
Insulin resistance is an important feature of impaired
glucose tolerance (IGT) or Type II (non-insulin-de-
pendent) diabetes mellitus [1]. The biochemical
site(s) of this defect are not defined. Recent studies
have shown that there is a strong relation between
muscle phospholipid fatty acid composition and
whole body insulin sensitivity [2]. Polyunsaturated
fatty acids are synthesized through a series of elonga-
tion and desaturation reactions (Fig.1). From an
analysis of the relative proportions of the precursor

and product of D5 desaturase, it has been deduced
that changes in the long chain fatty acid composition
of phospholipids associated with insulin resistance re-
flects a defect of action of this enzyme [3]. In addition
it has been noted that Pima Indians (a population
with a high prevalence of Type II diabetes) have rela-
tively low levels of docosahexaenoic acid (22:6n-3)
compared with populations with lower prevalences
of Type II diabetes. It has therefore been suggested
that a defect in the synthesis or activity of this enzyme
could contribute to a genetic basis of Type II diabetes
[3].

Epidemiological studies have shown strong rela-
tions between indices of poor fetal and infant growth
and the subsequent risk of developing IGT, Type II
diabetes or the insulin resistance syndrome [4]. It
has been hypothesised that poor fetal nutrition induc-
es permanent changes in the structure and function of
key organs such that poor insulin secretion and insu-
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Summary Numerous studies show an association be-
tween poor fetal growth and adult insulin resistance.
Recent studies have shown relation between the
long chain polyunsaturated fatty acid composition of
skeletal muscle membranes and insulin sensitivity.
More detailed analysis has indicated that the activity
of D5 desaturase is inversely correlated to insulin
resistance. The amount of docosahexaenoic acid
(C22:6n3) is also thought to play a part in determin-
ing insulin sensitivity. The purpose of this study was
to test the hypothesis that early growth retardation
in the rat, as a result of maternal protein restriction,
would lead to alterations in desaturase activities simi-
lar to those observed in human insulin resistance.
There were no differences in phospholipid fatty acid
composition in liver or muscle from control and low

protein rats. In both muscle and liver the ratio of do-
cosahexaenoic acid to docosapentaenoic acid was,
however, reduced in low protein offspring. Direct
measurement of D5 desaturase activity in hepatic mi-
crosomes showed a reduction (p < 0.03) in the low
protein offspring which was negatively corrrelated
(r = ±0.855) with fasting plasma insulin. No correla-
tion was observed in controls. These results show
that it is possible to programme the activity of key en-
zymes involved in the desaturation of long chain
polyunsaturated fatty acids. This is possibly a mecha-
nism linking fetal growth retardation to insulin resis-
tance. [Diabetologia (1998) 41: 1337±1342]
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lin resistance are manifested in adult life [5]. These
changes, plus adult obesity, strongly predispose to
IGT, Type II diabetes and the insulin resistance syn-
drome. The possible key role of protein deficiency
during pregnancy in this process was indicated [5]. In
a rat model of protein deficiency during pregnancy
and lactation we have shown that the action of insulin
on the liver is altered in the offspring [6]. In this mod-
el rats are fed either an 8% (low protein) or an isoca-
loric 20% (control) protein diet during pregnancy
and lactation. All offspring are then weaned onto a
control diet. Although in young adult life the low pro-
tein offspring exhibit a better glucose tolerance than
controls [7], they undergo a greater age-dependent
loss of glucose tolerance than controls such that by
15 months of age low protein offspring have a signifi-
cantly worse glucose tolerance [7].

It has been observed that the offspring of rat dams
fed very low protein diets and weaned onto such a
diet for a further 10 days had reduced hepatic D5,
D6 and D9 desaturase activity [8]. This study, howev-

er, did not investigate if the reduction in these activi-
ties was maintained after introduction of a normal
diet.

