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Abstract

Fatty acid metabolism is important in relation to the development of insulin resistance and the metabolic
syndrome. Elevated total non-esterified fatty acid concentrations predispose to an atherogenic lipoprotein
profile, but the individual properties of specific fatty acids are also of importance for the development of the
metabolic syndrome. The objectives of this study were to investigate the relationships between fatty acid
composition and selected cardiovascular risk factors associated with the metabolic syndrome [small, dense
low-density lipoprotein (LDL) particles and oxidative stress], and to investigate estimates of adipose tissue
A°-desaturase activity. A cohort of approximately 300 healthy Swedish men (aged 62—64 years), extensively
characterized in relation to components of the metabolic syndrome, was investigated cross-sectionally.
Increases in fatty acids typical of milk products were associated with reduced numbers of potentially
atherogenic small, dense LDL particles, and n-3 fatty acids were independent (negative) predictors of
oxidative stress. A>-Desaturase activity in human adipose tissue needs more detailed investigation in relation
to the metabolic syndrome. In conclusion, the quality of dietary fat is of importance in relation to the
development of cardiovascular risk factors associated with the metabolic syndrome.
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Introduction

current major health problem in the Western
Aworld is the dramatic increase in the occur-

rence of type 2 diabetes and the associated
increased risk of developing cardiovascular disease.
Insulin resistance and the metabolic syndrome both
greatly predispose to the development of type 2
diabetes and there is therefore great interest in
identifying the factors leading to the onset of these
conditions. Important components of the metabolic
syndrome include insulin resistance itself, a classic
dyslipidaemia [a so-called atherogenic lipoprotein
profile, consisting of high triacylglycerol (TG), low
high-density lipoprotein (HDL)-cholesterol concen-
trations and a preponderance of small, dense low-
density lipoprotein (LDL) particles], and obesity, in
particular abdominal obesity.
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Lipid abnormalities associated with insulin resis-
tance have more recently been realized to include
defects in fatty acid metabolism, and elevated
circulating non-esterified fatty acid (NEFA) con-
centrations may be a risk factor for cardiovascular
disease (1). Since NEFAs can effectively compete
with glucose for substrate oxidation in muscle,
elevated NEFA concentrations may inhibit whole-
body glucose disposal and hence induce insulin
resistance. Furthermore, elevated NEFA concentra-
tions could contribute to the development of an
atherogenic lipoprotein profile. An increased flux
of NEFAs to the liver may stimulate hepatic TG
synthesis and enhance very low-density lipo-
protein (VLDL) production. The subsequent high
circulating TG concentrations drive excessive cho-
lesteryl ester transfer protein (CETP)-mediated
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transfer of TG out of VLDL (and chylomicron)
particles into LDL and HDL particles in exchange
for cholesteryl ester. These TG-enriched LDL and
HDL particles are favourable substrates for hepatic
lipase, which hydrolyses the TG core, leaving small,
dense, TG-depleted LDL and HDL particles. There-
fore, high NEFA concentrations may lead to high
TG and low HDL-cholesterol concentrations, and a
preponderance of small, dense LDL particles. There
is a well-established link between small, dense LDL
and the progression of atherosclerosis and the
development of cardiovascular disease (2), which
may be explained by the increased susceptibility of
these LDL particles to oxidation. While the uptake
of native LDL by macrophages does not result in
foam cell formation, the uptake of oxidized low-
density lipoprotein (oxLDL) by scavenger receptors
results in unregulated lipid accumulation. Staining
for oxLDL has been demonstrated in both animal
and human atherosclerotic lesions, and circulating
concentrations of oxLDL were significantly higher
in patients with cardiovascular disease than in
controls, and oxLDL concentrations correlated
with the severity of clinical presentation (3, 4).
Indeed, a state of increased oxidative stress has been
proposed as the pathogenic mechanism linking
insulin resistance to the development of diabetes
and cardiovascular disease (5), but how fatty acid
composition and metabolism relates to oxidative
stress in the metabolic syndrome is poorly under-
stood.

In addition to the potential consequences of high
circulating NEFA concentrations described above,
the significance of the metabolic properties of
different fatty acids needs to be considered. The
fatty acid composition of dietary fat is believed to
be an important contributor to the development of
the metabolic syndrome. For example, insulin
sensitivity was impaired in subjects in whom dietary
monounsaturated fatty acids were replaced with
saturated fatty acids (6). Furthermore, character-
istic fatty acid composition patterns of serum
phospholipids and cholesteryl esters are associated
with insulin-resistant states. These patterns include
increased proportions of 16:0 (palmitic acid), 16:1
(palmitoleic acid) and 20:3 n-6 (dihomo-y-linolenic
acid), and a decreased proportion of 18:2 n-6
(linoleic acid) (7). To synthesize longer, more
unsaturated fatty acids a combination of desatura-
tion and chain elongation is required, but relatively
little is known about the regulation of these
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processes. However, fatty acid patterns indicate
that high activities of A°- and AS-desaturases and
a low activity of A’-desaturase are associated with
insulin-resistant states (7).

