in rats differ from other cellular membranes, such as microsomes, in
their fatty acid composition (153). 

Fatty acid composition in skeletal muscle in relation to insulin sensitivity

Studies by Borkman et al. (26), Vessby et al. (23) and Pan et al. (24) have all
demonstrated associations between fatty acid composition in skeletal muscle PL
and insulin sensitivity, which is illustrated in Table 11. Two more recent studies
by Clore et al. (25, 138) support the link between fatty acid profile in muscle PL
and insulin sensitivity. In a group of healthy men and women they found that
that increased insulin sensitivity was related to higher proportion of long-chain
PUFA and higher ratios of 20:3n-6/18:2 n-6 and 18:0/16:0 (although presented
as an inverse association to the 16:0/18:0 ratio) (25). Even more interestingly,
they demonstrated changes in the fatty acid profile of skeletal muscle PL in
healthy subjects treated with nicotinic acid, an agent known to impair insulin
sensitivity (138). The treatment resulted, as would be expected, in decreased
insulin sensitivity. The interesting finding was, however, the increased
proportion of palmitic acid (16:0) and the decreased proportion of stearic acid
(18:0), giving a lower 18:0/16:0 ratio (higher 16:0/18:0), and a decreased
proportion of long chain PUFA, specifically the proportion of docosapentaenoic
acid (22:5 n-3) after treatment. Those changes are opposite to the suggested
effect of physical activity (table 10) and support the hypotheses that fatty acid
profile in muscle PL is linked to insulin sensitivity. In both studies by Clore et
al., the fatty acid composition was determined in PC and PE separately. For the
interaction with insulin sensitivity the fatty acid composition of the PC (the
major outer membrane PL) appeared to be most important. In contrast to the
studies illustrated in table 11, no correlation between fatty acid composition in
PL of the abdominal rectus muscle and insulin sensitivity (evaluated by fasting
insulin and as HOMA) was observed in a group of sixteen patients who
underwent abdominal surgery (154). Possible explanations, given by the authors,
for this disagreement, is a lower intake of saturated and PUFA in the their
population compared to the other studies, and a small study group with to less
variation in fatty acid intake. 
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Table 11. Fatty acid composition of the skeletal muscle phospholipids related to
insulin sensitivity
__________________________________________________________________________

Fatty acids Storlien a Borkman b Vessby c Pan d Clore e Clore f Baur g Baur h
1991 1993 1994 1995 1998 2000 1998 1999

I     II
_________________________________________________________________________________________

16:0 -- -- -- ⇓ -- -- ⇓ -- --
18:0 -- -- -- -- -- -- ⇑ ⇓ --
18:0/16:0 -- -- -- -- -- ⇑ ⇑ -- --
18:1 n-9 -- -- ⇓ -- -- -- -- -- --
18:2 n-6 -- ⇓ -- -- ⇓ -- ⇓ ↓* --
20:3 n-6 -- -- -- -- ⇓ -- -- -- --
20:3/18:2 -- -- -- -- -- ⇑ -- -- --
20:4 n-6 -- ⇑ ⇑ -- ⇑ -- -- -- --
20:4/20:3 -- ⇑ ⇑ -- ⇑ -- -- -- --
20:4/18:2 -- -- -- -- -- -- -- ⇑ --
22:4 n-6 -- ⇑ -- -- -- -- -- -- --
22:5 n-6 -- ⇑ -- -- ⇑ -- -- -- --
22:5 n-3 ⇑ ⇑ -- -- -- -- ⇑ -- --
22:6 n-3 ⇑ -- -- -- -- -- ↑  # ⇑ ⇑
sum n-3 ⇑ -- -- -- -- -- -- ⇑ ⇑
sum n-6 -- -- -- -- -- -- -- -- ⇓
n-6/n-3 -- -- -- -- -- -- -- -- ⇓
C20-22 -- ⇑ ⇑ -- ⇑ ⇑ ⇑ ⇑ --
UI -- ⇑ ⇑ -- ⇑ -- -- -- --
__________________________________________________________________________________________
⇑ Positively / ⇓ Negatively related to enhanced insulin sensitivity.
a Storlien L. et al. 1991 (22). Rats. Red Quadriceps muscle. Hyperinsulinemic-euglycemic clamp. Controlled diet

30 days (6 different high fat feeding groups, n=5-6/group). Simple correlation.
b Borkman M. 1993 (26). I) Men and women (n=27, mean age 58±8y, BMI 27±2). Rectus abdominus muscle.

