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Indian Asians living in the UK have a 50% higher CHD mortality rate compared with the
indigenous Caucasian population, which cannot be attributed to traditional risk factors. Instead,
features of the metabolic syndrome, including raised plasma triacylglycerol, reduced HDL-
cholesterol (HDL-C) and an increased proportion of small dense LDL particles, together with
insulin resistance and central obesity, are prevalent among this population. The present review
examines evidence to support the hypothesis that an imbalance in dietary PUFA intake,
specifically a higher intake of n-6 PUFA in combination with a lower intake of the long-chain
(LC) n-3 PUFA, plays an important role in the prevalence of the metabolic syndrome observed
in Indian Asians. Data are presented to illustrate the impact of manipulation of the background
n-6 PUFA intake (moderate or high n-6 PUFA) and the subsequent response to supplementa-
tion with LC n-3 PUFA on blood lipids and insulin action in a group of Indian Asian
volunteers. The results demonstrate that supplementation with LC n-3 PUFA had no impact on
insulin action in those subjects consuming either the moderate- or high-n-6 PUFA diet. In the
postprandial phase reductions in plasma triacylglycerol concentrations were greater in those
consuming the high-n-6 PUFA background diet subsequent to fish oil supplementation. The
present study concludes that, contrary to the central hypothesis, the prevalence of metabolic
abnormalities in Indian Asians compared with Caucasians may not be attributable to
differences in intakes of n-6 and n-3 PUFA.
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Indian Asians living in the UK have an approximately
50% higher CHD mortality rate compared with the native
Caucasian population (British Heart Foundation, 2003),
which is not attributable to an increased incidence of
conventional risk factors such as cigarette smoking,
hypertension or hypercholesterolaemia (Dhawan & Petkar,
1998; Chambers et al. 2000). However, evidence has
confirmed that features of the metabolic syndrome have a
higher prevalence among Indian Asians compared with
Caucasians (Banerji et al. 1999; Zoratti et al. 2000). It has
been hypothesised that the prevalence of metabolic
abnormalities among this ethnic population may be related
to an imbalance in dietary PUFA intake (Ghafoorunissa,
1998), specifically the higher intake of n-6 PUFA in
combination with the lower intake of long-chain (LC) n-3
PUFA that has been reported previously in this group
(Sevak et al. 1994). The aim of the present review is to
summarise the evidence demonstrating that features of the

metabolic syndrome are prevalent among UK Indian
Asians and to examine evidence of the putative protective
effects of LC n-3 PUFA supplementation against the
development of risk factors for CHD. Finally, the
hypothesis that an imbalance in dietary PUFA intake may
modulate the putative beneficial effects of fish oil
supplementation is tested in a dietary intervention study
involving manipulation of background n-6 PUFA intake
and subsequent observation of the effects of fish oil
supplementation on CHD risk factors in Indian Asians.

Metabolic syndrome and Indian Asians

Features of the metabolic syndrome that have been reported
among migrant Indian Asians include dyslipidaemia, com-
prising a raised plasma triacylglycerol (TAG) concentration
(Chambers et al. 2000), reduced HDL-cholesterol (HDL-C)
concentrations (McKeigue et al. 1991) and increased
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circulating levels of the pro-atherogenic small dense LDL
particles (LDL3; Kulkarni et al. 1999). Additional metabolic
abnormalities typically observed among Indian Asians
compared with Caucasians include central obesity (Banerji
et al. 1999) and insulin resistance (Zoratti et al. 2000). Our
research group has recently confirmed a prevalence of these
metabolic abnormalities in a group of fifty-five Indian
Asians compared with fifty-five Caucasian men (Lovegrove
et al. 2003a).

The exact mechanisms linking features of the metabolic
syndrome have yet to be elucidated. However, it is
generally accepted that normal insulin-stimulated suppres-
sion of hormone-sensitive lipase-mediated release of
NEFA from the adipocyte is defective in insulin-resistant
individuals (Frayn et al. 1997). The resultant continuous
delivery of NEFA to the liver is thought to have several
negative effects, including enhanced gluconeogenesis,
increasing hepatic glucose output and hence hyper-
glycaemia (Lam et al. 2003). Impaired binding and
hepatic extraction of insulin from the circulation has also
been previously reported among individuals presenting
with elevated NEFA concentrations, further exacerbating
hyperinsulinaemia (Wajchenberg, 2000). Finally, re-
esterification of excess NEFA, in the liver, to TAG
and subsequent incorporation into liver-derived VLDL
increases circulating plasma TAG concentrations. In
insulin-resistant individuals the lack of responsiveness
to insulin-stimulated lipoprotein lipase (LPL)-mediated
hydrolysis of TAG from TAG-rich lipoproteins leads to
an increased period of residence for TAG in the circulation
(Karpe, 1999). Elevated plasma TAG concentrations
enable enhanced neutral-lipid exchange between TAG-rich
lipoproteins and the cholesterol-containing lipoproteins,
HDL and LDL, via cholesteryl ester transfer protein,
leading to a preponderance of LDL3 and reduced HDL
concentrations (Karpe, 1999). In summary, the adverse
effects of abnormal responses to insulinaemia, including
continuous lipolysis and subsequent delivery of NEFA to
the liver, in combination with impaired fatty acid uptake
into adipocytes, may together exacerbate the dyslipidaemia
associated with the metabolic syndrome.