The aim was to determine if protein deficiency
during pregnancy and early post natal life could per-
manently reduce (ªprogrammeº) the activity of the
hepatic D5 and D6 desaturase enzymes and if so,
how this could be related to the fatty acid composi-
tion of liver and muscle phospholipids. It was also de-
termined whether hepatic desaturase activities and
phospholipid fatty acid composition were associated
with whole body insulin sensitivity (as measured by
the fasting insulin concentration) in control and low
protein offspring at 3 months of age.

Materials and methods

Analytical grade biochemicals were obtained from Sigma
Chemical Co. or BDH biochemicals (both of Poole, Dorset,
UK), unless stated otherwise. [1-14C] 8, 11, 14 eicosatrienoic
acid (47 mCi/mmol) (14C-20:3n-6) was obtained from NEN-
DuPont, UK. [1-14C] arachidonic acid (50 mCi/mmol) (14C-
20:4n6) and [1-14C] linoleic acid (59 mCi/mmol) (14C-18:n-6)
were obtained from Amersham, UK.

Animals. Female Wistar rats (initial weight 240 to 260 g) were
fed either a diet containing 20 % protein (n = 4) or an isocalor-
ific diet containing 8 % protein (n = 4) (both diets obtained
from Hoppe Farms BV, Hoge Rijndijk14, 3440 HD Woerden,
The Netherlands) throughout pregnancy and lactation. At
21 days of age all offspring were weaned onto a 20 % protein
diet (Special Diet Services, Witham, UK). For simplicity the
two groups of offspring are termed ªcontrolº and ªlow pro-
teinº, however it is emphasised that only the mothers undergo
dietary manipulation. All rats studied were male and 3 months
of age (n = 8 control offspring and n = 8 low protein offspring).
They were starved overnight (18 h) prior to commencement of
procedures.

Blood sampling and insulin assay. Animals were anaesthetised
with an intraperitoneal injection of sodium pentobarbital
(50 mg/kg body weight), blood was removed immediately
from the tail vein for glucose (Gamidor, Abingdon, UK) and
insulin measurement (Linco rat insulin radioimmunoassay kit,
Biogenesis, Poole, UK).

Tissue collection. Tibialis anterior muscle was removed and
frozen immediately in liquid nitrogen. Samples (0.4 g) were
stored at ±70 °C prior to analysis. The liver was removed and
placed into ice-cold homogenization buffer (0.25 mol/l su-
crose, 1 mmol/l dithiothreitol, 1 mmol/l disodium EDTA,
0.1 mol/l potassium dihydrogen orthophosphate, pH 7.2).

Microsome preparation. Hepatic microsomes were prepared
according to a published method [9]. In brief, livers were ex-
cised, weighed and rinsed in ice-cold homogenisation buffer.
Tissue was minced finely on an ice-cold petri dish and homoge-
nised with buffer (5 volumes) and centrifuged for 10 min at
800 ´ g. The supernatant was centrifuged for 20 min at
15 000 ´ g. The microsomal pellet was obtained by further cen-
trifugation of the supernatant at 105 000 ´ g for 60 min. Mem-
branes were resuspended in homogenisation buffer, their pro-
tein content determined and then stored at ±70 °C.
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Muscle membrane and hepatic microsome phospholipid fatty
acid analysis. Extraction and derivatization of the fatty acid
components of liver microsome and muscle phospholipids was
done as described previously [2, 3]. In brief, liver microsomes
(20 mg protein) and muscle tissue (0.4 g) were homogenized in
2:1 (vol/vol) chloroform:methanol and total lipid extracts pre-
pared according to Folch et al. [10]. Phospholipids were sepa-
rated from less polar lipids by solid-phase extraction on Sep
Pak silica cartridges (Millipore, Watford, UK). The phospho-
lipids were transmethylated using boron trifluoride and the fat-
ty acid methyl esters isolated on Sep Pak florisil cartridges,
identified and quantitated by gas liquid chromatography on a
Unicam 610 gas chromatograph using a Supelco SP2380 col-
umn (30 m ´ 0.53 mm. i. d.) with flame ionization detection
(column temperature increased from 90±200 °C at 2 °C/min).

