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Abstract
Background—Prenatal programming by maternal dietary protein deprivation and prenatal
dexamethasone result in a reduction in nephron number and hypertension when the offspring are
studied as adults.

Methods—To determine whether prenatal dietary protein deprivation results in a reduction in
nephron number and hypertension in offspring by exposure to maternal glucocorticoids, we
administered metyrapone to rats fed either a 6% or 20% protein diet to inhibit glucocorticoid
production and compared the offspring to rats that were the product of mothers fed either a 6% or
20% protein diet during the last half of pregnancy.

Results—Male offspring from the 6% group had elevated systolic blood pressure (149 ± 2 vs.
130 ± 5 mm Hg, P < 0.05) and a reduction in glomeruli compared to the 20% group (22,111 ± 627
vs. 29,666 ± 654 glomeruli/kidney, P < 0.001). Maternal metyrapone administration did not affect
the blood pressure in the 20% group but ameliorated the increase in blood pressure in the 6% male
group to values comparable to the 20% control group (138 ± 6 vs. 130 ± 5 mm Hg). Male
offspring of the 6% group that received metyrapone had an increase in the number of glomeruli
compared to the vehicle-treated 6% group (26,780 ± 377 vs. 22,111 ± 627 glomeruli/kidney, P <
0.001), but less glomeruli compared to the 20% protein control group (26,780 ± 377 vs. 29,666 ±
654 glomeruli/kidney, P = 0.01).

Conclusions—The reduction in nephron number and hypertension induced by maternal protein
deprivation in male offspring is ameliorated by inhibition of glucocorticoid production.
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Barker and colleagues were the first to show that small-for-gestational-age infants were at
increased risk for the development of hypertension in later life independent of other risk
factors.1 These observations have been confirmed in many populations and geographical
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areas. Importantly, a low protein intake relative to carbohydrate intake during pregnancy is
associated with elevated blood pressure in offspring when studied as adults.2,3

In addition to hypertension, small-for-gestational-age infants have a reduction in nephron
number compared to infants born with a normal birth weight.4,5 Although it is not clear to
what extent a paucity of glomeruli is related to the hypertension with prenatal programming,
low birth weight infants have been shown to have an increased risk of developing
albuminuria, an early sign of renal injury6,7 and reduced renal function as young adults.8,9

Indeed, studies have shown that low birth weight infants (<2.5 kg) have an approximately
1.5-fold increased risk for having end-stage renal disease compared to infants with birth
weights between 3 and 3.5 kg.10,11 Patients with low birth weight who develop proteinuria
have recently been shown to have focal and segmental glomerulosclerosis.12

Animal studies have confirmed that prenatal insults result in a reduced number of nephrons
and hypertension when animals are studied as adults. Rats whose mothers ingested a low
protein diet during pregnancy have a reduction in nephron number when studied as
adults.13,14 Maternal dietary protein restriction results in not only fewer but also less well-
differentiated nephrons when rats are studied immediately after birth.15,16 Rats born to
mothers that ingested a low protein diet during pregnancy develop hypertension.13,14,17–22 A
reduction in nephron number and hypertension has also been found in the offspring of rats
that received dexamethasone between days 15 and 18 of gestation, a time of active
nephrogenesis.23–26

Previous studies have provided indirect evidence that maternal dietary protein deprivation
causes prenatal changes that lead to programming of hypertension and renal disease by
exposing the fetus to the relatively higher concentration of maternal glucocorticoids.
Normally, the fetus is protected from maternal glucocorticoids by placental 11 β-
hydroxysteroid dehydrogenase. This enzyme converts physiological maternal
glucocorticoids to inactive metabolites.27–31 Indeed, pregnant rats that were fed a low
protein diet have reduced placental 11 β-hydroxysteroid dehydrogenase activity27,29 Small-
for-gestational-age children have been shown to have lower placental 11 β-hydroxysteroid
dehydrogenase activity than those of normal weight for gestational age.32 Finally, prenatal
administration of dexamethasone, a glucocorticoid that is not metabolized by 11 β-
hydroxysteroid dehydrogenase, results in a similar reduction in nephron number and
elevated blood pressure in offspring as maternal dietary protein deprivation.23–27,33 The
purpose of this study was to determine whether inhibition of maternal glucocorticoid
synthesis would prevent the prenatal programming of hypertension and reduction in
glomerular number due to maternal dietary protein deprivation.

