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Restriction of maternal protein intake during rat pregnancy

produces offspring that are hypertensive in adulthood, but the

mechanisms are not well understood. Our purpose was to deter-

mine whether this adult hypertension could be programmed

during development by suppression of the fetal/newborn renin-

angiotensin system (RAS) and a consequent reduction in nephron

number. Pregnant rats were fed a normal protein (19%, NP) or

low-protein (8.5%, LP) diet throughout gestation. Birth weight

was reduced by 13% (p , 0.0005), and the kidney/body weight

ratio was reduced in LP pups. Renal renin mRNA levels were

significantly reduced in newborn LP pups; renal renin concen-

tration and renin immunostaining were suppressed. Renal tissue

angiotensin II levels were also suppressed in newborn LP (0.079

6 0.002 ng/mg, LP versus 0.146 6 0.016 ng/mg, NP, p , 0.01).

Mean arterial pressure in conscious, chronically instrumented

adult offspring (21 wk) was higher in LP (135 6 1 mm Hg, LP

versus 126 6 1 mm Hg, NP, p , 0.00007), and GFR normalized

to kidney weight was reduced in LP (p , 0.04). The number of

glomeruli per kidney was lower in adult LP offspring (21,567 6

1,694, LP versus 28,917 6 2,342, NP, p , 0.03), and individual

glomerular volume was higher (1.81 6 0.16 106 mm3, LP versus

1.11 6 0.10 106 mm3, NP, p , 0.005); the total volume of all

glomeruli per kidney was not significantly different. Thus, peri-

natal protein restriction in the rat suppresses the newborn intra-

renal RAS and leads to a reduced number of glomeruli, glomer-

ular enlargement, and hypertension in the adult. (Pediatr Res 49:

460–467, 2001)

Abbreviations

RAS, renin-angiotensin system

ERPF, effective renal plasma flow

NP, normal protein (19%) diet

LP, low-protein (8.5%) diet

ANGII, angiotensin II

PAH, para-amino hippurate

A decade ago, Barker et al. first reported an inverse rela-

tionship between birth weight and death from cardiovascular

disease in adulthood (1). Subsequently, a number of epidemi-

ologic studies in different parts of the world have found a

relationship between early growth patterns and the risk of

cardiovascular disease in adulthood (2–8). Although these

findings remain somewhat controversial (9), the majority of

evidence indicates that even within the “normal” range of birth

weights, babies that are born smaller have a higher risk of

death from cardiovascular disease when they reach adulthood.

This indicates that some factor or factors in the perinatal

environment, probably related at least in part to maternal

nutrition, can “program” the individual for increased cardio-

vascular risk later in life. However, the precise physiologic and

molecular mechanisms by which this programming occurs are

unknown.

Recently, a rat model of perinatal protein restriction has

been identified that has several features in common with the

observations in humans, suggesting that this may be a good

animal model of the human condition. In particular, offspring
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of rats that were protein-restricted during pregnancy have

lower-than-normal birth weights and are hypertensive in adult-

hood (10). Thus, this model is useful for studying the mecha-

nisms by which early growth patterns are related to adult

cardiovascular disease.

Our overarching hypothesis is as follows. Maternal dietary

protein restriction during pregnancy causes suppression of the

fetal/newborn RAS. This leads to impaired renal development

and a decreased number of nephrons at birth—a maldevelop-

ment that persists into adulthood, leading in turn to hyperten-

sion and an increased risk for additional forms of cardiovas-

cular disease. We have shown previously that pharmacologic

suppression of the RAS in the developing animal leads to a

reduced number of nephrons and hypertension in adulthood

(11). We have also shown that a surgical reduction in the

number of nephrons from birth leads to adult hypertension

(12). The purpose of the present study was to determine

whether perinatal suppression of the offspring RAS, and im-

paired nephron development, are present and thus could con-

tribute to the programming for hypertension that occurs in

offspring of protein-restricted mothers.