Desaturase assays. The activity of D6 and D5 desaturases were
assayed according to a published method [9] using [1-14C] la-
belled linoleic acid (18:2n-6) and eicosatrienoic acid (20:3n-6)
fatty acids as their respective substrates. After reaction, fatty
acids were saponified, transmethylated and spotted onto 10 %
silver nitrate-impregnated silica gel thin-layer chromatogra-
phy plates (Merck, Darmstadt, Germany) with known stan-
dards. Plates were developed in toluene:acetonitrile (97.5:2.5)
and radio-labelled products identified by autoradiography
and quantified by liquid scintillation counting.

Statistical analysis. Data were analysed using Student's un-
paired t-test and linear regression analysis, or the non-para-
metric Mann Whitney U test and Spearman Rank correlation
where appropriate (Statistica statistical software, StatSoft
(UK) Ltd., Letchworth, UK). Results in all cases are given as
mean ± SEM, together with the absolute probability (p) value
and correlation coefficients. A p value of less than 0.05 was
considered statistically significant.

Results

Animal data. Low protein offspring had a lower body
weight (p < 0.005) than control animals [mean body
weights of 422 ± 18 g (n = 8) and 536 ± 29 g (n = 8),
respectively]. This was also reflected in a reduction
(p < 0.001) in the size of the liver [16.6 ± 0.5 g (n =
8)] in low protein animals compared with controls
[21.0 ± 0.9 g (n = 8)]. There were no differences
in fasting blood glucose concentrations (5.5 ±
0.3 mmol/l and 6.0 ± 0.2 mmol/l in low protein and
control animals, respectively).

Desaturase activities. Hepatic microsomes prepared
from low protein offspring had less (p < 0.03) D5-de-
saturase activity compared with controls (100 ± 13
pmol × mg protein±1 × min±1 compared with 145 ± 13
pmol × mg protein±1 × min±1). In contrast there were
no differences in hepatic D6-desaturase activity in
the two groups (100 ± 17 pmol × mg protein±1 × min±1

and 113 ± 23 pmol × mg protein±1 × min±1 for low pro-
tein and control).

Plasma insulin and relationship to desaturase activi-
ties. There were no significant differences in fasting

plasma insulin concentrations in low protein animals
and controls (147 ± 47 pmol/l and 236 ± 35 pmol/l for
low protein and control, respectively). There was,
however, a pronounced difference in the relation be-
tween fasting plasma insulin concentration and he-
patic microsomal D5-desaturase activities. There was
no correlation between hepatic D5-desaturase activi-
ty and fasting plasma insulin concentrations in con-
trol animals (linear regression: r = 0.452, p = 0.257,
n = 8; Spearman rank: rS = 0.395, p = 0.333) (Fig.2).
There was, however, a strong negative correlation be-
tween hepatic D5-desaturase activity and fasting plas-
ma insulin concentrations in low protein animals (lin-
ear regression: r = ±0.855, p < 0.007, n = 8; Spearman
rank: rS = ±0.976, p < 0.001) (Fig.2). No correlation
was observed between hepatic D6-desaturase activity
and fasting plasma insulin concentration in either
control or low protein animals.

Fatty acid composition of the weaning diet. The wean-
ing diet contained the long chain polyunsaturated fat-
ty acids arachidonic acid (20:4n-6) and clupanodonic
acid (22:5n-3) which were absent in the maternal
diet. All diets contained the essential fatty acids
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linoleic acid (18:2n-6) and a-linolenic acid (18:3n-3)
(Table 1).