Assessment of insulin action

As insulin resistance is a major characteristic of the
metabolic syndrome, its accurate assessment is important
in facilitating the investigation of the links between insulin

resistance and other features of the metabolic syndrome, as
well as in the formulation of effective preventative
strategies. The glucose-clamp technique (DeFronzo et al.
1979) is considered to be the gold standard for the
measurement of insulin sensitivity, although the more
recently developed minimal model provides a well-validated
alternative and has been shown to have a significant
association with the glucose clamp (r 0.55, P < 0.001; Saad
et al. 1994). Both these procedures involve intervention with
glucose and insulin to mimic normal body homeostasis.
However, both techniques are time-consuming and invasive,
rendering them unsuitable for use when determining the
insulin status of large population groups. As a consequence,
recent research has focused on the development of simpler
less-invasive surrogate measures of insulin resistance and
sensitivity, which can be easily calculated from fasting
insulin and glucose concentrations.

Surrogate measures documented in the literature include
the homeostasis model for insulin resistance (HOMA IR;
Matthews et al. 1985), which is the most commonly
employed surrogate measure and provides a reliable
alternative to the more robust glucose clamp (r -0.82,
P < 0.0001; Bonora et al. 2000) and minimal model
techniques (r -0.51, P < 0.00; Fukushima et al. 2000).
Other surrogate methods, including fasting insulin (Folsom
et al. 1994), Bennetts Index (Anderson et al. 1995) and
insulin :glucose (Caro, 1991), also demonstrate good
agreement with insulin sensitivity obtained by the more-
invasive techniques (Laasko, 1993; Ikeda et al. 2001;
McAuley et al. 2001). The recently developed quantitative
insulin-sensitivity check index (QUICKI; Katz et al. 2000),
which takes the product of both the reciprocal and the
logarithm of fasted insulin and glucose concentrations,
gives values that correlate well with the glucose clamp
(r 0.78, P < 0.00) and minimal model (r 0.52, P < 0.00)
techniques (Katz et al. 2000). However, the revised
version of QUICKI (revised QUICKI; Perseghin et al.
2001), which incorporates a value for fasting NEFA into
the QUICKI formula, has a stronger relationship with the
glucose clamp (r 0.51, P < 0.05) than QUICKI alone
(Perseghin et al. 2001). As described earlier, there are
strong metabolic justifications for the inclusion of NEFA
in surrogate measures of insulin sensitivity. A recent study
in our research group examined the relationships between
surrogate measures of insulin action (Table 1) and insulin
sensitivity from a frequently-sampled intravenous glucose
tolerance test and subsequent minimal model analysis

Table 1. Surrogate measures of insulin action

Definition Reference

Insulin-sensitivity measures

QUICKI 1/log(glucose0 (mg/dl)) + log(insulin0 (mU/ml)) Katz et al. (2000)

Revised QUICKI 1/log(glucose0 (mg/dl)) + log(insulin0 (mU/ml)) + log(NEFA0 (mmol/l)) Perseghin et al. (2001)

Insulin-resistance measures

HOMA IR Insulin0 (mU/ml) · glucose0 (mmol/l)/22.5 Matthews et al. (1985)

FIRI Insulin0 (mU/ml) · glucose0 (mmol/l)/25 Frost et al. (1998)

Bennetts index 1/log(glucose0 (mmol/l)) · log(insulin0 (mU/ml)) Anderson et al. (1995)

Fasting insulin One fasting insulin (mU/ml) Folsom et al. (1994)

Insulin:glucose Insulin0 (mU/ml):glucose0 (mmol/l) Caro (1991)

QUICKI, quantitative insulin sensitivity check index; HOMA IR, homeostasis model for insulin resistance; FIRI, fasting insulin resistance index.
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(Haffner et al. 1996). Results demonstrated a strong
significant positive relationship between revised QUICKI
(insulin sensitivity) and the minimal model (r 0.67,
P < 0.000; Brady et al. 2003b). A significant positive
association was also observed between the minimal model
and QUICKI alone (r 0.51, P = 0.007), and significant
negative relationships were observed between several
measures of insulin resistance and insulin sensitivity
derived from the minimal model (HOMA IR r -0.50,
P = 0.009; fasting insulin resistance index r -0.50, P =
0.008; fasting insulin r -0.44, P < 0.05; Brady et al.
2003b). Although in our study revised QUICKI emerged as
the most useful surrogate estimate of insulin action, it did
not distinguish between Indian Asians and Caucasians,
probably because of the small numbers of subjects (n 13
and 14 respectively) However, in our previous study,
which included fifty-five males in each study group, the
revised QUICKI demonstrated significantly lower insulin
sensitivity in Indian Asians than in Caucasians (P < 0.05;
Lovegrove et al. 2003a). The revised QUICKI has also
been reported to differentiate between normal individuals
and offspring of diabetic parents (Perseghin et al. 2001).
However, to date, this surrogate technique has not been
applied widely in studies, and there is a need for its further
validation in different population groups with varying
extents of insulin resistance.