Methods
Animals

Pregnant Sprague– Dawley rats were divided into four groups. Control rats were fed a 20%
protein intake (control diet). The low protein group was fed a 6% protein isocaloric diet
from the 13th day of pregnancy. The diets were purchased from Harlan Teklad (Madison,
WI), and all rats had free access to food and water. To determine whether maternal dietary
protein deprivation causes hypertension and reduced nephron number in the offspring by
exposure of maternal steroids, rats were administered metyrapone from day 13 to term using
the same dose, time of initiation, and duration of treatment as described by Smith and
Waddell.34–36 Metyrapone (500 μg/ml) inhibits glucocorticoid synthesis by inhibiting 11 β-
hydroxylase; thus, the pregnant rats were administered isotonic saline in their drinking water
to prevent volume depletion.34–36 Metyrapone was also administered to a group of pregnant
rats that were fed a 20% protein diet as a control. Control adult rats that were anesthetized
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for blood collection had a corticosterone level of 512.8 ± 56.0 ng/ml compared to 285.9 ±
76.5 ng/ml in rats given metyrapone in their drinking water (P < 0.05). Thus, this dose of
metyrapone reduces glucocorticoid production.

To ensure that all of the effects found were from changes in the prenatal environment, the
litter size from all four groups were reduced to 10 to ensure adequate maternal milk. In
addition, all the offspring were reared by foster control dams after delivery to abolish the
effect of different prenatal diets on lactation and rearing. The pregnant rats were weighed
starting at the 13th day of gestation and daily until delivery to see the effect of metyrapone
and low protein diet on maternal weight gain. The animals studied were from at least three
different pregnancies in all groups. The pups were weighed on the day of birth. Only male
animals were studied as they have been shown to have more significant increases in blood
pressure with prenatal maternal dietary protein deprivation.14,37 These studies were in
accordance with the APS's Guiding Principles in the Care and Use of Animals and were
approved by the IACUC at the University of Texas Southwestern Medical Center.

Blood pressure
The blood pressures of all groups were measured between 60 and 80 days of age. Males
were studied separately as there have been sex differences in blood pressure shown in the
past.14,21 Rats underwent acclimatization to the restraint and cuff for 3 days, and blood
pressure was measured on the fourth day. There were 6–8 blood pressure readings using
IITC model no. 179 blood pressure analyzer (IITC, Woodland Hills, CA), and the mean was
used as the blood pressure for that rat. The person who measured the blood pressure was
blinded and did not know the origin of the rats being studied.

Glomerular number
Glomerular number was measured between 60 and 80 days of life using methods previously
described with slight modifications.14,23 The rats were anesthetized with 100 mg/kg of body
weight Inactin (Sigma Chemical, St Louis, MO). The abdomen was shaved and the rat
restrained on the operating platform. A femoral artery catheter was inserted and advanced to
a level above the renal artery. Five percent Alcian blue (Sigma Chemical Company)
dissolved in isotonic saline was infused at a dose of 0.2–0.3 ml/100 g body weight over 30
s.23 After 5 min, a second dose of 0.2–0.3 ml/100 g body weight Alcian blue was given as a
bolus. Five minutes after the second bolus, the kidney was harvested, the capsule was
removed, and the kidney placed in 1% ammonium chloride solution (Sigma Chemical
Company) where it was minced using a single-edge razor blade and incubated at room
temperature for 5 min. The tissue was then incubated in 5 ml of 50% HCl (6N) in a water
bath at 37°C with gentle agitation for 90 min. The sample was then vigorously mixed until
all pieces were dissolved. The sample was then centrifuged for 10 min at 3,000 rpm. The
supernatant was discarded and pellet was dissolved in 50 ml of distilled water. The
glomeruli were counted in 30 samples of 10 μl each. The total number of glomeruli in the
kidney was then extrapolated. The tube containing the glomeruli was gently shaken before
pipetting each sample to ensure that the glomeruli were dispersed uniformly. The
investigator that counted the glomeruli was blinded from the origin of the samples.