Liver phospholipid fatty acid composition. There
were no significant differences in absolute values of
liver microsome phospholipid fatty acid composition

(Table 2). The phospholipids from low protein ani-
mals tended, however, to have higher levels of doco-
sapentaenoic acid (22:5n-3) (a precursor of 22:6n-3)
and lower levels of docosahexaenoic acid (22:6n-3)
compared with controls. Hence the ratio of these
two fatty acids was reduced (p < 0.05) in low protein
liver microsome phospholipids (Table 2).

Muscle phospholipid fatty acid composition. The
phospholipid fatty acid composition of muscle mem-
branes was not significantly different between control
and low protein animals (Table 3). As for liver micro-
somes, muscle phospholipids from low protein ani-
mals tended to have higher concentrations of docosa-
pentaenoic acid (22:5n-3, a precursor of 22:6n-3) and
lower ones of docosahexaenoic acid (22:6n-3) com-
pared with controls. This meant that the ratio of these
two fatty acids was lower in low protein muscle phos-
pholipids (Table 3), although this did not reach signif-
icance in the number of animals studied (p = 0.059).

Discussion

The object of this study was to explore the possibility
that changes in fatty acid phospholipid composition
observed in human insulin resistance could have an
environmental as opposed to a genetic basis. To ad-
dress this possibility a rodent model of growth retar-
dation has been used feeding pregnant and lactating
rats a low protein diet. Offspring of such rats have
been shown to have a greater age-dependent loss of
glucose tolerance than controls. In young adult life
these low protein offspring, however, have a better
glucose tolerance than controls which is associated
with increased insulin sensitive glucose uptake into
skeletal muscle [11] and adipocytes [12]. In contrast
an altered regulation of hepatic glucose output by in-
sulin (similar to that observed in human Type II dia-
betes, [13]) is present even in young adult low protein
offspring [6].

A major finding of this study is the lower hepatic
D5 desaturase activity in the low protein offspring.
This suggests that a maternal low protein diet can
programme the activity of this enzyme in the off-
spring. This is particularly interesting in light of two
previous observations. Firstly the finding that a lower
arachidonic acid (20:4n-6): eicosatrienoic acid (20:3n-
6) ratio (a index of D5 desaturase activity) in muscle
phospholipids is related to insulin resistance and sec-
ondly that early growth retardation is related to the
development of Type II diabetes in adult life. Pro-
gramming of D5 desaturase in early life is therefore
one possible mechanism by which early growth retar-
dation could contribute to the development of Type
II diabetes.

Using the fasting plasma insulin concentration as a
widely accepted but indirect method of measuring in-
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Table 1. Fatty acid composition of pregnancy and weaning
diets (g fatty acid/100 g diet)

20%
protein

8%
protein

Weaning
diet

Saturated
Lauric (12 :0) 0 0 0.05
Myristic (14 : 0) 0 0 0.13
Palmitic (16 :0) 0.447 0.447 0.25
Stearic (18 :0) 0 0 0.02

Monounsaturated
Myristoleic (14 :1) 0 0 0.04
Palmitoleic (16 : 1) 0 0 0.27
Oleic (18 : 1n-9) 0.894 0.894 0.86

Polyunsaturated
Linoleic (18 : 2n-6) 2.195 2.195 0.71
a -Linolenic (18 :3n-3) 0.325 0.325 0.08
Arachidonic (20 :4n-6) 0 0 0.23
Clupanodonic (22 :5n-3) 0 0 0.06

Values are provided by the manufacturers

Table 2. Fatty acid composition of liver microsome phospholi-
pids

Fatty acid Control
(% composition)

Low protein
(% composition)

C16 : 0 23.1 ± 0.7 22.8 ± 0.8
C18 : 0 18.5 ± 1.7 18.3 ± 2.0
C18 : 1 (n-9) 3.2 ± 0.7 4.9 ± 0.8
C18 : 2 (n-6) 11.7 ± 0.6 12.2 ± 0.4
C20 : 3 (n-6) 1.30 ± 0.1 1.31 ± 0.12
C20 : 4 (n-6) 25.7 ± 0.9 23.5 ± 1.0
C20 : 5 (n-3) 1.2 ± 0.1 1.4 ± 0.2
C22 : 5 (n-3) 1.4 ± 0.2 1.7 ± 0.1
C22 : 6 (n-3) 12.2 ± 0.7 10.8 ± 0.6