Dietary PUFA intake in Indian Asians

Few studies have investigated dietary fatty acid intake
among Indian Asians living in the UK. However, a higher
intake of n-6 PUFA, mainly from linoleic acid (LA), has
been reported from both household inventories (McKeigue
et al. 1985) and weighed dietary records (Miller et al. 1988)
in Indian Asians compared with Caucasians. Additionally,
lower intakes of the cardio-protective LC n-3 PUFA
eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA) have been observed in Indian Asians compared
with Europeans (Sevak et al. 1994). Previously, in our
research group, a significantly higher n-6 PUFA intake, a
significantly lower LC n-3 PUFA intake and a significantly
higher n-6:n-3 dietary PUFA was observed among Indian
Asians compared with Caucasians (n-6:n-3 PUFA 11.2 v.
6.7 respectively; P < 0.001) from analysis of 5 d estimated
diet diaries (Lovegrove et al. 2003b). Although prospective
dietary investigation tools are commonly used for assess-
ing nutritional intake among the population, they are
limited by the tendency for volunteers to modify their diet
in order to avoid recording complex meals and food items
(MacDiarmid & Blundell, 1997). Furthermore, the inherent
limitations involved with the determination of nutritional
intake by nutrient database, such as a lack of foods
or insufficient nutritional information for some foods in
the database, may limit the usefulness or accuracy of
nutritional data, particularly when studying ethnic popula-
tions. To validate the nutrient database used in our studies
a small substudy was conducted to investigate differences
in dietary fatty acid intake between Indian Asians (n 9) and
Caucasians (n 9) using 3 d duplicate diet food collection
(Brady et al. 2003a). Duplicate diet food collection and
subsequent chemical analysis is thought to provide a more

accurate representation of nutritional intake compared with
alternative methods (Mertz, 1992; Isaksson, 1993); mainly
because it does not rely on memory, portion size estimates
and nutrient database-derived nutritional information
(Isaksson, 1993). Our study confirmed the previously
reported higher n-6 PUFA intake, lower LC n-3 PUFA
intake and a higher n-6:n-3 dietary PUFA among the
Indian Asians compared with Caucasians, although values
did not reach significance, probably because of the small
numbers in the study groups (Fig. 1; Brady et al. 2002).
This study also observed a significantly lower intake of
saturated fatty acids in Indian Asians (P < 0.05), which has
been reported previously by other authors and which may
explain the lower LDL-cholesterol concentrations observed
in this population group compared with Caucasians (Miller
et al. 1988; McKeigue et al. 1989). Dietary differences
between the two ethnic groups were also reflected in the
composition of membrane and plasma phospholipids in
Indian Asians compared with Caucasians, both in our study
(Lovegrove et al. 2003b) and in other studies (Miller et al.
1988; Das et al. 1994).

n-6 and n-3 PUFA

Man is unable to synthesise LA (18:2n-6) or a-linolenic
acid (ALNA; 18:3n-3); thus, these fatty acids are known
as essential fatty acids. ALNA is the parent of the LC n-3
PUFA EPA (20:5n-3) and DHA (22:6n-3). Dietary intake
of ALNA is derived chiefly from vegetable oils, with
rapeseed and soyabean oils being traditionally rich sources,
although a large proportion of ALNA is lost during the
hydrogenation stage of processing (Simopolous, 1991).
The richest natural source of the LC n-3 PUFA EPA and
DHA in the diet is oily fish such as mackerel and herring
(British Nutrition Foundation, 1999). LA is the precursor
for arachidonic acid (20:4n-6) and, in the diet, is
predominantly derived from seed oils, e.g. mustard, maize
and rapeseed oils (British Nutrition Foundation, 1999). LA
and ALNA are converted to their LC PUFA metabolites
through a series of enzymic reactions involving desatura-
tion and chain elongation. Although the LC n-6 and n-3
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Fig. 1. Comparison of dietary fatty acid intake in Indian Asian

Sikhs ( ; n 9) and Caucasians (&; n 9), determined by duplicate

diet analysis of 3 d food collection. SFA, saturated fatty acids;
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PUFA are non-convertible, their pathways are in constant
competition for the same enzymes, with the D6-desaturase
enzyme having a preference for ALNA compared with LA.
However, as the dietary intake of LA is considerably
greater than that of ALNA, there is an increased
production of arachidonic acid relative to the ALNA
metabolites EPA and DHA (Horrobin, 1991; Emken et al.
1994). As the LC n-3 PUFA are cardio-protective, it has
been proposed that the greater intake of n-6 PUFA relative
to n-3 PUFA in the Indian Asian diet may be in part
responsible for favouring a less-desirable atherogenic
profile, contributing to the elevated CHD risk observed
among the Indian Asian population (Ghafoorunissa, 1998).

Beneficial effects of fish oils

Evidence of the unique properties of the LC n-3 PUFA in
reducing CHD risk factors emerged initially from the
identification of an inverse relationship between the
traditional Inuit diet and mortality rates from myocardial
infarction among Inuits (Dyerberg & Bang, 1982). These
findings were attributed to the abundance of the LC n-3
PUFA EPA and DHA in the Inuit diet, arising from a high
intake of seal, whale and fish (Kromhout et al. 1985).
Since these earlier observations the cardio-protective
effects of a daily LC n-3 PUFA supplement have been
identified in several large-scale intervention studies (Burr
et al. 1989; Singh et al. 1997; GISSI-Prevenzione
Investigators, 1999).