Statistical analysis
Data are presented as mean ± standard error of the mean. Comparisons were made using
analysis of variance followed by a post hoc Student–Newman–Keuls test. A level of 0.05
was considered statistically significant.
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Results
In our first series of experiments, we examined whether an isocaloric low protein diet
affected maternal or fetal glucocorticoid levels. There was no difference between maternal
glucocorticoid levels in 20-day-old pregnant rats that were fed a 6% vs. a 20% protein diet
(166.7 ± 35.1 ng/ml vs. 205.2 ± 46.9 ng/ml, n = 4). However, maternal dietary protein
deprivation caused a significant increase in 20-day fetal glucocorticoid serum levels
compared to the 20% group (355.4 ± 18.8 ng/ml vs. 259.3 ± 23.9 ng/ml, n = 12, P < 0.01).
Thus, dietary protein deprivation increases fetal glucocorticoid exposure.

We next compared maternal weight gain from day 13 of their pregnancy until the day of
birth. As shown in Figure 1, pregnant rats that were fed a 6% protein diet, whether they were
on metyrapone or not, gained less weight than those on a 20% protein diet. The rats that
were administered metyrapone in their drinking water gained more weight than the rats fed a
comparable diet but not given metyrapone. In Figure 2, the birth weights of the rats are
shown. All groups had significantly different weights from each other. Importantly, the 6%
protein group whose mothers were given metyrapone, weighed more than the 6% protein
group without metyrapone, but less than the 20% control group. Thus, metyrapone
attenuates the effect of a maternal low protein diet on birth weight but does not increase the
weight to that of controls. The body weights at the time of study are shown in Table 1. The
6% protein group weighed less than all other groups. Thus, there was catch-up weight gain
in the 6% protein metyrapone group but not in the 6% protein group.

The effects of maternal protein intake and metyrapone on glomerular number are shown in
Figure 3. Males that were the product of mothers fed a low protein diet had a significant
reduction in glomerular number. Although the number of glomeruli in the 6% metyrapone
group was less than that in either the 20% control or 20% metyrapone group, it was
significantly greater than the 6% group without metyrapone. We also compared glomerular
number factored for gram of kidney weight as shown in Table 1. The 6% group with
metyrapone was also greater than the 6% group without metyrapone when factored for
kidney weight. Thus, prenatal metyrapone attenuated the nephron deficit caused by a low
protein diet. The control kidneys weighed significantly more than the low protein and low
protein plus metyrapone groups (Table 1). This was also true of the control metyrapone
group, but this did not reach statistical significance. Interestingly, the kidney weights were
not different in the low protein and low protein plus metyrapone groups, though the numbers
of glomeruli were different.

In the final series of experiments, we examined the effect of maternal dietary protein
deprivation on blood pressure on male rat offspring when studied as adults. The blood
pressures of male rats were higher in the 6% protein group as compared to the 20% protein
group with or without metyrapone as shown in Figure 4. Maternal ingestion of metyrapone
resulted in a reduction in blood pressure in the 6% protein group to a level that is not
different than the 20% control group. The blood pressure of the 6% protein group was
higher than the 6% protein group that received metyrapone. Thus, metyrapone did not affect
the blood pressure in rats whose mothers were fed a 20% protein diet but attenuated the
increase in blood pressure in male rat offspring of rats whose mothers ingested a 6% protein
diet.

Discussion
The present study examined whether the effect of a low protein diet on offspring could be
attenuated by administration of metyrapone to the pregnant mother. Compared to the
mothers that ate a low protein diet without metyrapone, the mothers that ate a low protein
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diet with metyrapone gained more weight and had heavier offspring. However, the 6%
metyrapone group did not gain as much weight as the 20% group with or without
metyrapone, and had offspring that weighed less than the 20% group. Maternal metyrapone
administration to the 6% protein group attenuated the nephron deficit and lowered the blood
pressure in adult male offspring compared to the 6% group without metyrapone.

