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It is established that dietary protein restriction of pregnant rats
results in their offspring developing hypertension. However, to
date no studies have investigated peripheral vascular function of
offspring using the low protein model. Therefore, the aim of the
study was to assess isolated resistance artery function from adult
male offspring of control (C, 18% casein) and protein-restricted
(PR, 9% casein) pregnant dams at two different ages. The
birthweight of PR offspring did not significantly differ from that
of C offspring. Systolic blood pressure was significantly elevated
in PR compared with C (p � 0.05). Maximal vascular contrac-
tion to phenylephrine and the thromboxane analog U46619 were
similar in C and PR offspring at postnatal d 87 and 164. Relax-
ation induced by the endothelium-dependent vasodilators acetyl-
choline or bradykinin was significantly reduced in the PR group
(p � 0.05). Relaxation to the endothelium-independent vasodi-
lator sodium nitroprusside and phosphodiesterase type 3 inhibitor
cilostamide was less in the PR offspring compared with C (p �
0.01). Dietary protein restriction in pregnancy induces hyperten-
sion and vascular dysfunction in male offspring. Abnormalities in
the nitric oxide–cGMP pathway may explain the defect in en-
dothelium-dependent and -independent relaxation. Reduced va-

sodilation may be a potential mechanism underlying the elevated
systolic blood pressure observed in this model. (Pediatr Res 54:
83–90, 2003)

Abbreviations
PE, phenylephrine
ACh, acetylcholine
BK, bradykinin
SNP, sodium nitroprusside
NO, nitric oxide
KPSS, potassium PSS
PDE, phosphodiesterase
PR, protein-restricted
C, control
CRC, concentration-response curves
pEC80, pEC50, �log10 effective concentration of agonist to
achieve 80% or 50% of the maximum response
EC80, EC50, effective concentration of agonist to achieve 80%
or 50% of the maximum response
GC, guanylyl cyclase

Epidemiologic studies have shown that low birthweight is
associated with increased risk of cardiovascular disease in
adulthood (1, 2) and have led to the hypothesis that the fetal
cardiovascular system undergoes programming in utero in
response to unbalanced maternal nutrition. Fetal programming
occurring at critical developmental stages may provide a sur-
vival strategy and serve to optimize growth, but it may also
induce irreversible structural and physiologic changes (e.g.
altering the renin-angiotensin system and hypothalamic-

pituitary-adrenal axis) (3–5), resulting in abnormal cardiovas-
cular control and peripheral vascular dysfunction postnatally.
The link between low birthweight and elevated blood pressure
has been widely confirmed (6).

Dysfunction of the vascular endothelium could contribute to
the onset of hypertension or develop as a consequence. Endo-
thelial cells are involved in the control of vascular tone through
the release of endothelium-derived relaxant factors such as NO
(7, 8), endothelium-derived hyperpolarizing factor (9), and pros-
tacyclin (10). Endothelium-dependent relaxation was found to be
impaired in hypertensive human subjects (11–14) and in vascular
preparations from hypertensive rats (15, 16). As a consequence of
fetal programming, vascular defects such as endothelial dysfunc-
tion may be present at birth, thereby increasing the risk of
cardiovascular disease in adulthood. In a number of human stud-

Received June 4, 2002; accepted February 10, 2003.
Correspondence: Mark Hanson, Ph.D., Centre for Fetal Origins of Adult Disease

(FOAD), Level F (Mailpoint 887),Princess Anne Hospital, Coxford Road, Southampton
SO16 5YA, U.K.; e-mail: m.hanson@soton.ac.uk

Supported by the British Heart Foundation.

DOI: 10.1203/01.PDR.0000065731.00639.02

0031-3998/03/5401-0083
PEDIATRIC RESEARCH Vol. 54, No. 1, 2003
Copyright © 2003 International Pediatric Research Foundation, Inc. Printed in U.S.A.

ABSTRACT

83



ies, low birthweight has been related to endothelial dysfunction in
infants (17), children (18), and young adults (19).