Therefore, fatty acid metabolism is important at a
number of different levels in relation to the devel-
opment of insulin resistance and the metabolic
syndrome. Elevated total NEFA concentrations
may predispose to an atherogenic lipoprotein pro-
file, but the individual properties of specific fatty
acids may also have an impact on the development
of the metabolic syndrome (Fig. 1). A cohort
of approximately 300 healthy Swedish men (aged
62—-64 years), in whom all components of the
metabolic syndrome have been characterized in
detail (8), was used to investigate relationships
between fatty acid composition and selected cardi-
ovascular risk factors associated with the metabolic
syndrome (small, dense LDL particles and oxidative
stress). Estimates of adipose tissue A’-desaturase
activity will also be investigated.

Small, dense low-density lipoprotein

A predominance of small, dense LDL particles is a
central component of the atherogenic lipoprotein
profile typical of the metabolic syndrome. There-
fore, fatty acid composition profiles of the diet,
serum and adipose tissue were investigated in
relation to the occurrence of small, dense LDL
particles in the cohort of healthy 63-year-old men
(9). LDL particle size distribution was determined
by polyacrylamide gradient gel electrophoresis,
staining and subsequent scanning giving peak
particle size of LDL and relative distribution of
LDL in predefined subfractions with cut-offs: LDL-
1(27.0-25.0 nm), LDL-II (25.0-23.5 nm), LDL-III
(23.5-22.5 nm) and LDL-IV (22.5-21.0 nm). Both
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Fig 1. Fatty acid composition is believed to contribute to the
development of the metabolic syndrome and its associated features
and subsequent cardiovascular disease. The spectrum of fatty acids
in the body can be influenced by both the quality of dietary fat and
the metabolism of fatty acids.
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subfractions III and IV contain the small, dense
LDL particles, but the principal small, dense LDL
subfraction is LDL-III, which comprised 18.5+
8.9% of total LDL particles, while LDL-IV con-
tained just 4.2+1.8%. Furthermore, the LDL-III
subfraction has previously been shown to be
strongly related to atherosclerosis (10). Therefore,
the men were divided into tertiles of percentage
distribution of LDL-III, with individuals in the
lowest tertile being considered to have a less
atherogenic LDL profile with the least small, dense
LDL particles.

The amount of LDL-IIT (%) was inversely related
to the reported consumption of fat from dairy
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Fig 2. High consumption of fat from dairy products is associated
with a decrease in small, dense low-density lipoprotein (LDL).
Healthy, 63-year-old men were divided into tertiles [Low, Med
(medium) and High] of small, dense LDL [LDL-III (%)]. Dietary
consumption was estimated from 7 day dietary records and data are
presented from men (rn=207) identified as non-underreporters of
their energy intake. The estimated consumption, in energy%o (£%) of
fatty acids (FAs) of chain length 4:0-10:0 (upper panel) and 14:0
(lower panel), which are found abundantly in dairy products, is
shown. Men in the highest tertile of small, dense LDL-III are
considered to have a more atherogenic LDL profile. The p-values
are for ANOVA across all groups. All data are taken from Sjogren
et al. (9).
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products and specific fatty acids (4:0-10:0 and
14:0) found abundantly in dairy products (Fig. 2)
(9). In other words, men in the lowest tertile of
LDL-III had the highest consumption of milk fat.
The tertiles of LDL-III (%) did not differ with
respect to reported consumption of monounsatu-
rated, polyunsaturated or saturated fatty acids, but
consumption of saturated fatty acids was signifi-
cantly higher in the low compared with the high
LDL-III tertile group. Furthermore, the same
pattern was seen for the relative amounts of myristic
(14:0), pentadecanoic (15:0) and heptadecanoic
(17:0) acids in serum phospholipids and serum
NEFAs. In adipose tissue the same patterns were
observed, but the relationships were not statistically
significant. Pentadecanoic and heptadecanoic acids
are fatty acids that are almost exclusively found in
milk products. Therefore, differences in LDL parti-
cle size distribution were related to fatty acids
specific for dairy products. Indeed, there was an
apparently beneficial effect of milk products, with
an increased consumption associated with reduced
numbers of the potentially atherogenic small, dense
LDL particles. These observations are in agreement
with a number of other studies that have reported
an inverse relationship between the consumption of
milk products and some risk factors for cardiovas-
cular disease, as reviewed recently (11). Further-
more, several recent studies have found a similar
inverse relationship between dairy intake and devel-
opment of the metabolic syndrome (12, 13) and type
2 diabetes (14).