Fasting serum insulin. Simple and partial correlation (adj. for age, sex, medicine, and BMI)
II) Men (n=13, mean age 30±11y, BMI 23±3). Vastus lateralis muscle. Hyperinsulinemic-euglycemic clamp.
Simple correlation.

c Vessby B. et al 1994 (23). Men (n=38, age 70y, BMI 26±4). Vastus lateralis muscle. Hyperinsulinemic-
euglycemic clamp. Simple correlation and stepwise reg. analysis

d Pan D. et al 1995 (24). Men (Pima Indians, n=52, mean age 28±1y, BMI 33±1). Vastus lateralis muscle.
Hyperinsulinemic-euglycemic clamp and fasting serum insulin. Simple correlation.

e Clore J. et al. 1998 (25). Men and women (n=27, mean age 24±1y, BMI 24±1). Vastus lateralis muscle.
Phosphatidylcholine. Hyperinsulinemic euglycemic clamp. Simple correlation. No change when correcting for
muscle fiber type distribution.

f Clore J. et al. 2000 (138). Men and woman (n=9, mean age 27±3y, BMI 25±1). Intervention: 4 weeks treatment
with nicotinic acid, an insulin resistance agent. Vastus lateralis muscle. Phosphatidylcholine. Hyperinsulinemic-
euglycemic clamp.↑# denote non-significant trend.

g Baur L. et al. 1998 (71). Infants (n=39, mean age 0.9±0.1y). Mixed muscles groups (Abductor hallicus, Rectus
abdominis, Latissimus dorsi and External oblique muscle). Fasting plasma glucose. Simple 
and partial correlation (adj. for age and duration of  breast-feeding). ↓* Significant only in the partial correlation.  

h Baur L. et al. 1999 (155). Infants (n=83, mean age 0.8±0.1y) and their mothers (mean age 31±1y, BMI 26±1).
Mixed muscle groups. Maternal fasting insulin. Multiple regression analysis.

If looking at correlations between the fatty acid composition of skeletal muscle
PL and insulin sensitivity in present studies (data only shown in paper II), no
significant correlation was found in either paper I and III. However, in paper I it
is worth to notice a positive correlation (r 0.49) near significance (p=0.053)
between aracidonic acid (20:4 n-6) and insulin sensitivity. Furthermore, in paper



Discussion

58

II the insulin sensitivity was negatively related to both pamitic (16:0) and
dihomo-gamma-linolenic acid (20:3 n-6), and positively to stearic acid (18:0)
and the ratios of 18:0/16:0 and 20:4/20:3. Nevertheless those correlations were
mostly explained by the combining of two very different populations (TRA and
UNT individuals). Finally in paper IV a positive correlation (r 0.50, p=0.01) was
shown between the ratio 20:4/20:3 and insulin sensitivity.  

The trained individuals in papers I and II demonstrated higher insulin sensitivity
than the untrained control subjects, and the fatty acid composition of skeletal
muscle PL may theoretically contribute to the improved insulin sensitivity.
Several mechanisms for exercise-induced effects on insulin sensitivity, such as
increased blood flow and capillary density (57), increased glycogen synthase
activity (81) and increased capacity of the glucose transporters (82) have been
suggested (52). In papers I and II insulin sensitivity was measured in the
habitual state of the trained individuals which means that there could be a
combination effect of the training effect per se and the acute effect due to the
last exercise bout. Training-induced changes in muscle PL would probably be
related to a more long-term effect, it’s therefore not possible to really determine
if the fatty acid profile in skeletal muscle PL contributes to the training-induced
improvement in insulin sensitivity from our results. 

