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In human populations, patterns of disproportionate fetal growth are associated with
cardiovascular disease in later life. Protein restriction of pregnant rats is known to impair
fetal growth and is also associated with increased systolic blood pressure in later life.
Growth of fetuses exposed to maternal low protein diets was found to be accelerated
between day 14 and day 20 of gestation, but this growth appeared to falter in late gestation,
resulting in low or normal birthweights. Placental growth was also accelerated by protein
restriction. Day 20 fetuses from rats fed low protein diets were heavier but had
proportionally smaller brains than did control fetuses. These animals were also longer in
proportion to body mass. Between day 20 and full term (day 22), growth of the brain was

spared at the expense of the trunk and at birth, pups exposed to low protein were short in
relation to body mass. At weaning, rats exposed to low protein diets in utero had
significantly higher systolic blood pressure relative to control animals. These data indicate
that increased blood pressure in rats is linked to disproportionate patterns of growth in
middle and late gestation.

Introduction

In the human population, metabolic abnormalities underlying
coronary heart disease, hypertension and diabetes are associ¬
ated with undernutrition of the fetus in utero (Barker et al,
1993a). Undernourished fetuses demonstrate patterns of
growth dependent upon the timing of the nutritional restriction
(Barker, 1994). The fetus undernourished in early gestation will
be proportionately small at birth (Barker, 1994). Mid-gestation
and late-gestation undernutrition result in disproportionate
patterns of growth, each associated with different pathologies
in adulthood. The fetus undernourished in mid-gestation is
bom with a low body mass and is thin in proportion to body
mass (Divon et al, 1986). Such an individual will have
significantly higher risk of developing non-insulin-dependent
diabetes, hypertension and coronary heart disease (Barker,
1994). The individual undernourished in late gestation may
be born at a normal body mass but will be short in relation
to body mass. In this instance, brain growth has been spared
at the expense of the trunk. Small abdominal circumference
at birth, an indicator of impaired fetal liver growth, when
in conjunction with a low or average birthweight, is associ¬
ated with increased risk of cardiovascular mortality and
increased circulating fibrinogen concentrations, which predict
cardiovascular pathology (Barker et al, 1995; Martyn et al,
1995).

These observations in the human population, representing
the 'Barker hypothesis', received support from animal exper¬
iments. The feeding of low protein diets to pregnant rats is

associated with higher blood pressure (Langley and Jackson,
1994; Langley-Evans et al, 1994a), altered glucose metabolism
(Snoeck et al, 1990; Dahri et al, 1991; Langley-Evans et al,
1994b), insulin resistance (Dahri et al, 1991; Pickard et al,
in press) and increased adiposity in the resulting offspring
(McCarthy et al, 1994). The findings of the animal studies
mirror the Barker hypothesis in its simplest form, in that low
body mass at birth and increased placental mass result from
protein restriction in pregnancy in rats (Langley-Evans, 1994).
As yet, there is no evidence to link disproportionate growth of
rat fetuses in utero with later cardiovascular changes. In this
study, patterns of fetal and placental growth were examined in
rats fed diets of different protein content.

Materials and Methods

Animals
All animal procedures were performed, under licence, in

accordance with the Home Office Animal Act. A total of 136
virgin female Wistar rats (200-225 g) were used in the studies.
All animals were housed individually in wire mesh cages,
maintained at 24°C on a 12 h light cycle. Rats were given free
access to drinking water and either a control diet (18% casein),
or a low protein diet (9% casein) (Table 1). The diets were

isocaloric and supplemented with methionine to prevent sulfur
deficiency.

After habituation to the purified diets for 14 days, the rats
were mated; and they remained on the diets throughout the
mating period (1—6 days). During the mating period, theReceived 11 September 1995.
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Table 1. Composition of the diets provided

g per 100 g diet

Component 18% Casein diet 9% Casein diet

Casein 18.0 9.0
Sucrose 21.3 24.3
Cellulose fibre 5.0 5.0
Cornstarch 42.5 48.5
Vitamin mix AIN-76 0.5 0.5
Mineral mix AIN-76 2.0 2.0
Maize oil 10.0 10.0
Choline chloride 0.2 0.2
Methionine 0.5 0.5

Diets were dried for 48 h at 60°C, and provided to the animals as balls
weighing 60-100 g. AIN-76 mixes, casein, cellulose and cornstarch were

purchased from Special Diet Services, Cambridge, UK.

animals were checked three times in every 24 h and the
observation of a plug on the floor of the cage was used to
confirm conception. The next day was considered day 1 of
pregnancy. During pregnancy the rats remained on the purified
diets. A proportion of pregnancies were terminated before full
term (day 22), on day 12, 14, 16, 18 or 20. The remaining
animals were allowed to give birth and were immediately
transferred to a standard laboratory chow diet (CRMX, Special
Diet Services, Cambridge, UK). Litters were restricted to a

maximum of eight pups, as reported by Langley-Evans et al
(1994a), and weaned at 4 weeks of age.