However, the mechanisms underlying the association be-
tween fetal development and altered postnatal vascular func-
tion and cardiovascular disease remain unclear. Therefore,
elucidation of the mechanisms of fetal programming of vascu-
lar defects necessitates the use of animal models. Previous
studies have reported that endothelium-dependent relaxation
was blunted in isolated arteries from the adult offspring of
pregnant rat dams fed a global-restricted diet, and in addition,
these animals were hypertensive (20–22). However, the most
widely used model is that of dietary protein restriction of
pregnant rats, which results in their offspring developing hy-
pertension (23–26), glucose intolerance (27, 28), and insulin
resistance (27). To date no studies have investigated peripheral
vascular function of such offspring of protein-restricted preg-
nant dams. We hypothesize that exposure to a protein-
restricted diet in utero may induce vascular defects in the
resistance arteries of adult offspring, which may play a part in
the maintenance of the elevated systolic blood pressure ob-
served in this model.

Therefore, the present study was designed to assess the effect
of dietary protein-restriction (50% protein) during pregnancy
on isolated resistance artery function from rat male offspring.
Vascular contraction and relaxant (endothelium-dependent and
-independent) responses were evaluated in small mesenteric
arteries from male offspring at d 87 (young adult) and d 164
(adult). Systolic blood pressure was measured in offspring (d
130) between these two ages to correlate with the vascular
responses In this study only male offspring were studied as
females were retained for studies of vascular function during
pregnancy (28a).

METHODS

All animal procedures carried out in this study were in
accordance with the regulations of the British Home Office
Animals (Scientific Procedures) Act, 1986, and this study was
approved by the local ethical review committee.

Animal and dietary protein restriction. Virgin female
Wistar rats (Harlan Ltd, U.K.) weighing between 190 and
220 g were mated with male Wistar rats, and conception was
confirmed by observation of a vaginal copulation plug. Preg-
nant rats were randomly divided into two dietary groups,
housed individually, and fed control (C, 18% casein) or low
protein (PR, 9% casein) diet throughout pregnancy. The con-
stituents of the isocaloric experimental diets are as previously
described by Itoh et al. (29). At term, the experimental rat diet
(18 or 9% casein) was replaced with standard laboratory chow.
Two days after delivery, rat pups were weighed, sexed, and
culled to eight pups per litter. Offspring were weighed at
regular intervals until experimental day.

Blood pressure measurement. In a subgroup of animals (d
130 � 5, C, n � 9; PR, n � 8), systolic blood pressure was
measured by tail-cuff plethysmography using an IITC blood
pressure monitor (229 model; Linton Instruments, U.K.) as
previously described by Langley-Evans et al. (30).

Organ weight measurements. At postmortem examination,
heart, lungs, liver, kidneys, pancreas, and adrenal glands were
weighed. Organ weights are expressed as percentage of body
weight.

Vascular function in isolated mesenteric vessels. Vasore-
activity of isolated mesenteric arteries was assessed in male
offspring when d 87 (C-87, n � 8; PR-87, n � 9) and d 164
(C-164, n � 9; PR-164, n � 8). One or two animals from each
dietary group were randomly selected from five separate litters,
and the remaining animals were used for other analysis. Each
animal was killed by CO2 inhalation and cervical dislocation.

Preparation of rat mesenteric arteries and normalization.
The mesenteric arcade was excised and immersed in ice-cold
physiological salt solution (PSS) (mM): NaCl, 119; KCl, 4.7;
CaCl2, 2.5; MgSO4, 1.17; NaHCO3, 25; KH2PO4, 1.18; EDTA,
0.026; and D-glucose, 5.5. Small mesenteric arteries were
dissected free of connective tissue and were mounted in PSS on
a wire myograph (Multi Myograph Model 610M; J.P. Trading,
Aarhus, Denmark) for recording of isometric tension as de-
scribed previously by Itoh et al. (29). Mean internal diameter
was similar in both groups at each time (C-87, 268 � 9 �m, n
� 8; PR-87, 269 � 7 �m, n � 9, p � 0.05; C-164, 274 � 10
�m, n � 9; PR-164, 259 � 9 �m, n � 8, p � 0.05).