In paper III, including strenuous high intensity exercise, a negative influence on
insulin sensitivity may be expected. Transient insulin resistance has earlier been
observed after strenuous eccentric exercise (91, 92). Whether this is a parallel
phenomenon to changes in the fatty acid profile of skeletal muscle PL is not
known. With an unaltered fatty acid composition after our exercise protocol we
could not, however, expect any influence on insulin sensitivity due to such
changes. The current exercise model included mainly concentric components,
which may explain why we did not see impaired insulin sensitivity, despite an
extremely strenuous exercise model. A single exercise bout, without muscle
damage, is on the other hand known to improve insulin sensitivity. This effect
appears to be short-lived and lost within two to five days (17). Therefore such an
exercise-induced improvement of insulin sensitivity may have been attenuated
and not been possible to detect in the present study (insulin sensitivity measured
approximately 60 hours after the exercise). An increase close to significant was,
however, observed in the insulin sensitivity index between baseline and the third
day after the exercise (p = 0.057) and a borderline significant decrease between
the third and the eleventh day (p = 0.052), with rather wide confidence intervals
(-0.04 to 2.86 and -2.19 to -0.01, respectively). Therefore this supra-maximal
exercise seems more likely to increase than decrease the insulin sensitivity.
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Possible mechanisms by which changes in the fatty acid composition of the
skeletal muscle phospholipids might alter insulin sensitivity.

Several potential mechanisms explaining how the fatty acid composition could
affect insulin sensitivity have been suggested in the literature (25, 26, 138): 1)
altering the membrane fluidity and the ability to translocate and insert glucose
transporters and altered intrinsic activity of those glucose transporters; 2)
influencing the insulin receptor number and binding as well as activation of
insulin receptor kinase; 3) altering the diacylglycerols fatty acid groups and in
turn interacting, in their second messenger role. 

However, it is still too early to establish if the correlation between insulin
sensitivity and fatty acid composition of muscle PL is causal or not.
Alternatively, insulin sensitivity may simply be a marker for the effects of some
unidentified third factor that modulates insulin sensitivity. Finally it could not
yet be ruled out that it may also be the other way around i.e. the insulin
resistance may influence the fatty acid composition. For example, the insulin
level itself may play a role, as the ∆ 5 desaturase activity has indicated an
insulin-dependence in studies of insulin deficiency (156).

Relevance for public health

Regular physical activity and healthy dietary habits, including a balanced dietary
fat quality, are generally accepted as positive factors in overall health and are
viewed as particularly useful in the management of type 2 diabetes and obesity.
Present findings suggest that regular physical activity and dietary fat quality,
independent of each other, influence the fatty acid composition in skeletal
muscle. This would increase our understanding of how diet and physical activity
could influence health in general and the glucose and fat metabolism in
particular.

Present results also demonstrate that physically active people appears to handle
the fatty acids in a different way than sedentary people, despite similar dietary
fat quality. These results underline that the level of physical activity should be
taken into account when evaluated health effects of dietary fat quality.
Furthermore, it highlights the possibility that expected negative effects of
unhealthy fat intake might be attenuated by increased regular physical activity. 
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Conclusions
_______________________________________________________

In summary, the present thesis yielded the following results and conclusions:

* Daily physical activity of a moderate intensity during a period of six weeks
with standardized dietary fat quality, influenced the fatty acid composition of
skeletal muscle PL, but not of the muscle TG, in a group of middle-aged healthy
men (paper I). 

* The fatty acid composition of skeletal muscle PL and TG differed when
comparing endurance-trained athletes with untrained young men after given a
diet with similar fatty acid composition (paper II).

* Generally, a lower proportion of palmitic acid (16:0) and total n-6 poly-
unsaturated fatty acids and a higher proportion of stearic (18:0) and oleic (18:1n-
9) and total n-3 PUFA in the skeletal muscle PL were associated with a higher
physical activity level. The training-associated effects appear to be more
pronounced if the physical activity level is higher and of a longer duration
(papers I and II).

* The fatty acid profile in skeletal muscle PL found to be associated with a
higher level of physical activity is similar to the fatty acid profile in muscle PL
earlier associated with improved insulin sensitivity (papers I and II).

* The different fatty acid profile in skeletal muscle in sedentary and endurance-
trained individuals seems not to be explained solely by different fiber type
distribution (paper II). 