METHODS

Animals. All procedures on animals were approved by the

Institutional Animal Care and Use Committee. Female Sprague

Dawley rats (Simonsen, Gilroy, CA, U.S.A.) weighing approx-

imately 250–300 g were bred at Oregon Health Sciences

University and maintained on either a normal protein (19%

protein 5 21% casein), normal sodium (0.20%) diet (Purina

basal diet 5755) or a low-protein (8.5%, LP), normal sodium

diet (Purina diet 5769, modified from 5755) throughout preg-

nancy. Thus, protein restriction in these LP animals was mod-

erate but not extreme. Although food was available ad libitum,

we have found that intake of these synthetic diets is remarkably

consistent at 19–20 g/d in pregnant rats, independent of dietary

content or litter size. Birth weights were measured on the first

day of postnatal life, in the morning, no more than 15 h after

delivery. (Rat dams generally deliver at night.) All dams were

placed on the normal diet at delivery, and pups were weaned to

the normal diet at 22 d of age and maintained on that diet until

adulthood. The animals were housed in a room with a con-

trolled temperature and a 12-h light/dark cycle. Some newborn

animals were used for measurement of tissue renin mRNA,

ANGII, and renin levels, or immunohistochemistry; litter

mates were allowed to grow until adulthood for physiologic

and morphometric measurements. To avoid possible gender

differences, only male offspring were studied in all phases of

the project.

Collection of newborn tissues. Newborn pups at 1 and 5 d

of age were euthanized with commercial euthanasia solution

(Euthasol, Delmarva Laboratories, Midlothian, VA, U.S.A.)

given intraperitoneally. Care was taken to avoid injection into

the kidneys. Kidneys were rapidly harvested, rinsed in saline,

blotted, and snap-frozen in liquid nitrogen. They were kept

frozen at 270°C until measurements were performed.

Measurement of intrarenal RAS activity. For assessment of

mRNA, total RNA was extracted from whole kidney tissues by

the guanidium thiocyanate method of Chirgwin et al. (13) and

quantitated by absorbance at 260 nm in duplicate, with RNA

purity determined using A260/A280 ratios. Northern blots were

run with 10 mg total RNA/lane in formaldehyde gels. Follow-

ing transblotting gels to nylon filters, and UV crosslinking,

blots were hybridized to probes of choice. Full-length rat

cDNA probes for angiotensinogen (14) and renin (15) were

used. A rat angiotensin-converting enzyme (ACE) cDNA was

used for studies of ACE mRNA (16). A glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) cDNA was used as a

housekeeping probe. Probes were labeled by random priming

using 32P 2'-deoxycytidine-5'-triphosphate (dCTP) to an activ-

ity of 1 3 108 dpm/ng DNA (17). Blots were prehybridized

with Rapid-Hyb buffer (Amersham, Arlington Heights, IL,

U.S.A.) for 1.5 h at room temperature, and hybridized for 1 h

at 65°C. Washing conditions included a prewash at room

temperature (23 SSC, 0.1% SDS) and then washing twice at

65°C for 15 min in 0.13 SSC with 0.1% SDS. Washed filters

were exposed to Kodak XAR film bracketed by two intensifier

screens. Each filter was then stripped according to the manu-

facturer’s instructions and reprobed with a GAPDH probe.

Relative amounts of mRNA were determined by scanning

autoradiograms from Northern blots using a computer scanner

and determining the mean density of the signals (Desk Scan II,

version 1.5.1, Hewlett Packard, followed by Image, version

1.37, by Wayne Rasband, Research Services Branch, NIMH,

Bethesda, MD, U.S.A.). Blots were normalized with signals

from GAPDH, scanned in the same manner. Data are expressed

as mRNA level (relative densitometric units normalized to

GAPDH).