The multi-faceted actions of fish oils include production
of less-potent eicosanoids with anti-inflammatory and anti-
thrombotic effects compared with those produced by n-6
PUFA. For example, LC n-3 PUFA reduces synthesis of
thromboxane A2 from arachidonic acid, which causes
platelet aggregation and vasoconstriction, and alternatively
initiates production of the less-potent thromboxane A3
(Connor & Connor, 1997). There have been consistent
reports of the hypotriacylglycerolaemic effects of a
moderate daily fish oil supplement from cross-sectional
and intervention studies (Connor & Connor, 1997). Other
benefits include small reductions in blood pressure, platelet
aggregation and cardiac arrthymias in animals subsequent
to fish oil supplementation (Connor & Connor, 1997;
O’Keefe & Harris, 2000).

PUFA and insulin action

Insulin action is known to vary according to dietary fatty
acid composition, and studies in both animals and human
subjects have determined a positive relationship between
saturated fat intake and insulin resistance (Storlien et al.
2000; Rivellese, 2000). Furthermore, animal studies have
shown that supplementation with LC n-3 PUFA can
improve insulin action, reversing the adverse effects of
saturated fatty acids (Storlien et al. 1996). However,
Jucker et al. (1999) observed that feeding animals an n-6
PUFA-rich oil intensified insulin resistance when com-
pared with feeding LC n-3 PUFA.

Prospective studies of human subjects report a protective
effect of previous fish intake on the development of insulin

resistance (Feskens et al. 1991, 1995). However, there are
no consistent reports of improvements in insulin action in
response to LC n-3 PUFA supplementation in dietary
intervention studies. The majority of studies have been
conducted in patients with diabetes, and it is generally
accepted that LC n-3 PUFA supplementation does not have
a negative effect (Storlien et al. 1996) and may improve
insulin sensitivity in diabetics (Popp-Snijders et al. 1987)
and in patients with impaired glucose tolerance (Fasching
et al. 1991). Other studies have shown no effect of LC
n-3 PUFA supplementation in hypertensive (Toft et al.
1995) or hypertriacylglycerolaemic (Eritsland et al. 1994)
patients. However, few groups have investigated the
impact of LC n-3 PUFA supplementation in normal
healthy volunteers. One recent study reported an improve-
ment in insulin sensitivity in 50% of the study population
in response to a daily supplement of 1.8 g DHA (Denkins
et al. 2002). Waldhausl et al. (1989) also reported
improvements, while Rivellese (2000) observed no change
in insulin action in response to a daily supplement of fish
oil (3.6 g). Similarly, Lovegrove et al. (2003b) observed no
change in insulin action (measured by HOMA IR) in
healthy Caucasian or Indian Asian volunteers subsequent
to a moderate daily fish oil supplement containing 2.5 g
EPA + DHA. Overall, animal studies consistently suggest a
beneficial impact of LC n-3 PUFA on insulin sensitivity,
while evidence in human subjects is limited and largely
inconclusive.

Hypotriacylglycerolaemic effects of long-chain n-3
PUFA supplementation

The hypotriacylglycerolaemic effects of LC n-3 PUFA
supplementation have been investigated previously in a
range of study populations and using a variety of doses.
Observations have consistently reported reductions in TAG
in both healthy (Schmidt et al. 1990) and hyperlipidaemic
(Harris et al. 1991) patients at supplementation levels of
3–4 g LC n-3 PUFA/d. In addition to the effects on fasting
TAG concentrations, the beneficial effects of LC n-3
PUFA have also been reported to elicit a decrease in
the magnitude of the postprandial lipidaemic response in
both normal (Brown & Roberts, 1991) and hypertriacyl-
glycerolaemic (Zampelas et al. 1994) patients.

The majority of studies have been conducted in
Caucasian groups, although some studies have investigated
the effects of LC n-3 PUFA supplementation on blood lipids
in Indian Asians. Our previous study demonstrated that a
daily LC n-3 PUFA supplement (2.5 g EPA + DHA/d) over
a 12-week period resulted in a significant reduction in
fasting plasma TAG concentrations (P = 0.01; Lovegrove
et al. 2003b), while in comparison supplementation with
DHA alone for a 6-week period had no impact on blood
lipids (Conquer & Holub, 1998). Furthermore, Indu &
Ghafoorunissa (1992) showed in a group of Indian Asians
that daily supplementation with 1.4 g Max EPA/d over a
3-week period resulted in a reduction in fasting plasma
TAG concentrations. Thus, the hypotriacylglycerolaemic
effects of fish oil supplementation are similar to observa-
tions in Caucasian volunteers.
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Mechanisms of action for n-6 and long-chain
n-3 PUFA