Experimental protocol. The experimental protocol was car-
ried out in the order specified below. Vascular contraction to
125 mM KPSS (125 mM K, equimolar substitution of NaCl
with KCl in PSS) and cumulative CRC to PE (10�8–10�4 M)
and the thromboxane A2 mimetic, U46619 (10�10–10�5 M),
were carried out. The PE concentration used for precontraction
was that required to produce 80% of the maximal response
(pEC80) induced by KPSS. Endothelium-dependent relaxation
was assessed by ACh- (10�9–10�5 M) and BK- (10�12–10�5

M) induced relaxation in PE-precontracted arteries. Endothe-
lium-independent relaxation was determined by SNP (10�10–
10�5 M) and the PDE isozyme 3 inhibitor, cilostamide (10�10–
10�5 M), -induced relaxation in PE-precontracted arteries. The
numbers of each arterial ring sample studied at each part of the
protocol are shown in Table 1.

Drugs. All drugs and chemicals except cilostamide (Tocris
Cookson, Avonmouth, U.K.) were obtained from Sigma
Chemical Co (Poole, U.K.).

Calculation and statistical analysis. Contraction responses
to agonists were calculated as percent of maximum 125 mM
KPSS-induced contraction and expressed as mean � SEM.
Relaxant responses to agonists were calculated as percent
inhibition of the PE-induced contraction (pEC80) and ex-
pressed as mean � SEM. Two-way ANOVA was performed
on all CRCs to ascertain whether the overall relaxation curves
were different between dietary groups. CRCs to agonists were
analyzed by fitting to a four-parameter logistic equation using
nonlinear regression (Prism 3.0; GraphPad Software Inc, San
Diego, CA, U.S.A.). Maximum responses and pEC50 values
were then obtained, where the EC50 is the concentration (mo-
lar) of the agonist that produces 50% of its maximum response.
Agonist concentration ratios were determined from EC50 val-
ues. When the curve produced by nonlinear regression was
dissimilar to the unfitted data, curve-fitted data was not used. If
curves were not sigmoidal, calculation of �log pEC50 was
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deemed inappropriate; CRCs were compared using two-way
ANOVA (Prism 3.0; GraphPad Software Inc). Statistical anal-
yses were performed using unpaired t test to compare between
groups and significance was assumed if p � 0.05.

RESULTS

Offspring body and organ weights. Although the mean
birthweight was 7% smaller in the PR group, it was not
significantly different from that of the C group (birthweight, C,
6.90 � 0.26 g, n � 17; PR, 6.44 � 0.30 g, n � 17, p � 0.05).
Pups appeared to remain smaller throughout adulthood, al-
though this was only significantly different between groups at
d 65 (body weight, C, 281 � 7.7 g, n � 17; PR, 238.6 �
11.0 g, n � 17, p � 0.05). There were no significant differences
in individual organ weights between C and PR offspring at d 87
(data not shown).

Blood pressure measurement. Offspring (d 130 � 5 old) of
PR dams had significantly higher systolic blood pressure com-
pared with C offspring (C, 104 � 3 mm Hg, n � 9; PR, 133 �
4 mm Hg, n � 8, p � 0.05).

Contractile responses. The maximal contraction induced by
KPSS was found to be similar in C and PR groups at each time
(Table 1). PE (10�8–10�4 M) produced a concentration-
dependent contraction of rat mesenteric arteries from both
groups at d 87 and 164. There was no difference in PE-induced
contraction between the C and the PR (two-way ANOVA, p �
0.05) at d 87 and 164 (Fig. 1 and Table 1). The thromboxane
A2 mimetic, U46619 (10�10–10�5 M) produced a concentra-
tion-dependent contraction of rat mesenteric arteries from both
groups at d 87 and 164 (Fig. 2). The overall contraction (p �
0.01, two-way ANOVA) and sensitivity to U46619 was sig-
nificantly reduced (p � 0.01, t test) by 2-fold in the PR
offspring compared with C at d 87 with no change in the
maximum contraction (Fig. 2A and Table 1). However, the
overall and maximum contraction induced by U46619 was not

affected in the d 164 PR compared with C offspring (p � 0.05,
two-way ANOVA; Fig. 2).