To measure renal tissue ANGII levels, the kidneys from

1-d-old newborn rat pups (n 5 3 per group) were rapidly

harvested as described above, rinsed in ice-cold inhibitor so-

lution (125 mmol/L Na4EDTA (Sigma Chemical Co.), 1

mmol/L enalaprilat (Merck), 25 mmol/L phenanthroline (Sig-

ma Chemical Co., Rahway, NJ, U.S.A.), and 1 mmol/L pep-

statin A (Sigma Chemical Co.) in 2% ethanol), and snap frozen

in liquid nitrogen. Tissue was homogenized in cold 8 mmol/L

urea, 0.1% Triton X-100 and 90% methanol, 10 mmol/L

sodium acetate, 0.1% trifluoroacetic acid (TFA) in a Dounce

homogenizer. Samples were centrifuged at 30,000 rpm

(913,000 g) for 10 min at 4°C. The supernatant was filtered

through a Sep-Pak column (Waters, Millis, MA, U.S.A.), and

then peptides were eluted in 80% methanol and 0.1% TFA and

lyophilized. Recovery of ANGII standard (Sigma Chemical

Co.) over a range of 10–200 fmol/mL by this procedure was

95%. An ANGII RIA was then performed using a commercial

rabbit anti-ANGII antibody (Arnel, NY, U.S.A.) and a donkey

anti-rabbit second antibody (Amersham, Arlington Heights, IL,

U.S.A.) for magnetic separation of bound and unbound tracer

(18, 19).

For assessment of renin immunohistochemistry, kidneys

from 1-d-old newborn rat pups were fixed in 4% paraformal-

dehyde, dehydrated, and then embedded in paraffin blocks.

Five-micrometer sections were immunostained for renin by the

immunoperoxidase technique using diaminobenzidine tetrahy-

drochloride as the chromogen (20). Sections were then coun-

terstained with Gill’s triple-strength hematoxylin (Fisher Sci-
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entific, Fair Lawn, NJ, U.S.A.). The primary antibody was a

polyclonal rabbit anti-rat renin antibody (1:1000) kindly pro-

vided by Dr. Tadashi Inagami of Vanderbilt University (21),

and the secondary antibody was a goat anti-rabbit antibody

(Vector Laboratories, Burlingame, CA, U.S.A.).

To measure renal tissue renin activity, the kidneys from

1-d-old newborn rat pups (n 5 4 per group) were rapidly

harvested and snap frozen as described above. They were

homogenized in 0.1 M Tris, pH 7.4 to which EDTA (final

concentration 4 mM), sodium tetrathionate (5 mM), phenyl-

methylsulfonyl fluoride (0.1 mM), and Triton X-100 were

added. The tissue homogenate was incubated for 1 h at 37°C,

following the addition of exogenous excess substrate (anephric

plasma from rats), pH 7.4 with additional protease inhibitors

(3.4 mM 8-hydroxyquinolone sulfate and 1.6 mM dimerca-

prol). The angiotensin I generated was measured by RIA (22).

Data were normalized by protein content (BioRad, Burlin-

game, CA, U.S.A.) (23).

Surgical preparation of adult animals. At approximately 20

wk of age, nine LP and nine NP adult male animals were

chronically instrumented for measurements of arterial pressure

and renal function. Briefly, they were anesthetized with a

mixture of 55% ketamine (100 mg/mL), 28% xylazine (20

mg/mL), 11% acepromazine (10 mg/mL), and 6% sterile wa-

ter, administered at 1.0 mL/kg intraperitoneally. The sites of

the incisions were shaved and swabbed with betadine, and all

catheters, suture, instruments, and gloves used were sterile.

Through a midline abdominal incision, a stainless steel silastic-

covered catheter was inserted through a puncture hole at the

apex of the bladder and secured by a pursestring suture. The

muscle was sutured closed around the catheter, which exited

through the skin on the ventral surface of the abdomen. The

bladder was flushed with chloramphenicol sodium succinate

(30 mg/mL), and the catheter was plugged with a stainless steel

pin covered with silastic tubing. Sterile catheters made of

Tygon microbore tubing were implanted into the left femoral

artery and vein and tunneled under the skin to exit on top of the

head, where they were secured. The catheters were filled with

heparin (500 U/mL) following surgery, and plugged with

stainless steel wire pins. For the first 24 h after surgery, a

mixture of rat chow and 5% dextrose was provided in a bowl

to encourage eating. Animals were allowed to recover in

individual cages for at least 7 d before any experiments were

conducted, and were maintained on the normal protein, normal

sodium diet. The bladder catheter was flushed on the first day

after surgery with chloramphenicol. Vascular catheters were

flushed every 2 or 3 d to maintain patency. During the recovery

period, the animals were placed in a wire restrainer in the study

room for at least 2 h on at least three occasions to allow them

to become acclimatized to the study conditions. The animals

were noticeably more calm after several training sessions,

frequently falling asleep during the experiments. However, it

remains possible that some of the differences between groups

could have reflected differences in response to restraint.