Postulated mechanisms for the putative beneficial effects
of LC n-3 PUFA on insulin action include beneficial
alterations in the physical properties of the cellular
membranes, such as fluidity (Lovejoy, 2002). Studies in
Caucasians, by our research group (Lovegrove et al.
2003b) and by other groups (Boberg et al. 1986; Harris
et al. 1991), have shown that supplementation with LC n-3
PUFA causes a marked increase in the EPA and DHA
content of plasma and platelet phospholipids with a
concomitant reduction in arachidonic acid. However, it
has been suggested that increased dietary LC n-3 PUFA
may alter the binding affinity of the insulin receptor and
improve glucose transport into cells via glucose transport-
ers (Vessby, 2000). The hypotriacylglycerolaemic effects
of LC n-3 PUFA are believed to be the result of a
combination of suppressed production and secretion of
hepatically-derived TAG and an accelerated rate of TAG
clearance from the circulation (Westphal et al. 2000). It
has also been suggested that LC n-3 PUFA may markedly
reduce plasma TAG by stimulating an increase in LPL
activity. This reduction has been observed in patients
consuming a LC n-3 PUFA-rich meal when compared with
those receiving a saturated fatty acid-rich meal (Zampelas
et al. 1994). Murphy et al. (1999) investigated the effects
of fish oil on gene expression of LPL in human adipose
tissue, and reported increased LPL mRNA expression
following consumption of a LC n-3 PUFA-enriched diet
when compared with a non-enriched diet. Increased fatty
acid oxidation and reduced fatty acid synthesis decrease
fatty acid availability for TAG synthesis and incorporation
into lipoproteins, while increased LPL activity in response
to fish oil treatment may accelerate clearance of TAG from
the circulation (Weber & Raederstorff, 2000).

The involvement of a genetic component in the
regulation of insulin action by dietary fatty acid intake
has also been suggested. LC n-3 PUFA may elicit their
hypotriacylglycerolaemic effects via activation of tran-
scription factors, such as the PPAR family, for which they
are known to be natural ligands and potent activators

(Clarke, 2000). n-3 PUFA are thought to play a more
beneficial role in preserving insulin sensitivity than n-6
PUFA, through their actions on gene expression of proteins
involved in glucose and insulin action (Clarke, 2000),
although this role requires further investigation.

To test the hypothesis that an imbalance in dietary n-6
and n-3 PUFA is related to the prevalence of metabolic
risk factors observed among UK Indian Asians compared
with Caucasians, the effects of consumption of either a
moderate- or a high-n-6 PUFA diet and subsequent fish oil
supplementation on fasting and postprandial TAG concen-
trations and insulin sensitivity were assessed in a group of
Indian Asian volunteers.

Materials and methods

Study design

Twenty-nine healthy Indian Asian Sikh males were
recruited from the Reading and Slough areas (mean age
48 (SE 2) years; BMI 25 (SE 1) kg/m2; TAG 1.6 (SE

0.1) mmol/l; insulin 44 (SE 3) pmol/l) to participate in this
randomised double-blind parallel-design study (Fig. 2).
Experimental cooking oils and spreads formulated to
provide either a moderate or a high n-6 PUFA content
were used to alter the background dietary n-6 PUFA
intake, to achieve either a moderate dietary n-6 :n-3 PUFA
of 9 or a high dietary n-6:n-3 PUFA of 16. Alteration of
the n-6 PUFA content of the spreads and oils was achieved
by varying the amounts of MUFA and n-6 PUFA, and
included an olive oil-based spread and olive oil containing
710 and 790 g MUFA/kg and 60 and 60 g n-6 PUFA/kg
respectively (moderate-n-6:n-3 PUFA diet), or a maize
oil-based spread and maize oil providing 300 and 320 g
MUFA/kg and 460 and 530 g n-6 PUFA/kg respectively
(high-n-6:n-3 PUFA diet). The levels of total fat, saturated
fatty acids, trans-fatty acids and n-3 PUFA in the two diets
were comparable. The oils and spreads were provided by
Van den Bergh Oils (Crawley, West Sussex, UK). At
the start of the study volunteers were randomised to
consume either the moderate (olive oil-based)- or the high
(maize oil-based)-n-6 PUFA cooking oils and spreads for a

Before the start of 
the dietary

intervention
period

Randomisation

6 weeks

Run-in period

Moderate- or high-n-6 PUFA diet

4.0 g FO (2.5 g EPA + DHA)/d
+

Moderate- or high-n-6 PUFA diet

6 weeks

Postprandial study day
Insulin-sensitivity test

Postprandial study day
Insulin-sensitivity test

At the start of 
the FO

supplementation
period

At the end of 
the FO

supplementation
period

Fig. 2. Overview of the design of the study to assess the effects of consumption of either a moderate- or a high-n-6 PUFA diet and

subsequent fish oil (FO) supplementation on fasting and postprandial TAG concentrations and insulin sensitivity in a group of Indian

Asian volunteers. EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid.
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6-week run-in period (Fig. 2). In order to achieve the
dietary targets for the background diet volunteers were
requested to use the experimental oils and spreads during
food preparation and cooking in place of their normal oils
and spreads.

For the second 6 weeks of the study volunteers
consumed a daily supplement of LC n-3 PUFA (4.0 g fish
oil, 2.5 g EPA + DHA; EPAX 5500TG; Pronova, Lysaker,
Norway) in combination with either the moderate- or the
high-n-6 PUFA oils and spreads used for the run-in period.
The EPA + DHA enrichment of fish oil supplement was
approximately 60 g/100 g, providing 367 mg EPA and
251 mg DHA/g oil.