Termination of pregnancies
Pregnant rat dams were killed by cervical dislocation and the

uteri excised. Placentae and fetuses were dissected out and
cleared of membranes and maternal tissue, before accurate
weighing. Day 12 and 14 fetuses were dissected from the
uterus under a binocular microscope. Fetuses of this age
were killed by fixing in formalin, while older fetuses were
decapitated. Day 20 fetuses and term neonates were dissected
and brain, lung and liver masses determined.

Determination of systolic blood pressure
Blood pressure was measured in weanling rats (4 weeks old)

using a tail cuff method, as described by Langley-Evans and
Jackson (1995).

Statistical analysis
AH data are presented as means ± sem. Statistical analysis

was performed using a Student's I test for unpaired data. A
probability of 5% or less was accepted as significant.

Results
In an initial study, 46 rats fed the control diet and 58 fed the
low protein diet were mated. Considering both full term and

terminated pregnancies, litter size was found to be similar in
both dietary groups (control, 13.6 ± 0.6 pups per litter; low
protein, 13.2 ± 0.5 pups per litter). The number of résorption
sites noted in terminated pregnancies was also unaltered by
feeding of low protein during pregnancy (control, 1.5 + 0.4
sites per litter; low protein, 1.7 ± 0.4 sites per litter). Significant
differences were noted, however, between the masses of fetuses
from the two groups (Table 2). Fetal mass was not altered by
the maternal low protein diet at day 12 or day 16 of gestation.
At day 14, however, fetuses from the low protein group were

significantly heavier than control fetuses. Significantly heavier
fetuses were also obtained from dams fed the low protein diet
on days 18 and 20 of gestation. At full term, the low protein
diet group gave birth to pups that were of significantly lower
mass than control animals. Pups in the control group had
increased body mass by approximately 90% over the last
2 days of gestation, while the pups of the low protein diet fed
dams had increased mass by only 70%.

Placental growth was also modulated by maternal diet
(Table 2). On day 14, as with fetal mass, placentae of rats fed
the low protein diet were significantly heavier, relative to
controls. On day 16, however, the placentae of the low protein
group were significantly lighter in the control group. At day
18, placental masses were similar in the two groups of rats. By
day 20, placentae of the dams fed low protein were again
significantly heavier (3%) than those in the control group.
It was not possible to obtain placentae from full term
pregnancies.

The observation of increased fetal and placental mass in the
low protein group was again noted when a second set of five
dams fed each diet was killed on day 20 of pregnancy (Table 3).
In this study, the nose-anal lengths of the fetuses and the
masses of brain, liver and lungs were recorded. Fetuses exposed
to low protein were found to be significantly longer than
control fetuses. The body mass:length3 ratio provides a
measure of body composition and proportions (Bemardis and
Patterson, 1968) and suggested that, at this age, the fetuses of
dams fed the low protein diet were longer in proportion to
body mass than control fetuses. Brains, livers and lungs were

significantly heavier in the fetuses exposed to low protein, but
when the masses of these organs were expressed as a percent¬
age of body mass, lungs and livers were found to be in
proportion to body mass. The brains of the fetuses exposed to
low protein were, however, proportionately small relative to
brains of control fetuses.

The body masses of full term pups born to a further set
of five dams fed each diet were found to be similar, regardless
of maternal diet (Table 4). Nose—anal length at birth was
also unaltered by prenatal dietary experience. The body
mass:length ratio, however, was significantly greater in the
offspring of the dams fed the low protein diet. This finding
suggests that these pups were short in relation to body mass.