Physiologic studies in adult offspring. The animals were

21.06 0.4 wk of age at the time of study. To make physiologic

measurements, the rat was placed in a wire restrainer in the

study room. Urine was allowed to drain continuously from the

bladder catheter into a tube throughout the experiment. Mean

arterial pressure was measured through the arterial catheter

using a pressure transducer (Statham, Oxnard, CA, U.S.A.)

connected to a polygraph (Grass Instruments, Quincy, MA,

U.S.A.), and a reading was taken after at least 30 min, once the

pressure had stabilized. Arterial pressures were always mea-

sured between 0600 and 0900 h. After the pressure measure-

ment, a blood sample (0.5 mL) was taken from the arterial

catheter. Microhematocrit and plasma protein were measured,

and the remainder was placed on ice in a tube containing

sodium EDTA, centrifuged at 4°C, and the plasma was frozen

at 220°C until analysis for plasma renin activity. Inulin (Sig-

ma Chemical Co.) and PAH (Sigma Chemical Co.) in 5%

dextrose were given i.v. as a bolus (0.45 mL containing 56 mg

inulin and 5.6 mg PAH) followed by a continuous infusion

(0.024 mL/min of 74 mg/mL inulin and 7.4 mg/mL PAH)

throughout the rest of the experiment. At least 60 min after

beginning the inulin/PAH infusion, urine was collected in a

series of three or four successive 20-min clearance periods,

with a blood sample (0.5 mL) taken at the midpoint of each.

Blood was collected in sterile heparinized syringes. Urine

volume was determined gravimetrically. After centrifuging the

blood and removing the plasma, the red cells were resuspended

in an equivalent volume of saline and returned to the animal.

The plasma was frozen at 220°C for later analysis.

Stereology and histopathology. When all experiments were

completed or when the instrumentation was no longer func-

tional, the rats were killed with a commercial euthanasia

solution (Euthasol). The left kidney was fixed in 2% parafor-

maldehyde, 2.5% glutaraldehyde in 0.1 M phosphate. The

number of glomeruli was estimated by the disector technique

(24). Briefly, this technique consists of a three-dimensional

counting rule using pairs of parallel section planes separated by

a known distance, h. The glomeruli are counted if they are

present in an unbiased counting frame on one plane (the

reference plane) but not on its partner (the look-up plane). The

disector alone generates number of glomeruli per volume

kidney tissue (number density). In consequence, the number

density is multiplied with the total volume of the kidney

(reference volume) to obtain the total number of glomeruli.

Specifically, the fixed kidney was cut in 2-mm thick horizontal

slices and approximately five slices were systematic, uniformly

random sampled (25, 26). The first slice to be sampled was

randomly chosen to be either 1 or 2. Then the slices were

sampled with a sampling periodicity of two: e.g. 1, 3, 5, 7, etc.

The sampled sections were embedded in Technovit (Heracus

Kulzer GMBH, Wehrheim, Germany). From the approximate

center of each tissue slice, three 15-mm thick sections were cut

on a Leica RM 2165 vibratome and stained with PAS and

hematoxylin. The first and third sections were used for glo-

merular number estimation. The glomeruli disappearing from

the first section to the third section and vice vera were counted,

SQ2 (25), using an Olympus BH-2 microscope connected to a

monitor by the use of a CCD video camera (Sony VCC 400P).

The total number of glomeruli, N(glo), in a kidney was esti-

mated as:

N(glo)5 [OQ2/(2phpOa)]pKW
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where h is the height of the disector (30 mm), Sa is the total

area of the kidney on sampled sections, and KW is the kidney

weight converted to a kidney volume (1 g ~ 1 cm3). The

sampling variance or coefficient of error of this stereologic

technique was estimated to be 5.2%. The average volume of

individual glomeruli, v#(glo), was estimated by

v(glo)5 Vv(glo/kid)3 KW/N(glo)

where VV (glo/kid) is the volume density of glomeruli in the

kidney, estimated by point counting.

The right kidney was fixed in 10% phosphate-buffered for-

malin for a minimum of 48 h. Transverse sections through the

central portion of each kidney were processed through graded

alcohols and xylenes, and then embedded in paraffin. Sections

(5mm) were stained with hematoxylin and eosin, periodic

acid-Schiff (with prior diastase treatment), or silver and exam-

ined on a Leica DMLB microscope for evaluation of renal

pathology.