Endothelium-dependent relaxant responses. Basal tone or
PE precontraction were unaffected by maternal protein depri-
vation or age (results not shown). The endothelium-dependent
vasodilator, ACh (10�9–10�5 M) produced a concentration-
dependent relaxation of PE-precontracted arteries from C and
PR offspring at d 87 and 164 (Fig. 3). The overall relaxant
response (p � 0.001, two-way ANOVA) and sensitivity to
ACh was significantly reduced (p � 0.001, t test) in PR
compared with C offspring at d 87 (Table 1). The ACh CRC
from the PR group was shifted 5-fold rightward in relation to
C (shift estimated from EC50 values) at d 87. However, no
significant difference in maximal relaxation to ACh was ob-
served between the C and PR groups at d 87 (Fig. 3A and Table
1). At d 164, the relaxant responses to ACh were shifted
rightward and the percent maximum (p � 0.05, t test) and
overall relaxation (p � 0.001, two-way ANOVA) was signif-
icantly reduced in PR versus C (Fig. 3B). The overall CRC to
BK (10�12–10�5 M) was significantly reduced in PR compared
with the C group at d 87 and 164 (p � 0.0001, two-way
ANOVA; relaxation to 10�6 M BK, p � 0.05, t test; Fig. 4 and
Table 1). The BK-induced relaxation (10�5 M) was attenuated
in the mesenteric artery from C and PR offspring at d 87 and
164 (Fig. 4).

Endothelium-independent relaxant response. The endothe-
lium-independent vasodilator, SNP (10�10–10�5 M), produced
a concentration-dependent relaxation of PE-precontracted rat
mesenteric arteries from both C and PR offspring at d 87 and
164 (Fig. 5). At d 87 and 164, the SNP curve was shifted to the
right in the PR versus C offspring, with a significant reduction
in the maximum relaxation occurring at d 87 (p � 0.001, t test;
Fig. 5 and Table 1). There is a significant reduction in the
control SNP response at d 164 compared with d 87 (p � 0.01,

Table 1. Vascular function in offspring of control and protein-restricted dams

Day 87 Day 164

C PR p value C PR p value

Maximal contraction
125 mM KPSS (KPa) 18.9 � 1.0 (8) 18.0 � 0.8 (9) 0.489 17.8 � 1.1 (9) 17.5 � 1.0 (8) 0.8443
PE (% KPSS) 105 � 4 (8) 104 � 8 (9) 0.916 101 � 1 (9) 99 � 1 (8) 0.1792
U46619 (% KPSS) 104 � 7 (7) 87 � 6 (7) 0.090 93 � 2 (9) 97 � 2 (8) 0.1792

% Relaxation
ACh (max relaxation) 89 � 2 (8) 88 � 3 (9) 0.790 98 � 7 (9) 71 � 10 (8)* 0.0390
BK (relaxation to 1 �M) 71 � 6 (7) 33 � 7 (9)** 0.0014 48 � 10 (9) 15 � 8 (8)* 0.0230
SNP (max relaxation) 93 � 3 (7) 74 � 3 (9)*** 0.0006 67 � 3 (9) 72 � 12 (8) 0.6755
Cilostamide (max relaxation) 84 � 10 (7) 82 � 4 (9) 0.8550

pEC50 (�log10 M)
PE 5.88 � 0.10 (8) 5.95 � 0.10 (9) 0.629 6.00 � 0.01 (9) 6.06 � 0.02 (8) 0.6050
U46619 7.83 � 0.05 (7) 7.53 � 0.03 (7)** 0.002 7.73 � 0.07 (9) 7.83 � 0.04 (8) 0.2400
ACh 7.58 � 0.05 (8) 6.91 � 0.04 (9)*** 0.0001 N/A
BK N/A N/A
SNP 8.02 � 0.08 (7) 7.35 � 0.10 (9)** 0.002 N/A

Values are given as mean � SEM. Statistical comparisons between C and PR at d 87 and 164, significance indicated by * p � 0.05, ** p � 0.01, *** p �
0.001 vs C maximum relaxation or pEC50 value.

Number in parentheses is number of observations.
N/A, calculation of pEC50 was not appropriate.
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two-way ANOVA), and this trend is not observed in the PR
groups.

Inhibition of cGMP degradation. The PDE 3 inhibitor,
cilostamide (10�10–10�5 M), induced relaxation in a concen-
tration-dependent manner in both C and PR groups at d 164
(Fig. 5C). There was a small, yet significant, reduction in the
overall cilostamide-induced relaxation in the PR offspring
compared with C offspring (p � 0.05, two-way ANOVA).