Other studies, however, are harder to reconcile
with these observations. For example, a diet with a
high proportion of saturated fatty acids (which
include the typical milk fatty acids mentioned
above) was detrimental for insulin sensitivity (6)
and did not appear to have any beneficial effect on
LDL size (15). However, while the present study
determined the distribution of LDL particles,
Rivellese et al. (15) quantified only the diameter
of the major LDL peak and therefore may not have
been able to detect subtle changes in LDL particle
size distribution. In addition, the decrease in insulin
sensitivity associated with the high saturated fatty
acid diet (6) was restricted to individuals with a
total fat intake in the lowest 50%, but whether there
was any change in LDL peak size in just this
subgroup was not shown (15). The findings that
diets high in saturated fatty acids raise total
cholesterol and LDL-cholesterol concentrations



(16) and impair insulin sensitivity (6) may be
considered contradictory to the reports (described
above) of an inverse relationship between consump-
tion of milk products and risk factors for cardio-
vascular disease. Furthermore, subjects who make
changes in lifestyle factors, such as reducing satu-
rated fat intake, improve their insulin sensitivity
(17). One explanation for this apparent discrepancy
is that changes in lifestyle can have an impact on a
wide range of parameters, such as reducing body
weight (17), which could, in turn, mediate improve-
ments in insulin sensitivity. Another possible ex-
planation is that certain saturated fatty acids, not
those typical of milk products, mediate the unfa-
vourable effects of diets high in saturated fatty acids
and mask any beneficial effects of milk-derived
saturated fatty acids. Indeed, whether favourable
effects can be ascribed to the individual fatty
acids in milk products, or whether they can be
explained by other bioactive components of dairy
products (e.g. calcium), or even by lifestyle factors
(such as level of physical activity) related to con-
sumption of milk products remains to be deter-
mined. Well-controlled intervention studies are
required to address these issues.

Oxidative stress

To extend upon investigations of cardiovascular risk
factors associated with the metabolic syndrome, the
authors determined circulating concentrations of
oxLDL and urinary concentrations of 8-iso-prosta-
glandin F,, (8-is0-PGF,,) in the cohort of healthy
63-year-old men (18). In addition to the well-
recognized cardiovascular risk factors associated
with the metabolic syndrome (such as the athero-
genic lipoprotein profile discussed above), “newer”’
risk factors, such as oxidative stress, have been
proposed (5). Oxidative modification of LDL
particles to produce oxLDL is believed to be an
important step in the atherosclerotic process. To
estimate levels of oxidative stress, quantification of
F,-isoprostanes has become an accepted tool,
possibly the most reliable biomarker of oxidative
stress in vivo (19). The F,-isoprostanes are stable
products formed from the free radical-induced
peroxidation of phospholipid-bound arachidonic
acid, with 8-is0-PGF,,, being the major F»-isopros-
tane formed during lipid peroxidation. In contrast
to some other studies (20, 21), this group found no
increases in either circulating oxLDL or urinary
8-i1s0-PGF,, concentrations in men classed (using
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the National Cholesterol Education Program defi-
nition) as having the metabolic syndrome (18).
Furthermore, oxLDL and 8-iso-PGF,, were not
related to one another, suggesting that they repre-
sent different aspects of oxidative modification. No
classes of fat or individual fatty acids entered the
multivariate analysis for oxLDL, with the strongest
predictors being LDL-cholesterol concentrations
and LDL peak particle size. However, multivariate
analysis for 8-iso-PGF,, identified the relative
content of n-3 fatty acids in serum phospholipids
and dietary folate as independent negative predic-
tors. The inverse relationship between 8-iso-PGF,,
concentrations and n-3 fatty acids in serum
phospholipids is in agreement with supplementation
studies with n-3 fatty acids (22, 23) and may
be explained by the anti-inflammatory properties
ascribed to the n-3 fatty acids (24) and subse-
quent decreased leukocyte free radical formation.
However, the present study found no relationship
between 8-is0-PGF,, concentrations and reported
consumption of n-3 fatty acids. Therefore, these
data suggest that specific fatty acids can influence
pathways leading to lipid peroxidation, which may
in turn be of relevance for subsequent cardiovas-
cular disease.