Before commencement of the 6-week run-in period, at
the end of this 6-week run-in period and again at the end of
the 6-week period of LC n-3 PUFA supplementation in
combination with the n-6 PUFA dietary intervention, a
blood sample was taken for the determination of the
platelet phospholipid-fatty acid composition. At the start
and end of the 6-week period of fish oil supplementation in
combination with dietary treatment volunteers attended the
Nutrition Unit, where fasting and postprandial blood lipids
and insulin resistance (HOMA IR) and insulin sensitivity
(revised QUICKI) were assessed using surrogate tech-
niques. Insulin sensitivity was also measured in a subgroup
of the study population (fourteen subjects; eight subjects
from the moderate-n-6 PUFA dietary treatment group and
six subjects from the high-n-6 PUFA dietary treatment
group) using the more robust minimal model mathematical
technique (Pacini & Bergman, 1986).

Postprandial evaluation

At the beginning and the end of the fish oil supplementa-
tion period a postprandial study using standard fat test
meals was conducted on all volunteers following a 12 h
overnight fast. On arrival at the Nutrition Unit a cannula
was inserted into the antecubital vein of the forearm and
two fasting blood samples were taken to assess TAG, total
cholesterol, NEFA, insulin, glucose and LDL3 concentra-
tions. ApoB48, C-reactive protein and a-tocopherol con-
centrations were also measured as part of the present study
and this aspect of the study is described in detail elsewhere
(Brady et al. 2003c). At 0 and 330 min respectively
volunteers consumed a test breakfast (49 g fat) and a test
lunch (31 g fat). Blood samples were collected at regular
intervals throughout the day (0, 30, 60, 90, 150, 210, 270,
330, 360, 390, 420 and 480 min after consumption of the
test breakfast) to assess the postprandial plasma TAG and
NEFA responses.

Insulin sensitivity

Insulin sensitivity was assessed using an intravenous
glucose tolerance test with frequent sampling, with
minimal model analyses in a subgroup of volunteers
(fourteen subjects; eight subjects from the moderate-n-6
PUFA dietary treatment group and six subjects from the
high-n-6 PUFA dietary treatment group) within 3 d of the
postprandial evaluation. This test has been described in
more detail elsewhere (Brady et al. 2003c).

Biochemical analysis

Blood samples were collected into tubes containing 9 ml
potassium EDTA on the postprandial study day and into
tubes containing 5 ml potassium EDTA and tubes contain-
ing 1 ml fluoride oxalate (for the determination of blood
glucose) on the insulin-sensitivity study day. Blood
samples were centrifuged at 3000 rpm for 10 min. The
plasma was stored at -20xC for later determination of
plasma TAG, NEFA, insulin, total cholesterol, HDL-C and
glucose. LDL-C was determined using the Friedewald
formula (Friedewald & Levy, 1972). Plasma collected for
the measurement of LDL subclass distribution was stored
at 4xC and analysed within 24 h.

Plasma TAG, glucose, total cholesterol and HDL-C
concentrations (using test kits supplied by Instrumentation
Laboratories UK Ltd, Warrington, Ches., UK) and NEFA
(using Wako NEFA C kit; Alpha Laboratories Ltd,
Eastleigh, Hants., UK) were determined using the Monarch
Automatic Analyzer and ILAB 600 (Instrumentation
Laboratories UK Ltd). Insulin was measured using a specific
commercial monoclonal ELISA kit (DAKO Ltd, Ely,
Cambs., UK). LDL3 were determined by density-gradient
ultracentrifugation (Griffin et al. 1990). Platelet-membrane
phospholipid-fatty acid composition was determined by
lipid extraction with subsequent quantification of fatty acid
methyl esters by GC (Indu & Ghafoorunissa, 1992). The
postprandial TAG response was expressed as area under
the curve (0–480 min) and incremental area under the
curve (0–480 min), calculated using the trapezoidal rule.

Statistical analysis

All statistical analyses were performed using SPSS
(version 10.0; SPSS, Chicago, IL, USA) and P < 0.05
was considered statistically significant. Before statistical
analysis all data were examined for normality using the
Shapiro-Wilks test and log transformed where necessary.
Differences in the percentage and absolute changes in
insulin action, platelet-membrane phospholipid-fatty acid
composition and fasting and postprandial TAG area under
the curve and incremental area under the curve over the
6-week fish oil supplementation period were determined
using paired t tests. Differences between the dietary
treatment groups were analysed using independent t tests.
Results are presented as group means with their standard
errors.

Results

There were no significant differences in anthropometric or
biochemical characteristics between the moderate- and the
high-n-6 PUFA dietary treatment groups following random-
isation.