DISCUSSION

In the rat, maternal protein or global undernutrition in
pregnancy is associated with reduced birthweight and elevated
blood pressure in adult offspring (22, 25). To our knowledge,
no study to date has evaluated the vascular function of isolated

mesenteric arteries from rats exposed in utero to maternal
low-protein diet. The present study has shown that dietary
protein restriction in pregnancy induces vascular defects in
isolated resistance arteries and elevated systolic blood pressure
in male adult offspring. It is therefore clear that programming
of vascular defects occurs in this nutritional model, and this
may contribute to the elevated systolic blood pressure observed
postnatally.

Cardiovascular disorders such as hypertension and coronary
heart disease have been related to low birthweight or smallness
at birth, and these effects are seen in a graded manner across
the natural birthweight range for the population, both in devel-

Figure 1. A, vascular contraction to PE in mesenteric arteries from male
offspring aged d 87 in the 18% (�, n � 8) and the 9% casein (�, n � 9) groups.
C vs PR overall relaxation via two-way ANOVA, p � 0.709. B, vascular
contraction to PE in mesenteric arteries from male offspring aged d 164 in the
18% (�, n � 9) and the 9% casein (�, n � 8) groups. C vs PR overall
relaxation via two-way ANOVA, p � 0.905.

Figure 2. A, vascular contraction to thromboxane analog U46619 in mesen-
teric arteries from male offspring aged d 87 in the 18% (�, n � 7) and the 9%
casein (�, n � 7) groups; **p � 0.01 vs control pEC50 value (t test). C vs PR
overall relaxation via two-way ANOVA, p � 0.01. B, vascular contraction to
thromboxane analog U46619 in mesenteric arteries from male offspring aged
d 164 in the 18% (□, n � 9) and the 9% casein (�, n � 8) groups. C vs PR
overall relaxation via two-way ANOVA, p � 0.166.
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oped and developing societies (1, 2). The phenomenon is not
associated only with intrauterine growth retardation. In the
present study, the birthweight of PR offspring did not signifi-
cantly differ from that of the C offspring. Previous reports have
shown that dietary restriction of pregnant rats results in incon-
sistent effects on birthweight, differing widely from study to
study, in some cases showing a decrease (25, 31), but in others,
no change (24, 32, 33).

No significant differences in organ weights between C and
PR offspring were observed at d 87 in our study. Our findings
support these previous studies that noted no change in liver or

other organ weights (34) of offspring of PR rats. Conversely, a
reduction in kidney (22, 24, 33) or liver size (33, 35, 36) has
been reported in offspring of dietary restricted pregnant dams.
In some of these studies, the decrease in organ weight is
reported at weaning, and this reduction appears to be restored
to those of the control group as the nutrient-restricted offspring
mature (22, 35). Therefore, in the present study, the time we
selected was postweaning to investigate this.

Figure 3. A, vascular relaxation to ACh in mesenteric arteries from male
offspring aged d 87 in the 18% (�, n � 8) and the 9% casein (�, n � 9) groups;
***p � 0.001 vs control pEC50 value (t test). C vs PR overall relaxation via
two-way ANOVA, p � 0.001. B, vascular relaxation to ACh in mesenteric
arteries from male offspring aged d 164 in the 18% (□, n � 9) and the 9%
casein (�, n � 8) groups; *p � 0.05 vs control maximum relaxation at d 164
(t test). C vs PR overall relaxation via two-way ANOVA, p � 0.001.

Figure 4. A, vascular relaxation to BK in mesenteric arteries from male
offspring aged d 87 in the 18% (�, n � 7) and the 9% casein (�, n � 9) groups;
*p � 0.05 vs control 1 �M BK-induced relaxation (t test). C vs PR overall
relaxation via two-way ANOVA, p � 0.0001. B, vascular relaxation to BK in
mesenteric arteries from male offspring aged d 164 in the 18% (□, n � 9) and
the 9% casein (�, n � 8) groups; *p � 0.05 vs control 1 �M BK-induced
relaxation (t test). C vs PR overall relaxation via two-way ANOVA, p �
0.0001.
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In the present study, systolic blood pressure was found be
significantly elevated in PR compared with C offspring, which
is comparable with previous studies using protein (24, 25, 30,
33, 37–41) and global restriction during pregnancy (21, 22, 42,
43). Vascular dysfunction may not always be accompanied
with increased pressor responses as observed in female off-
spring of global diet-restricted pregnant dams (20); however,
these differences may be gender related as reported by Ozaki et
al. (22). In the present study female offspring were not inves-
tigated as they were retained for studies during pregnancy
(28a). In addition, direct comparisons between models should
be treated with caution as there are differences in protocols
used, e.g. severity and duration of undernutrition or vascular
bed studied, and these may explain the differences in results
obtained from each model.