D 5 ratio 20.4 ± 1.5 21.0 ± 2.1
22 : 6 n-3/22 : 5n-3 9.1 ± 0.8 6.9 ± 0.5a

a p < 0.05

Table 3. Fatty acid composition of muscle phospholipids

Fatty acid Control
(% composition)

Low protein
(% composition)

C16 : 0 21.3 ± 3.2 21.0 ± 2.2
C18 : 0 10.2 ± 1.3 10.6 ± 0.8
C18 : 1 (n-9) 7.6 ± 1.1 8.3 ± 0.5
C18 : 2 (n-6) 16.0 ± 0.9 16.5 ± 0.6
C20 : 3 (n-6) 0.6 ± 0.1 0.7 ± 0.1
C20 : 4 (n-6) 7.8 ± 0.5 7.9 ± 0.5
C20 : 5 (n-3) 0.8 ± 0.1 0.9 ± 0.1
C22 : 5 (n-3) 2.4 ± 0.2 2.7 ± 0.2
C22 : 6 (n-3) 17.0 ± 1.2 16.3 ± 0.9

D 5 ratio 12.6 ± 0.2 12.1 ± 1.0
22 : 6n3/22 : 5n3 7.2 ± 0.4 6.1 ± 0.5



sulin resistance [1] these results show that the activity
of D5 desaturase in low protein offspring is strongly
and negatively correlated with insulin concentrations.
No such correlation was observed in control animals.
The lack of correlation in control animals reflects
the possibility that in these animals the activity of
this enzyme is high enough for it not to be a dominant
factor controlling insulin sensitivity. The correlation
in low protein offspring can be interpreted in at least
two different ways. Firstly, that insulin regulates the
activity of this enzyme in the liver. We have shown
previously that the livers of these animals are insulin
resistant at least as relates to the action of insulin to
inhibit glucagon-stimulated glucose output [6], de-
spite normal or improved glucose tolerance [7].
Therefore, the correlation observed could reflect the
degree of insulin resistance of the livers and hence
the inability of insulin to increase the activity of the
enzyme. The lack of correlation between the fasting
insulin concentration and the enzyme activity in con-
trol animals argues, however, against this possibility.
Secondly, there is a possibility that the reduction of
the D5 desaturase activity is a primary and key com-
ponent of the programming of hepatic metabolism in
the offspring of rat dams fed a low protein diet. Using
this interpretation it would then follow that a reduced
ability to produce certain long chain polyunsaturated
fatty acids leads to insulin resistance. This is consis-
tent with observations in humans and experimental
animals showing the strong relation between the pro-
duction or consumption of long chain polyunsaturat-
ed fatty acids and insulin sensitivity.

The fatty acid composition of liver phospholipids
was similar in both groups. There were no differences
in the amount of eicosatrienoic acid (20:3n-6), arachi-
donic acid (20:4n-6) or in the ratio between the two (a
crude index of D5 desaturase activity) in control and
low protein offspring. This may at first seem surpris-
ing given the difference in measured D5 desaturase
activity. Apparent discrepancies between desaturase
activities and phospholipid composition have also
been reported previously [14, 15]. This is not unex-
pected as membrane incorporated arachidonic acid
could arise from two sources. Firstly it can be made
in vivo from the essential fatty acid linoleic acid
(18:2n-6) which is present in the diet. The D5 desatu-
rase enzyme is required in this pathway to convert ei-
cosatrienoic acid (20:3n-6) to arachidonic acid (20:4n-
6). Secondly, arachidonic can be supplied directly
from the diet. The offspring in this study were fed a
diet containing arachidonic acid. Therefore arachi-
donic acid could be obtained directly from the diet
(i. e. independently of D5 desaturase activity). In low
protein hepatic microsomes, the phospholipids tend-
ed to have less docosahexaenoic acid (22:6n-3) and
more docosapentaenoic acid (22:5n-3). Thus the ratio
of the two was reduced in the low protein offspring.
The conversion of 22:5n-3 to 22:6n-3 was previously