Liver, lung and brain masses were similar in the two groups of
neonates, both in terms of absolute and relative mass. When
compared with day 20 fetuses, all these organs had signifi¬
cantly increased in size. Between day 20 and term, brain mass
had increased by 54% in the control group and 42% in the low
protein group (Fig. 1). In control rats, lung and liver masses had
increased by 42% and 34%, respectively, over the last 2 days of
gestation. In rats fed low protein, however, the growth of these
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Table 2. Fetal and placental masses of rats between day 12 of gestation and birth

Gestational age
(days)

Fetal mass (mg)
18% Casein 9% Casein

Placental mass (mg)
18% Casein 9% Casein

12
14
16
18
20
Term

45+3
186+ 7
517±30

1839 + 19
2868 ± 37
5436 ± 69

44 ± 2
280 + 23*
463 ± 29

1999 ± 60*
3083 ± 44*
5241 + 67*

1I1± 5
201+ 9
431 + 18
487 ± 13
518+ 7

102 ± 5
250+15*
337 ± 7*
473+ 7
534+ 8*

All data are presented as means ± sem for 22-208 observations from a total of 46 pregnancies in the 18% casein group and 58 in
the 9% casein group.
*Significantly different from 18% casein group at the same gestational age (P < 0.05).

Table 3. Organ masses and body proportions of day 20 rat fetuses

Maternal diet
Parameter 18% Casein 9% Casein  

Litter size 14 + 1 11 + 2 NS
Body mass (g) 2.83 ± 0.08 3.25 ± 0.08 < 0.0005
Placental mass (g) 0.54 ± 0.01 0.59 ± 0.02 < 0.05
Nose-anal length (mm) 35 + 1 42 + 1 < 0.0001
Brain mass (mg) 109 ±3 122 + 3 < 0.005
Liver mass (mg) 128 ±5 152 + 6 < 0.005

Lung mass (mg) 83 + 4 105 + 3 < 0.0001
Body mass:length3 0.069 ± 0.001 0.052 ± 0.001 < 0.05
Brain mass:body mass 0.043 ± 0.001 0.037 ± 0.001 < 0.005
Liver mass:body mass 0.049 + 0.001 0.047 + 0.002 NS
Lung mass:body mass 0.031 + 0.001 0.032 + 0.001 NS

All data are means ± sem for  =72 (18% casein) or « = 65 (9% casein) observations. Five pregnant rats fed each diet were killed on

day 20 of gestation. NS: not significant.

two organs appeared to be greatly curtailed, the lungs
increasing in mass by only 22% and liver mass by 15%.

At the time of weaning, pups that were exposed to maternal
low protein diets in utero were significantly heavier (11%) than
controls (Table 5). The increased body mass could not be
attributed to increases in mass of liver, lung or brain, all of
which were of similar size in the two groups of animals.
Animals exposed to low protein had significantly heavier
hearts, but when expressed as a percentage of body mass, no

difference between the two groups was observed. Control
rats and rats exposed to low protein had kidneys of similar size,
but renal mass as a percentage of body mass was signifi¬
cantly lower in the low protein group. Systolic blood
pressures of weanling rats exposed to low protein diets in utero
were significantly higher than those of control animals
(Table 5).

Discussion

Recent epidemiologica! observations in the British (Barker et al,
1990, 1992, 1993b, 1995; Law et al, 1993), Swedish (Gennser

et al, 1988), Indian (Yajnik et al, 1995) and American (Yiu et al,
1994) populations have led to the proposal of the 'Barker
hypothesis' (Barker, 1995). It has been suggested that specific
patterns of disproportionate fetal growth, which result from
fetal undernutrition in middle to late gestation, are associated
with metabolic abnormalities, leading to cardiovascular disease.
Retrospective studies have demonstrated that asymmetrical
growth retardation of the human fetus is a strong predictor
of later hypertension, hypercholesterolaemia and death from
coronary heart disease (Barker et al, 1993b, 1995).

Support for the hypothesis has come from animal studies in
which the feeding of low protein diets during pregnancy
results in offspring with higher blood pressures (Langley and
Jackson, 1994), increased adiposity (McCarthy et al, 1994),
altered glucose metabolism (Langley-Evans el al, 1994b) and
insulin resistance (Dahri et al, 1991; Pickard et al, in press).
While it is well documented that maternal undernutrition in
pregnancy leads to fetal growth retardation in animals (Ariyuki,
1987; Hastings-Robert and Zeman, 1977), the study reported
here demonstrates that mild restriction of protein intake leads
to higher blood pressure and leads to asymmetrical growth
retardation in the resulting offspring.
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Table 4. Organ masses and body proportions of newborn rat pups