In the present study, the vascular dysfunction in the mesen-
tery may play a part in maintaining the elevated systolic blood
pressure observed in male offspring of protein-restricted dams.
However, it is unclear whether the impaired endothelium-
dependent relaxation occurs first or develops as a consequence
of cardiovascular disease. Langley-Evans et al. (30) reported
that d 21 protein-restricted offspring were hypertensive, but no
vascular studies have been carried out at this stage of postnatal
life. Nevertheless, low protein exposure in utero leads to
vascular dysfunction in adulthood.

Consistently, the maternal low protein diet in pregnancy
results in offspring being hypertensive (24, 25, 41, 44, 45).
Because the mesenteric circulation is known to contribute
considerably to the control of peripheral vascular resistance
(46), we chose this vascular bed to assess the vasoreactivity of
small resistance arteries in PR and C offspring. The vascular
dysfunction we found in the PR offspring may be attributed to
an imbalance in the production of constrictors and dilators in
the vascular bed. We did not detect any differences in maxi-
mum contraction to 125 mM KPSS or responses to PE between
the C and the PR groups at d 87 and 164. Previous investiga-
tions have also noted no abnormal �-adrenergic-induced vaso-
constriction in adult offspring of pregnant rats fed a high-fat
(47) or a global-restricted diet (20, 22). Thus differences
between C and PR groups are unlikely to be related to an
increase in vascular smooth muscle cell growth or �-adrenergic
responsiveness.

Hypertension is associated with enhanced thromboxane pro-
duction or thromboxane-induced constriction (48). However,
in our study, a reduced sensitivity, although with a similar
maximum response, to U46619 may suggest a disruption of
thromboxane receptor–mediated contraction in the PR off-
spring at d 87. This contrasts with increased contraction or no
change in U46619 responses in isolated femoral arteries from
adult male offspring of pregnant rats fed a global-restricted
(18) or high-fat diet (36). Differences in protocols, e.g. severity
and duration of undernutrition or vascular bed studied, may
account for the contrasting results obtained from each model.
In the present study, the reduced response to U46619 did not
persist as the PR offspring matured. Similarly, in mesenteric
arteries, thromboxane responses did not differ between male
spontaneously hypertensive rats and control groups in 11-mo-
old rats (49). Therefore abnormalities in the thromboxane-

Figure 5. A, vascular relaxation to SNP in mesenteric arteries from male
offspring aged d 87 in the 18% (�, n � 7) and the 9% casein (�, n � 9) groups;
p � 0.01 vs control pEC50 value (t test), p � 0.001 vs control maximum
relaxation. C vs PR overall relaxation via two-way ANOVA, p � 0.01. B,
vascular relaxation to SNP in mesenteric arteries from male offspring aged d
164 in the 18% (□, n � 9) and the 9% casein (�, n � 8) groups. C vs PR
overall relaxation via two-way ANOVA, p � 0.01. C, vascular relaxation to
cilostamide in mesenteric arteries from male offspring aged d 164 in the 18%
(□, n � 7) and the 9% casein (�, n � 9) groups. C vs PR overall relaxation
via two-way ANOVA, p � 0.05.
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mediated pathway are unlikely to contribute to the elevated
arterial pressure shown in the low protein model (25).

The vascular endothelium plays an important role in the
control and modulation of vascular tone and hence in blood
pressure regulation. Impaired endothelial-dependent relaxant
responses, as shown in the low protein offspring in the present
study, may be a causative factor in the development of hyper-
tension and atherosclerosis (50–52), or alternatively, this at-
tenuated vasorelaxation may have developed because of the
elevated blood pressure (51). Previous studies have also noted
that endothelium-dependent vasorelaxation is attenuated in the
vasculature of offspring of pregnant rats given various dietary
manipulations (20, 22, 47, 52a). The significant blunting of
ACh and BK relaxant responses in PR offspring may be
attributed to a reduction in endothelial NO biosynthesis or NO
bioavailability. Our findings are further supported by recent
reports demonstrating a reduction in endothelial NO synthase
expression and activity and increased oxidative stress in arter-
ies from male offspring of pregnant rats fed a food-restricted
diet (21, 53). Although we did not investigate the components
of ACh- and BK-mediated vasorelaxation, our preliminary
work indicates that ACh-induced NO release is significantly
reduced in mesenteric arteries from protein-restricted pregnant
dams compared with controls (54).