Previous studies have examined the role of placental 11 β-hydroxysteroid dehydrogenase on
the fetus. Carbenoxolone, an inhibitor of 11 β-hydroxysteroid dehydrogenase, was
administered to pregnant rats to expose the fetus to maternal glucocorticoids. The neonates
were small for gestational age and developed hypertension when they were studied as
adults.38,39 The effect of carbenoxolone on the prenatal programming of hypertension was
abrogated by maternal adrenalectomy prior to pregnancy, consistent with the conclusion that
maternal glucocorticoid exposure results in the programming of hypertension.38

A previous study examined the effect of inhibition of maternal steroid synthesis with
metyrapone on prenatal programming of hypertension due to maternal dietary protein
deprivation.39 In this study, metyrapone was administered during the first half of pregnancy,
and pregnant rats were fed a low protein diet throughout pregnancy. Although offspring of
the metyrapone group whose mothers were fed a low protein diet had a normalization in
blood pressure at 7 weeks of age, it is hard to interpret these data because these offspring
failed to thrive and weighed 40% less than the control group. There were a number of major
differences between this study and the present one. First and most important, metyrapone
was injected into pregnant rats only during the first half of pregnancy. This is at a time
before nephrogenesis occurs in the rat, and previous studies have shown that dietary protein
deprivation in the first half of pregnancy does not program hypertension.40 In addition, the
mothers that received metyrapone were not administered saline water and thus likely had
severe volume depletion during the first half of pregnancy. The rats in the present study
were cross-fostered at birth to eliminate any difference in postnatal rearing and nutrition
caused by maternal dietary protein deprivation during pregnancy. Finally, the number of
glomeruli was not determined in the previous study using metyrapone.39

It is possible that the improvement in blood pressure with metyrapone in the low protein
group was indirect and not related in reduced fetal steroid exposure. In elegant studies by the
Woods Laboratory, maternal dexamethasone resulted in a decrease in maternal and fetal
weight gain.21 The offspring of mothers administered prenatal dexamethasone developed
hypertension as did offspring of mothers that did not receive dexamethasone but were pair-
fed to receive the same food intake as the prenatal dexamethasone group. There was not a
maternal dose of dexamethasone that would cause prenatal programming of hypertension
without a reduction in maternal weight gain.20 Thus, an alternative interpretation of our data
is that the increased maternal weight in the metyrapone group that was administered a low
protein diet compared to the low protein group may have protected the neonates from
hypertension by preventing caloric deprivation independent of maternal steroid exposure.

Although we find that maternal metyrapone administration to the 6% protein group
attenuated the nephron deficit and lowered the blood pressure in adult male offspring
compared to the 6% group without metyrapone, we did not find comparable increases in
glomerular number or lowering of the blood pressure in the 20% metyrapone group
compared to the 20% control group. The 20% metyrapone group had a higher birth weight
but was comparable to the 20% control thereafter. These data and studies from prenatal
dexamethasone administration are consistent with increased glucocorticoid exposure having
adverse effects on the developing fetus; however, lowering fetal glucocorticoid exposure
does not program a change in blood pressure or nephron endowment in the control group.
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The mechanism of how prenatal exposure to dietary deprivation and fetal steroid exposure
cause hypertension has recently been reviewed.41 Excessive glucocorticoid exposure
decreases the number of nephrons that is likely due to impaired branching nephrogenesis.
Culturing rat metanephroi in the presence of 10−5 mol/l dexamethasone decrease nephron
branching and alters expression of several genes important for renal development.26

However, the reduction in nephron endowment in most programming studies is 10–25% of
normal and thus unlikely to be a major factor in postnatal hypertension. Prenatal
programming of hypertension is associated with alterations in the renin-angiotensin system,
renal sodium transport, and renal nerve activity that are likely to be the primary factors in
the generation and maintenance of hypertension.14,25,41–46