Maternal diet
Parameter 18% Casein 9% Casein  

Litter size 12 + 2 13 + 2 NS
Body mass (g) 5.57 + 0.10 5.79 + 0.14 NS
Nose-anal length (mm) 52+1 52+1 NS
Brain mass (mg) 168 + 7 173 + 5 NS
Liver mass (mg) 172 + 5 176 + 7 NS
Lung mass (mg) 118 + 5 128 + 5 NS
Body mass:length3 0.037 + 0.001 0.041 + 0.001 < 0.0001
Brain mass:body mass 0.031 + 0.002 0.030 + 0.001 NS
Liver mass:body mass 0.032 ± 0.001 0.031 ± 0.002 NS
Lung mass:body mass 0.022 ± 0.001 0.022 ± 0.001 NS

All data are means ±sem for  = 59 (18% casein) or  = 65 (9% casein) observations. The offspring of five dams fed each diet were

killed within 12 h of birth. NS: not significant.

Maternal diet

Fig. 1. Growth of fetal organs over the last two days of gestation.
The increase in ( ) total body mass, ( ) liver mass, (0) lung mass and
(H) brain mass between day 20 of gestation and term is expressed as

a percentage of mass at day 20.

Maternal protein restriction, in addition to increasing blood
pressure in weanling offspring, had a number of effects upon
the fetus and placenta. It would appear that the growth of the
rat fetus in an environment in which the supply of amino acids
is limiting is accelerated from mid-gestation until late gestation.
Two days before full term, fetuses exposed to low protein were

significantly heavier than control fetuses. This pattern of
growth differs from an earlier report from our laboratory (Levy
and Jackson, 1993), in which feeding of 9% casein diets
retarded fetal growth to day 20, but enlarged the fetal liver.
The present study differs in that larger methionine supplements
were given, suggesting that the results described by Levy and
Jackson (1993) may be, at least in part, attributable to the
effects of a sulfur-limiting diet. As the growth of the rats
exposed to low protein diets is accelerated in mid-gestation, an

increase in fetal mass before day 20 may have been overlooked
in the previous study.

Fetal enlargement from mid- to late gestation, as observed in
the low protein group, suggests that an adaptive response in
the fetus or placenta allows a more efficient transfer of
substrates from mother to fetus, or a more effective utilization
of substrate, when amino acids are limiting. This adaptation in
the fetus may be achieved through changes in the expression of
the insulin-like growth factors (IGFs) and their binding proteins
(IGFBPs), which are known to modulate the utilization of
glucose and amino acids in fetal tissues (Harding et al, 1994).
Insulin-like growth factors and IGFBPs are under nutritional
regulation and are sensitive to nutrient intake (Straus et al,
1991; Gallaher et al, 1994; Bauer et al, 1995). The improved
growth of the fetuses exposed to low protein in mid-gestation
may also be achieved through the increase in placental size
noted at day 14 and day 20 of pregnancy, allowing improved
oxygen and substrate transfer.

Day 20 fetuses that were exposed to a low protein diet were

long in proportion to body mass. These animals may be
regarded as correlates of human babies that are thin at birth and
subsequently develop high blood pressure and non-insulin-
dependent diabetes (Barker, 1994). It has been proposed that
such babies have undergone mid-gestation undernutrition.
Whereas these infants are also born small for dates, the thin
rat fetuses appeared to continue growing along a different
disproportionate trajectory, resembling the effects of under¬
nutrition specifically directed to late gestation. Continuation
of maternal undernutrition throughout pregnancy would, there¬
fore, appear to yield patterns of growth that differ from
those observed when an insult is applied during critical
developmental periods.

Between day 20 and full term, rat fetuses undergo a phase of
rapid growth. At this time, body mass is approximately
doubled. Continued protein restriction appears to overcome
the adaptive response to mid-gestation undernutrition and, in
consequence, the fetuses exposed to low protein are born at a

slightly lower, or normal, birthweight. Comparing the masses
of day 20 and term fetuses suggests that low protein feeding
produces a late-gestation growth retardation. During the
late-gestation growth phase, control fetuses increased mass
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Table 5. Systolic blood pressure, body mass and organ mass of weanling rat pups

Parameter
Maternal diet

18% Casein 9% Casein  

Body mass (g)
Systolic blood pressure (mmHg)
Brain mass (g)
Liver mass (g)
Heart mass (g)
Kidney mass (g)
Lung mass (g)
Brain mass:body mass
Liver mass:body mass