Platelet-membrane phospholipid-fatty acid composition

There were no significant differences between the moder-
ate- and the high-n-6 PUFA dietary treatment groups at the
start of the study (before commencement of the dietary
intervention period), with the exception of EPA, which
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was significantly higher in the moderate-n-6 PUFA
treatment group (P < 0.05). Over the 6-week fish oil
supplementation period both the moderate- and high-n-6
PUFA treatment groups showed significant enrichment of
the membrane phospholipids with EPA and DHA and a
significant decrease in total n-6 PUFA and arachidonic
acid (P < 0.05 in all cases). There was a significant
decrease in the membrane phospholipid n-6:n-3 PUFA in
both dietary treatment groups over the 6-week fish oil
supplementation period (-36 and -51% respectively in
the moderate- and high-n-6 PUFA treatment groups;
P < 0.05).

Plasma lipids

Fasting plasma TAG showed a significant reduction in
both the moderate- and high-n-6 PUFA dietary interven-
tion groups after the 6-week fish oil supplementation
period (-18 and -22% respectively; P < 0.01 and
P < 0.001 respectively; Fig. 3). Postprandial TAG area
under the curve and TAG incremental area under the curve
were significantly reduced in the high-n-6 PUFA dietary
group following fish oil supplementation (P < 0.01 and
P < 0.05 respectively), with reductions in the moderate-n-6
PUFA dietary group failing to reach significance (Fig. 3).
There were no significant differences between the moder-
ate- and high-n-6 PUFA dietary treatment groups for either
fasting or postprandial TAG concentrations.

The percentage change in fasting NEFA concentrations
and the percentage NEFA suppression at 90 min post-
prandially showed no significant differences within or bet-
ween the dietary treatment groups. Similar findings were
obtained for total cholesterol, LDL-C and HDL-C. There
was a significant reduction in the percentage LDL present
as LDL3 in the high-n-6 PUFA dietary treatment group
during fish oil treatment (P < 0.05). At baseline 50% of the
LDL was present as LDL3, which significantly reduced to
39% by the end of the study (P < 0.05). No significant
changes in the percentage LDL3 were observed in the

moderate-n-6 PUFA dietary treatment group. There were
no significant differences between the moderate- and the
high-n-6 PUFA dietary treatment groups in the changes in
LDL3 during the 6-week fish oil supplementation period.

Insulin sensitivity and resistance

Insulin resistance (HOMA IR) and insulin sensitivity
(revised QUICKI) did not show any significant changes
within the moderate- and the high-n-6 dietary PUFA
groups during the period of fish oil treatment. In the insulin
sensitivity substudy (fourteen subjects; eight subjects, from
the moderate-n-6 PUFA dietary treatment group and six
subjects from the high-n-6 PUFA dietary treatment group)
no significant change was observed in insulin sensitivity
(measured by the minimal model) over the 6-week period
of fish oil supplementation either within or between the
groups consuming the moderate- or the high-n-6 PUFA
background diet.

These results are described in more detail elsewhere
(Brady et al. 2003c).

Discussion

The present study investigated the hypothesis that the
prevalence of the features of the metabolic syndrome
observed among Indian Asians living in the UK may be
related to an imbalance in dietary PUFA intake in this
population group, specifically a higher intake of n-6 PUFA
in combination with a lower intake of LC n-3 PUFA. This
hypothesis was tested by dietary modification of the
background n-6 PUFA intake to create either a moderate
or a high n-6:n-3 PUFA, designed to represent the intake
of a typical Caucasian or Indian Asian population
respectively. Contrary to the hypothesis, the results
demonstrated that the background dietary n-6:n-3 PUFA
did not modulate the hypotriacylglycerolaemic effects of
LC n-3 PUFA supplementation (2.5 g/d), as reductions in
fasting plasma TAG concentrations were observed in both
the moderate- and the high-n-6 PUFA dietary treatment
groups after fish oil supplementation. In addition, post-
prandially, a greater hypotriacylglycerolaemic effect was
observed in the high-n-6 PUFA treatment group. Further-
more, contrary to the hypothesis, the present study did not
observe any effect of a moderate daily fish oil supplement
on insulin action when given with either a moderate- or a
high-n-6 PUFA background diet.

Evidence has previously demonstrated that ALNA,
a plant-derived n-3 PUFA, can decrease the risk of
myocardial infarction and death (Dolecek, 1992; de
Lorgeril et al. 1994; Ascherio et al. 1996). However,
when intake of LA, an n-6 PUFA, is high it is thought to
reduce conversion of ALNA to its longer-chain derivatives
EPA and DHA, via competition for the D6-desaturase
enzyme (Garg et al. 1989). This effect was demonstrated
previously by Emken et al. (1994), who studied the
conversion rate of the parent precursor fatty acids (LA
and ALNA) to their longer-chain metabolites using
isotopically-labelled fatty acids. The authors reported that
the conversion of ALNA to EPA and DHA was halved
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when the dietary intake of LA was doubled, suggesting
that higher dietary intakes of n-6 PUFA inhibit efficient
conversion of ALNA to LC n-3 PUFA. Previous investiga-
tions of dietary fatty acid consumption have reported
similar intakes of total n-3 PUFA for Indian Asians and
Caucasians (Sevak et al. 1994; Lovegrove et al. 2003b).
Thus, it is likely that the higher intake of LA consistently
reported for Indian Asians (Miller et al. 1988; Sevak et al.
1994; Lovegrove et al. 2003b) operates to reduce the
conversion of ALNA to EPA and DHA, and may have an
impact on the increased rate of CHD observed among this
population group. Furthermore, several studies have
reported a lower dietary intake of the marine-derived LC
n-3 PUFA and limited EPA and DHA in the membrane
phospholipids of Indian Asians compared with Caucasians
(Das et al. 1994; Sevak et al. 1994; Lovegrove et al.
2003b). However, it is well known that direct dietary
consumption of EPA and DHA has a more potent impact
on reductions in CHD risk factors than ALNA intake alone
(DeDeckere et al. 1998), potentially via beneficial alter-
ations in plasma membrane characteristics or activation of
transcription factors (Rustan et al. 1997; Clarke, 2000).