* A short-term supra-maximal intensity, concentric, exercise did not lead to any
detectable changes in relative proportions of fatty acids in skeletal muscle PL.
Neither were any changes of biomarkers for lipid peroxidation (MDA and 8-iso-
PGF2α), observed, which may explain the absence of effect on skeletal muscle
fatty acid composition in the present study (paper III).

* The fatty acid composition of skeletal muscle PL and TG in healthy men and
women, clearly differed between groups with various fatty acid compositions in
the diets, after a three-month dietary intervention (paper IV).

* A high intake of saturated fatty acids was reflected particularly by higher
proportions of pentadecanoic (15:0) and heptadecanoic (17:0) and lower 
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proportions of oleic acid (18:1 n-9) in the muscle PL, compared to high intake of
mono-unsaturated fatty acids. Furthermore, the subjects given n-3
supplementation demonstrated a higher proportion of total n-3 PUFA and lower
n-6 PUFA in the muscle PL compared with controls. In the muscle TG similar
differences were observed: the high intake of saturated intake was reflected in
higher proportions of myristic (14:0) and pamitic acid (16:0) and lower
proportion of oleic acid (18:1 n-9), and the n-3 supplementation was reflected in
higher proprtion of total n-3 PUFA (paper IV).



62

Future Perspectives
___________________________________________________________________________

The associations between the proportions of fatty acids in muscle lipids and
regular physical activity and dietary fat quality respectively were in the present
studies observed in normal-weight healthy subjects. Although type 2 diabetes
and obesity mostly are viewed as disorders of glucose metabolism they also
represent diseases of dysregulated lipid metabolism (18). Moreover, as the fatty
acid composition of muscle PL has been linked with insulin sensitivity, it would
be of importance to clarify whether physical activity and dietary fat quality may
also influence the fatty acid composition in groups with insulin resistance and/or
obesity. It also remains to be discovered whether changes in muscle PL fatty
acid composition are directly related to changes in insulin sensitivity and what
possible implications these changes could have for the development of type 2
diabetes.

The associations between physical activity level and fatty acid composition in
muscle lipids were investigated in young and middle-aged men (papers I and II).
In paper IV, the analyses of muscle PL included one fourth women (n=7), and
three fourths men (n=22), which were even divided in the treatment groups.
When looking at the whole study group, generally similar fatty acid pattern in
muscle PL was seen in women and men. However, the women had higher
proportions of palmitoleic (16:1 n-7), oleic (18: 1 n-9) and lower proportion of
linoleic acid (18:2 n-6). The women included were all postmenopausal and not
receiving any hormone replacement therapy. Compared to men, it has been
suggested that women oxidize more fat during sub-maximal exercise (157). Sex
differences in fat metabolism seem most likely to involve sex steroids. Whether
influences of dietary fat quality and physical activity on the fatty acid
composition would be similar in men and women remains to be resolved. 

Results from the present work (papers I and II) suggest that individuals involved
in regular physical activity have a different fatty acid composition in the muscle
lipids compared to sedentary individuals with similar dietary fat quality.
Furthermore, this suggests that the physical activity may modify the effects of
the dietary fat quality regarding the influences of the muscle lipid fatty acid
composition. This has, of course, to be further verified. It would for instance be
of interest to find out whether the fatty acid composition of the diet would be
reflected in the muscle lipids of endurance-trained individual in the same way as
observed in the sedentary subjects in paper IV.
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As already mentioned in the discussion, many other questions also remain to be
resolved in this field. For example, the kinetics of fatty acid composition in
skeletal muscle, effects of different types of exercise and various changes in the
dietary fatty acid composition, responses in different muscle groups, in different
cell organelles and PL classes, and the mechanisms responsible for exercise
induced changes in the muscle fatty acid composition. In addition, the question
whether exercise, strenuous enough to create an oxidative stress and thereby
lipid peroxidation, could influence the fatty acid composition in muscle, has to
be addressed in further studies. Finally, it would be of interest to further clarify
whether an altered fatty acid profile of skeletal muscle PL influences skeletal
muscle function. In isolated rat muscle, effects on fatty acid composition parallel
with impaired skeletal muscle functions, such as lower muscular tension and
reduced response time, have been observed after feeding an essential fatty acid-
deficient diet (158).
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