thought to be catalysed by a D4 desaturase enzyme.
Recent studies suggest an alternative pathway though
where the 22:5n-3 is chain elongated to 24:5n-3 which
is subsequently desaturated at position 6 to yield
24:6n-3. This acid then undergoes partial b-oxidation
to finally yield 22:6n-3 [16]. An analogous pathway
has also been suggested for the conversion of 22:4n-6
to 22:5n-6 [17].

This suggests that a maternal low protein diet can
programme the ability of the offspring to convert
22:5n-3 to 22:6n-3 as well as D5 desaturase activity. It
is not clear at present which stage(s) in the conver-
sion are affected. The decreased conversion of
22:5n-3 to 22:6n-3 is more likely to be reflected in an
altered hepatic phospholipid fatty acid composition
than the decreased D5 desaturase activity as, unlike
the D5 product, docosahexaeneoic acid (22:6n-3, a
product of D4 desaturase) is not present in the diet.
Therefore any docosahexaenoic acid (22:6n-3) incor-
porated into the phospholipids is dependent on the
conversion of 22:5n-3.

The fatty acid composition of muscle phospholip-
ids was also similar in both groups. As in hepatic mi-
crosomes the ratio of docosahexaenoic acid to doc-
osapentaenoic acid was reduced, however, in the low
protein offspring. It is unclear if there is any D5 desat-
urase or if conversion of 22:5n-3 to 22:6n-3 occurs in
skeletal muscle. It is known that liver is the key site
of desaturase activity [18] but it remains to be deter-
mined if all desaturation of fatty acids destined for
muscle phospholipids occurs there or if some occurs
in muscle itself. Docosahexaenoic acid (22:6n-3) is
the longest and most highly unsaturated fatty acid
found in skeletal muscle. Unless provided in the diet,
its precursors must be substantially elongated and de-
saturated to form this fatty acid. It has been reported
that one major difference between the muscle phos-
pholipid composition of Pima Indians (a population
with a very high incidence of Type II diabetes) and
that of Australians (a largely Caucasian population
with a much lower incidence) is the low percentage
of docosahexaenoic acid (22:6n-3) in the Pima Indians
[3]. This is not thought to reflect a difference in di-
etary intake as people within the Australian study
with little or no discernable n-3 intake had higher
muscle docosahexaenoic acid (22:6n-3) concentra-
tions than those of the Pima Indian study group. It
was therefore proposed that Pimas have a ªgenetic re-
luctanceº to incorporate this fatty acid thus predis-
posing the population to ªsyndromes of insulin resis-
tanceº [3]. The data of our study provides evidence,
however, that altered phospholipid fatty acid compo-
sition observed in human insulin resistance can have
an environmental as opposed to a genetic basis.

The precise mechanism by which changes in fatty
acid desauration can alter insulin sensitivity is not
clear. It is possible that the effect of poor maternal
nutrition and poor fetal growth on insulin sensitivity
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is, at least in part, mediated by a programmed down-
regulation of key enzymes in the production of pro-
stanoid second messenger(s) which in turn regulate
insulin sensitivity. Interestingly, LTB4 [19] and 15d-
PGJ2 [20] which are arachidonic acid metabolites
have been found to have an important role in inflam-
mation and adipogenesis, each by forming complexes
with a family of nuclear receptors known as PPARs
(Peroxisome Proliferator Activated Receptor).
These receptors appear to influence insulin sensitivi-
ty as they are targets of insulin sensitizing drugs, the
thiazolidinediones [21].
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