In the present study supplementation of moderate- or
high-n-6 PUFA background diets with EPA and DHA,
resulted in significant enrichment of phospholipid mem-
branes in both dietary treatment groups (P < 0.05 in both
cases). The hypotriacylglycerolaemic effects of LC n-3
PUFA supplementation on fasting plasma TAG concentra-
tions, which are reported consistently with daily doses of
>1.5 g (Schmidt et al. 1990; Harris et al. 1991), were also
observed in the present study in both the moderate- and the
high-n-6 PUFA dietary treatment groups. In a previous
investigation the effects of fish oil supplementation in
combination with both high- and low-n-6 PUFA diets
were studied (Gronn et al. 1991). The authors observed
reductions in fasting TAG concentrations in both dietary
groups, which is consistent with our findings. However,
our observations that the postprandial hypotriacyl-
glycerolaemic effects were greater in the high-n-6 PUFA
dietary treatment group are novel and are inconsistent with
our hypothesis that a high dietary n-6:n-3 PUFA may
operate to reduce the beneficial effects of LC n-3 PUFA
supplementation.

Plasma TAG concentrations are an important determi-
nant of circulating LDL3 concentrations (Griffin, 1999). In
the metabolic syndrome reduced LPL-mediated hydrolysis
of TAG from TAG-rich lipoproteins allows for an
extended period of residence for TAG in the circulation,
which can directly affect the compositional characteristics
of LDL. Increased transfer of TAG to LDL via cholesteryl
ester transfer protein during neutral-lipid exchange and
subsequent hydrolysis of LDL-TAG by lipases results
in a preponderance of circulating LDL3 (Griffin, 1999).
Indian Asians are typically reported to have a prevalence
of the denser proatherogenic LDL3 when compared with
Caucasians (Kulkarni et al. 1999; Lovegrove et al. 2003b),
consistent with the higher circulating plasma TAG
concentrations reported in the Indian Asian group (Miller
et al. 1988; Chambers et al. 2000). In the present study the
postprandial reduction in plasma TAG concentrations may
be directly related to the reduction in LDL3 concentrations

observed in the high-n-6 PUFA dietary treatment group.
However, because before fish oil supplementation the
high-n-6 PUFA dietary treatment group had a greater
percentage of LDL3 than the moderate-n-6 PUFA dietary
treatment group (50 v. 38) these findings may reflect
regression towards the mean over time.

The present study also tested the hypothesis that LC n-3
PUFA supplementation may have a beneficial impact on
insulin action in Indian Asians. Although animal studies
have clearly identified a positive association between
increased dietary LC n-3 PUFA and improvements in
insulin action (Storlien et al. 1987; Behme, 1996; Somova
et al. 1999), evidence in the literature for the putative
beneficial effects of LC n-3 PUFA treatment on insulin
action in human subjects is limited. Findings from the
current study indicate that moderate LC n-3 PUFA
supplementation over a 6-week period had little or no
effect on insulin sensitivity in normoglycaemic Indian
Asian subjects. Although significant (P < 0.05) changes
were observed in the fatty acid composition of platelet-
membrane phospholipids over the 6-week intervention
period in the present study, this period of supplementation
may not have been sufficient to substantially alter skeletal
and adipocyte membrane phospholipids, which directly
impact on insulin action. The observed lack of effect of LC
n-3 PUFA supplementation on changes in insulin action
may also be attributed to small subject numbers, as the
present study was powered to measure blood lipid
responses rather than changes in insulin action.

In conclusion the present study showed that the dietary
n-6 PUFA intake does not modulate the beneficial impact
of fish oil supplementation on fasting and postprandial
blood lipids in Indian Asians. In addition, LC n-3 PUFA
supplementation had no impact on insulin action, which
was assessed using comprehensive (minimal model) or
surrogate measures (HOMA IR and revised QUICKI) for
evaluating insulin action in this normal healthy subject
group. However, the effects of fish oil supplementation
were assessed over a relatively short period and in a small
number of volunteers, and further studies of longer
duration in normal healthy individuals are justified. In
addition, contrary to the original hypothesis that a high-n-6
PUFA dietary intake could attenuate the beneficial effects
of fish oil supplementation on blood lipids, a significant
(P < 0.05) reduction in postprandial plasma TAG concen-
trations was observed in the high-n-6 PUFA group, a
response that was not observed in those consuming
the moderate-n-6 PUFA diet. Thus, the combination of
high-n-6 PUFA and LC n-3 PUFA may operate to produce
a hypotriacylglycerolaemic effect that is more cardio-
protective.
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