Disruption of NO synthase may explain in part the elevated
blood pressure that was reported in offspring of pregnant rats
exposed to a low protein diet (24, 25, 41, 44, 45). In the present
study, in addition to ACh relaxant responses, BK-induced
relaxation was severely impaired in PR offspring. In the spon-
taneously hypertensive rat model, BK and ACh responses were
also greatly reduced when compared in mesenteric arteries
(55). Vasodilation to BK is mediated partly by production of
NO through stimulation of BK subtype 2 receptors (55, 56).
However, when NO synthesis is reduced, ACh maintains en-
dothelial vasodilator function in mesenteric arteries through
activation of endothelium-derived hyperpolarizing factor in
pregnant rats dams fed a protein-deficient diet (57). If this
mechanism is also seen in the offspring, it may account for the
differences between ACh and BK vasodilator defects. How-
ever, it is also well established that abnormal functioning of the
BK receptor results in malfunction of the cardiovascular sys-
tem. BK receptor function is crucial for the regulation of the
cardiovascular system, as shown in BK receptor subtype 2
knockout mice in which elevated blood pressure was observed
(58, 59). Further studies are indicated in which a detailed
assessment of all components of ACh- and BK-mediated re-
laxation and NO measurement in PR offspring are made.

Maternal protein deprivation appears to induce abnormali-
ties in the vascular smooth muscle function of the offspring.
The endothelium-independent vasodilator, SNP-induced re-
sponses were reduced in the PR offspring, suggesting that there
is a reduced NO sensitivity in the vascular smooth muscle.
Abnormal SNP responses have also been observed in offspring
of pregnant rats fed a high-fat (47), global-restricted (22) or
protein-restricted diet (52a). Relaxant responses elicited by
nitrovasodilator agents including SNP are mainly mediated via
activation of soluble GC and subsequently an increase in
intracellular cGMP levels (60). As previously shown in other

animal models of hypertension, reduced endothelium-
independent responses are associated with a reduction in GC
expression or intracellular cGMP concentration (61– 65).
Therefore, an alteration in the GC-cGMP pathway as shown in
a previous study (52a) may account for the blunted relaxation
to SNP observed in our study. Control animals show a greater
reduction in SNP relaxation with aging; this may be caused by
down-regulation of GC. Down-regulation of GC may already
occur in young PR animals (d 87) as shown in young sponta-
neously hypertensive rats by Ruetten et al. (65), which may
explain why the reduction in SNP responses in PR animals
with age is smaller compared with that of the controls. We
examined the effect of inhibition of cGMP degradation using a
selective PDE 3 inhibitor, cilostamide (66). PDE 3 inhibitors
induce relaxation in precontracted rat arteries (67, 68), and the
magnitude of the relaxation induced by cilostamide in the
mesenteric arteries thus indirectly reflects the intracellular
levels of cGMP. Cilostamide-induced relaxation was signifi-
cantly reduced in the PR offspring, further confirming our
hypothesis that cGMP levels are reduced in the smooth muscle
of mesenteric arteries from PR offspring compared with con-
trols. Whether intracellular cGMP concentrations are reduced
via down-regulation of GC remains to be determined.

CONCLUSIONS

In summary, this study has shown that protein deprivation
during pregnancy in rats results in blunted vasorelaxation in
small resistance arteries from male offspring. The cellular
mechanisms underlying the defective vascular relaxation in the
PR offspring may include a reduction in the endothelial NO-
cGMP pathway in vascular smooth muscle, and these together
may lead to the development of cardiovascular disease. In
addition, protein restriction in pregnancy alters other physio-
logic systems such as the renin-angiotensin system (40), which
impacts on cardiovascular control. Therefore, attenuated vas-
cular function may a play a part in this multifactorial process.
Our findings suggest that impaired maternal diet programs the
development of vascular dysfunction in their offspring.
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