The preponderance of evidence is consistent with the hypothesis that maternal dietary
protein deprivation leads to increased exposure to maternal glucocorticoids. In pregnant rats
that had a 50% decrease in caloric intake from days 14–21 of pregnancy, maternal
glucocorticoid levels were elevated. Direct measurement of maternal corticosterone levels of
food-deprived dams showed that they had significantly higher corticosterone levels than
controls on days 19 and 21 of gestation compared to control rats.47 The food-deprived rats
had lower levels of placental 11 β-hydroxysteroid dehydrogenase mRNA levels and likely
lower activity as shown by others.27,29,47 Indeed, 21-day-old fetuses from food-restricted
dams had a 30% higher serum corticosterone level than control fetuses.48 In the present
study, we directly demonstrate that although dietary protein deprivation did not affect
maternal serum glucocorticoid levels, it increased the glucocorticoid levels in the 20-day
fetus. How prenatal glucocorticoid exposure results in prenatal programming of a reduction
in nephron number and hypertension in later life is unclear at present.

In summary, our data show that maternal low protein diet results in hypertension and a
reduction in nephron number in males that are cross-fostered at birth. Administration of
metyrapone attenuated the reduction in nephron number in adult male offspring of mothers
fed a low protein diet during the last half of pregnancy. Thus, the reduction in nephron
number and hypertension in males that were the product of mothers that ate a low protein
diet was at least in part due to exposure to maternal glucocorticoids.
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Figure 1.
Effect of metyrapone on maternal weight gain. Maternal weight gain was measured in grams
from day 13 until day 21. Rats were treated with a control 20% diet or a 6% isocaloric low
protein diet with or without the glucocorticoid synthesis inhibitor metyrapone. Metyrapone
groups gained more weight than the group eating a comparable protein diet without
metyrapone. *P < 0.001 vs. all groups. +P ≤ 0.005 vs. 20% protein and 20% protein
metyrapone. Pro, protein.
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Figure 2.
Weight of 1-day-old neonates: neonatal rats were weighed on the first day of life. We could
not tell males from females at this age, so the results reflect total neonates. *All weights
were different from each other at P < 0.05. Pro, protein.
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Figure 3.
Effect of maternal dietary protein and metyrapone on glomerular number in males: the
number of glomeruli was assessed in male rats that were the product of mothers that were
fed a 6% or 20% protein diet with or without metyrapone in the drinking water during the
last half of pregnancy. Rats were cross-reared to control rats that were fed a 20% protein
diet.The rats that were the products of mothers that were fed a low protein diet had fewer
glomeruli.The 6% protein–metyrapone group had significantly more glomeruli than the 6%
group not treated with metyrapone. *P < 0.001 vs. all groups. +P < 0.05 vs. all groups. Pro,
protein.
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Figure 4.
Effect of maternal dietary protein and metyrapone on systolic blood pressure in males:
systolic blood pressure was assessed in male rats that were the product of mothers that were
fed a 6% or 20% protein diet with or without metyrapone in the drinking water during the
last half of pregnancy. Rats were cross-reared to control rats that were fed a 20% protein
diet.The 6% group not treated with metyrapone had elevated blood pressure compared to the
other groups.The rats that were the products of mothers that were fed a low protein diet but
treated with metyrapone had normalization of their blood pressure as adults. *P < 0.05 vs.
all groups. Pro, protein.
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Table 1
Kidney and body weight, and glomerular number/gram of kidney weight at the time of
study

20% Protein (n) 6% Protein (n) 20% Protein/metyrapone (n) 6% Protein/metyrapone (n)

Kidney weight 1.57 ± 0.06 (10) 1.33 ± 0.03* (9) 1.49 ± 0.06 (9) 1.38 ± 0.05* (8)

Body weight 346.7 ± 5.3 (9) 285.6 ± 11.8** (9) 321.3 ± 7.7 (8) 324.9 ± 7.1 (10)

Glomerular number/gram
kidney weight

18,870 ± 1,030† (9) 16,504 ± 700*** (9) 20,178 ± 974 (9) 19,621 ± 796(9)

All weights are in grams measured at time of death for glomerular counting.

*
Different from control at P < 0.05.

**
Different than all other groups.

***
Different from control metyrapone and low protein metyrapone.

†
20% vs. 6% P = 0.07.
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