Analytical measurements. Inulin in plasma and urine was

assayed by a modification of the method of Waugh (27) after

deproteinization with zinc sulfate. PAH was assayed on the

same samples using the method of Brun (28). GFR was

calculated as the renal clearance of inulin [GFR 5 (Uin/Pin) 3

V], where Uin and Pin are the urine and arterial plasma inulin

concentrations respectively, and V is the urine flow rate. ERPF

was calculated as the renal clearance of PAH. The values

obtained for the three or four clearance periods were averaged

to give a single value for each animal. Plasma protein was

measured by refractometry (National Instrument, Baltimore,

MD, U.S.A.). Plasma renin activity was measured by RIA

using a kit from New England Nuclear.

Statistical analysis. The data are expressed as means 6 SE.

Data for the two groups were compared using an unpaired t

test. Statistical significance was assumed with a value of p ,

0.05 or better. Tissue renin mRNA levels in the neonatal period

were compared by two-way (diet 3 age) ANOVA.

RESULTS

Effects of maternal protein restriction on the newborn

intrarenal RAS. Figure 1A depicts a representative Northern

blot for renin mRNA. The kidneys of pups from LP mothers

demonstrated decreased expression of renin compared with

those of pups from NP mothers. Figure 1B shows these data

graphically. The down-regulation of renal renin mRNA expres-

sion was sustained at least through d 5 of postnatal age. There

were no significant differences in renal angiotensinogen or

ACE mRNA levels (data not shown).

Representative renin immunostaining in kidneys of 1-d-old

offspring of mothers on normal and protein-restricted diets

during pregnancy is shown in Fig. 2. Immunostaining is visible

in the afferent arteriole of the normal pup (upper panel),

whereas the kidney of the LP pup has virtually no renin

immunostaining evident (lower panel). Renal tissue renin con-

centration was also reduced in LP pups (0.94 6 0.05 ng

AI/mg/h, LP versus 1.34 6 0.07 ng AI/mg/h, NP, p , 0.005).

Renal tissue ANGII levels were also significantly reduced in

1-d-old newborn offspring of protein-restricted mothers com-

pared with controls (0.079 6 0.002 ng/mg tissue, LP versus

0.146 6 0.016 ng/mg tissue, NP, p , 0.01).

Effects of maternal protein restriction on growth in the

offspring. Birth weights were significantly lower in offspring

of protein-restricted mothers (5.49 6 0.20 g, LP versus 6.34 6

0.07 g, NP, p , 0.00005, n 5 21 LP litters and 29 NP litters),

although the number of pups per litter was not different (10 6

1, LP versus 11 6 1, NP). The kidney-to-body weight ratio at

Figure 1. Renal renin mRNA in 1- and 5-d-old rat offspring of mothers

maintained on NP (19%) or LP (8.5%) diets during pregnancy. (A) Represen-

tative Northern blot, 10 mg total RNA/lane. Blot was hybridized with a

full-length rat renin cDNA probe and with a GAPDH probe. (B) Relative

densitometric values normalized to GAPDH. Solid bars, NP diet; shaded bars,

LP maternal diet. Mean 6 SE. n 5 7 per group, * p , 0.05 compared with

control.
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birth was reduced from 0.970 6 0.033% (NP) to 0.760 6

0.014% (LP)(p , 0.0003), indicating specific impairment of

fetal renal growth. Body weights at weaning were not signif-

icantly different in the two groups (70 6 4 g, LP versus 69 6

3 g, NP). Adult body weights at the time of study were also not

different (435 6 17 g, LP versus 445 6 22 g, NP). In adult

animals, total kidney weight (3.19 6 0.17 g, LP versus 2.85 6

0.20 g, NP) and the kidney-to-body weight ratio (0.697 6

0.017%, LP versus 0.658 6 0.019%, NP) were not signifi-

cantly different.

Effects of maternal protein restriction on physiologic vari-

ables in the offspring. Hematocrits were higher in offspring of

protein-restricted mothers (46 6 1%, LP versus 41 6 1%, NP,

p , 0.02), but plasma protein levels were not significantly

different (6.7 6 0.1 g/dL, LP versus 6.5 6 0.1 g/dL, NP).