Stearoyl coenzyme A desaturase

The fatty acid composition of serum and adipose
tissue reflects the dietary composition (albeit with
different strengths for different fatty acids) during
the preceding weeks and months to years, respec-
tively (7). However, the fatty acid pattern is also
dependent on the endogenous synthesis and meta-
bolism of fatty acids. Desaturases are involved in
endogenous fatty acid synthesis and one such
enzyme has been investigated in some detail.
Stearoyl-coenzyme A desaturase (SCD) catalyses
the synthesis of monounsaturated fatty acids from
saturated fatty acids, introducing the cis double
bond in the A9 position of fatty acyl-coenzyme A
(CoA) substrates. Its preferred substrates are
palmitoyl-CoA (16:0) and stearoyl-CoA (18:0),
which are converted to palmitoleoyl-CoA (16:1)
and oleoyl-CoA (18:1), respectively. The principal
tissues sites of SCD activity are liver and adipose
tissue (25). SCD knockout mice have lower
TG concentrations, reduced body adiposity and
increased insulin sensitivity, and are resistant to
diet-induced weight gain (26). These observations
have been explained by increased phosphorylation/
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activation of adenosine monophosphate (AMP)-
activated protein kinase (AMPK) leading to in-
creased phosphorylation/deactivation of acetyl-
coenzyme A carboxylase (ACC), resulting in re-
duced concentrations of malonyl-CoA and hence
increased transport of fatty acids into mitochondria
via activation of carnitine palmitoyltransferase-
1 (CPT-1) and an increase in hepatic fatty acid
B-oxidation in mice deficient in SCD (27). Further-
more, leptin has been shown to repress hepatic SCD
activity (28), an effect that is independent of insulin
(29). This down-regulation of SCD is believed to
represent an important component of leptin’s meta-
bolic actions. More recently, SCD expression has
been manipulated in mouse models through the use
of in vivo antisense oligonucleotides (ASQOs). ASO-
mediated inhibition (10 weeks) of SCD expression
gave similar results to those in SCD knockout mice,
with a resistance to high-fat diet-induced obesity
and hepatic steatosis (30). When a much shorter
term ASO-mediated inhibition of SCD expression
was used (5 days), hepatic insulin resistance asso-
ciated with high-fat feeding was completely reversed
and this effect occurred before any changes in body
weight (31). These data indicate that hepatic SCD
activity is involved in the development of diet-
induced hepatic insulin resistance.

SCD (A’-desaturase) activity can be estimated in
humans by calculating the ratios of the relative
abundance of the product/substrate fatty acids,
namely 16:1/16:0 or 18:1/18:0, to generate a “desa-
turation index”. This desaturation index calculated
for fatty acids in serum is believed to be principally
a reflection of hepatic SCD activity and has been
shown to be negatively associated with insulin
sensitivity (32) and to explain 44% of the variance
in TG concentrations (33). Furthermore, the A°
desaturation index in serum cholesteryl esters was
shown to be a predictor of obesity (34) and future
development of the metabolic syndrome (35). Thus,
these human data indicate that increased hepatic
SCD activity is unfavourable, which is in agreement
with the animal studies described above. However,
whether the same applies to the activity of SCD in
adipose tissue is less clear. Insulin sensitization of
patients with type 2 diabetes by treatment with a
thiazolidinedione increased both SCD mRNA ex-
pression and A° desaturation index in subcutaneous
adipose tissue (36). The improvement of insulin
sensitivity brought about by thiazolidinedione treat-
ment has been suggested to be mediated, at least in

118

part, by promoting the deposition of TG in adipose
tissue as opposed to in other insulin-sensitive tissues
(such as liver or muscle) (37). Therefore, mechan-
isms promoting TG storage in adipose tissue, such
as local increases in SCD activity, may be beneficial
in this context. Whether adipose tissue SCD activity
in healthy individuals is positively or negatively
related to the metabolic syndrome remains to be
established. Therefore, SCD in adipose tissue will be
investigated in the study cohort of healthy men.
Relationships between the A? desaturation indices
in adipose tissue and serum, and the metabolic
syndrome and its associated cardiovascular risk
factors will be investigated. This will provide novel
data on SCD in human adipose tissue, which will be
particularly interesting in light of the suggestion of
SCD as a potential target for treatment of obesity
and the metabolic syndrome (38).

Conclusions

The studies summarized here demonstrate that the
quality of dietary fat is of importance in relation to
the development of cardiovascular risk factors
associated with the metabolic syndrome. Improved
understanding of the impact of the fatty acid
composition of the diet on the metabolic syndrome
and related cardiovascular risk factors is of im-
portance from a public health perspective. Further-
more, a greater knowledge of the pathways
governing endogenous fatty acid synthesis and
metabolism is required to understand more fully
the roles played by individual fatty acids.
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