Heart mass:body mass

Kidney mass:body mass

Lung mass:body mass

8T
109
1.30
4.16
0.54
0.48
0.85
0.015
0.048
0.006
0.0053

±3
±5
±0.10
±0.83
±0.09
±0.01
±0.10
± 0.001
± 0.002
± 0.001
± 0.0001

0.010 ±0.001

±3
±4
±0.18
±0.95
±0.11
±0.01
±0.18
± 0.001
± 0.002
± 0.001

0.0050 ± 0.0001
0.009 ±0.001

9V
123

1.32
4.61
0.59
0.49
0.88
0.014
0.048
0.006

<0.05
•C0.01

NS
NS

<0.01
NS
NS
NS
NS
NS

< 0.007
NS

All data are means ± sem for  = 43 (18% casein) or  = 45 (9% casein) observations. The offspring of six litters born to dams fed each
of 18 or 9% casein diets were weaned at 4 weeks of age and killed on the following day. All litters were restricted to eight pupsafter birth. NS: not significant.

symmetrically, with similar gains in brain, liver and lung
mass. The growth of the low protein group was, however,
asymmetric and, while truncal gain was retarded, growth of the
brain was spared. This sparing effect was characterized by a

larger body mass:length3 ratio and a markedly lower increase in
body length between day 20 and term, relative to control
fetuses. It is apparent that maternal undernutrition in late
gestation produces a pattern of disproportionate growth, to
accompany the previously observed and here repeated,
increases in blood pressure.

It is proposed, within the framework of ideas comprising the
Barker hypothesis, that late-gestation undernutrition will result
in fetal brain growth being spared at the expense of the trunk
(Barker, 1994). This assertion is supported by the present data.
However, it was proposed that such individuals in the human
population are of lower mass at one year of age, indicating a

failure of growth in infancy owing to growth hormone
resistance (Fancourt et al, 1976). The rats exposed to low
protein diets in utero, however, were of significantly greater
mass at weaning, a consistent finding in our laboratory
(Langley and Jackson, 1994). This finding may reflect an early
onset of adiposity that is perhaps not observed in human
infants following intrauterine growth retardation. The main
organs of rats exposed to a low protein diet were found to be
in proportion to body mass, with the exception of the kidneys,
suggesting that excess mass gain between birth and weaning
may stem from increased protein deposition in skeletal muscle,
or fat deposition in adipose stores, as reported by McCarthy
et al (1994). Adaptive mechanisms were clearly active in
mid-gestation and may have had continuing metabolic effects
in late gestation. Data from the Dutch Hunger Winter of 1944
suggest that, in men exposed to famine as fetuses in mid-
gestation, rates of obesity in adulthood were markedly
increased (Ravelli et al, 1976), a phenomenon replicated in rat
studies with low protein diets (Anguita et al, 1992; McCarthy
et al, 1994).

The finding of small kidneys in proportion to body mass, in
weanling rats exposed to low protein diets in utero, suggests a

renal basis for the associated higher blood pressure. This
assertion is supported by preliminary evidence from our

laboratory. Rats exposed to low protein diets in utero appear to
have fewer glomeruli in adult life (S. C. Langley-Evans and
S. J. M. Welham, unpublished). Structural changes to the fetal
rat kidney are induced by maternal protein restriction (Zeman,
1968). Lower numbers of glomerula (Zeman, 1968), which are
also observed in growth retarded human infants (Hinchcliffe
et al, 1992), appear to result in impaired renal function (Hall
and Zeman, 1968).

It has been proposed that impairment of growth of the liver,
the mass of which increased by only 15% over the last 2 days of
gestation in rats exposed to low protein (compared with 34% in
controls) is an early stage in the pathogenesis of coronary heart
disease in humans (Barker et al, 1995). Studies in rats suggest
that the metabolic zonation of the liver is altered by maternal
protein restriction (Desai et al, 1995), and indeed metabolism of
glutathione in the liver is radically altered in rats exposed to
maternal low protein diets (Langley et al, 1994).

The data presented in this study demonstrate that, as in the
human population, the intrauterine environment may pro¬
gramme later hypertension, without consistent changes in birth
mass, in rats. Although protein restriction of pregnant rats has
been shown to lower resulting birth masses (Langley-Evans
et al, 1994a), the rat model of maternal-diet-induced hyperten¬
sion should not be regarded as a model of intrauterine growth
retardation per se. The effect of low protein in gestation is to
stimulate disproportionate growth in mid- and late gestation.
Feeding low protein diets results in the impairment of periph¬
eral organ growth and this may have important physiological
consequences for the initiation of cardiovascular changes.
Future studies will examine the effects of nutritional manipula¬
tion during specific periods of pregnancy to establish whether
patterns of fetal growth associated with human degenerative
disease can be replicated in rats.
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