Arterial pressures and renal hemodynamics in adult offspring

of rats fed normal or protein-restricted diets during pregnancy

are shown in Figure 3. Mean arterial pressure was significantly

increased by an average of 10 mm Hg in offspring of protein-

restricted mothers compared with controls (p , 0.00007).

Absolute GFR tended to be reduced (by an average of 11%),

although this did not reach statistical significance, and ERPF

was also not significantly different. However, the GFR normal-

ized to kidney weight was significantly reduced in LP (1.09 6

0.08 mL/min/g, LP versus 1.29 6 0.04 mL/min/g, NP, p ,

0.04). The mean filtration fraction was not different. Plasma

renin activity was not significantly different between the two

groups (6.1 6 0.9 ng ANGI/mL/h, LP versus 6.6 6 1.4 ng

ANGI/mL/h, NP).

Effects of maternal protein restriction on renal structure in

offspring. The total number of glomeruli and glomerular vol-

ume are shown in Figure 4. Total glomerular number was

significantly reduced by 25% in adult offspring of protein-

restricted mothers (21,5676 1,694, LP versus 28,9176 2,342,

NP, p , 0.03), and the average glomerular volume was

increased (1.81 6 0.16 106 mm3, LP versus 1.11 6 0.10 106

mm3, NP, p , 0.005), such that the total volume of all

glomeruli per kidney was not significantly different.

Figure 2. Top: Renal cortex of a 1-d-old newborn rat whose mother was on

a NP (19%) diet during pregnancy. Renin immunostaining is seen in the

afferent arteriole (original magnification 3300). Bottom: Renal cortex of a

1-d-old newborn rat whose mother was on a LP (8.5%) diet during pregnancy.

Virtually no immunostaining is evident in the kidney after perinatal protein

restriction (original magnification 3300).

Figure 3. Arterial pressure and renal hemodynamics in adult male rats

exposed prenatally to NP (19%) and LP (8.5%) maternal diets. Mean 6 SE, n

5 9 per group. *p , 0.05 compared with control.
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Sections of the formalin-fixed, paraffin-embedded kidneys

were examined in detail to determine whether there were

differences in pathology between the two treatment groups at

the light microscope level. Evidence of tubular atrophy, cyst

formation, interstitial inflammation, and fibrosis was present in

small, patchy areas in the kidneys from both groups without a

difference in frequency. There was no significant glomerulo-

sclerosis or arteriosclerosis in either group.

DISCUSSION

This study shows that moderate maternal dietary protein

restriction during pregnancy results in reduced birth weight and

suppression of the newborn intrarenal RAS, followed by a

decreased number of glomeruli, decreased renal function

(GFR/kidney weight), and increased arterial pressure in adult-

hood. These findings support a possible mechanism by which

the perinatal environment could “program” the individual for

increased cardiovascular risk later in life.

We have hypothesized that factors in the perinatal environ-

ment that suppress the RAS in the developing fetus/newborn

lead to impaired renal development and fewer nephrons at

birth, in turn leading to adult hypertension. This could provide

a mechanistic link between maternal environmental factors,

particularly dietary factors, and the development of hyperten-

sion and related cardiovascular diseases in adulthood (11). To

substantiate this hypothesis, two goals must be accomplished:

1) it must be shown that all of these factors are present in a

single physiologic model, and 2) a cause-and-effect relation-

ship must be established among the various factors.

The present work addresses the first of these two goals. In

offspring of protein-restricted mothers, we found that intrarenal

renin mRNA, renin concentration, and immunostaining for

renin are decreased during a critical period in nephron devel-

opment. The ultimate result appears to be reduced intrarenal

ANGII levels during nephrogenesis, which would lead to

aberrant renal development in LP animals. In considering the

potential roles of the RAS in these models of hypertension, it

is important to distinguish between RAS activity in adulthood

and that during the critical window of development in which

nephrogenesis occurs (from approximately mid-gestation to

about 10 d after birth in the rat (29)). It is likely that the RAS

plays two essentially separate roles in mediating the hyperten-

sion, one during the developmental period in setting the total

nephron endowment, and a second during adult life in regulat-

ing the blood pressure around its preprogrammed set point. It

is also important to distinguish between the circulating and

intrarenal RAS, which do not necessarily change in parallel. It

is the intrarenal RAS that is thought to be most important in

causing structural changes involved in long-term physiologic

regulation. Consistent with our findings in adult offspring in the

present study, others have reported no significant differences in

the circulating RAS in adult offspring of modestly protein-

restricted mothers compared with controls (30). Offspring of

rats that were protein restricted throughout pregnancy have

normal plasma renin activities (PRAs) but reduced plasma

ANGII levels at 4 wk of age (31). Although this is beyond the

window of nephrogenesis, it does suggest that the circulating

RAS may be suppressed in early life in these animals. How-

ever, the present study is the first to examine the intrarenal

RAS in the immediate postnatal period in this model. We

found suppression of renal renin mRNA and renin concentra-

tions as well as renin immunostaining, and reduced tissue

ANGII levels during this critical developmental window, thus

supporting our overarching hypothesis. Further support is pro-

vided by the recent finding that the intrarenal RAS is also

suppressed in fetal sheep with placental insufficiency, another

model of intrauterine malnutrition (32).

Using unbiased techniques, we also found that the number of

nephrons in the offspring was reduced in this rat model of

maternal protein restriction. This finding is in general agree-

ment with results of previous studies in which maternal intake

was more severely restricted and which used less reliable

techniques to estimate glomerular number (33–35). The impor-

tance of using unbiased, stereologic techniques in renal re-

search has recently come to the forefront (36). We show here

that even modest maternal protein restriction causes a 25%

decrease in the number of nephrons in the offspring.

We also found that modest maternal protein restriction to

8.5% protein (9% casein) throughout gestation resulted in adult

male offspring with a conscious, resting mean arterial blood

pressure that is ~10 mm Hg higher than controls. In support of

this finding, lambs born to sheep that were nutrient-restricted

early in pregnancy have elevated blood pressures (37). Langley

Figure 4. Glomerular number and volume in adult male rats exposed

prenatally to NP (19%) and LP (8.5%) maternal diets. Mean 6 SE, n 5 6 per

group. *p , 0.05 compared with control.
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and Jackson (10) have reported that female offspring of rats

that were protein-restricted (either 6% or 9% casein) during

pregnancy have an increased systolic blood pressure at 9 wk of

age (22 mm Hg and 16 mm Hg, respectively) that was still

significantly increased at 21 wk. In contrast, Holemans et al.

(38) have recently found no hypertension in adult female

offspring of rats that were food restricted during the second

half of pregnancy. Thus, the effects of modest or severe

maternal food or protein restriction on offspring blood pressure

remain somewhat controversial. Nevertheless, our present

work shows that a reduced number of glomeruli and hyperten-

sion co-exist in the same animal model, one in which maternal

protein intake in pregnancy was only modestly restricted, and

in which the intrarenal RAS was shown to be suppressed

during development. Thus, the results of the present study

demonstrate that all of the necessary factors that play a role in

our overarching hypothesis (newborn RAS suppression, re-

duced number of nephrons, and adult hypertension) are present

together in this physiologic model.

Our previous work and that of others have addressed the

second of the above goals, that of establishing a cause-and-

effect relationship among the above factors. A variety of recent

studies using gene targeting (39–42) and pharmacological

approaches (43–46) have demonstrated the importance of the

RAS for normal renal development. We have recently ex-

tended these findings to show that pharmacologic blockade of

the RAS during the developmental period has long-term effects

on physiologic regulation of arterial pressure and renal func-

tion (11). Specifically, we found that blockade of the ANGII

AT1 receptor during the first 12 d of postnatal life resulted in

a reduced number of glomeruli, reduced renal function, and

increased arterial pressure in adult animals (11). Importantly,

the period of RAS blockade we used in those studies corre-

sponded closely to that in which suppression of the intrarenal

RAS was seen in the present work. Furthermore, the magni-

tudes of the differences in glomerular number, GFR, and

arterial pressure were also comparable to those seen in the

present study in which the neonatal RAS was physiologically

suppressed. Thus, the perinatal RAS plays a critical role in

long-term physiologic regulation. Moreover, the timing of

physiologic RAS suppression in this present model of protein

restriction would appear to be sufficient to account for the

subsequent derangements in renal structure and function, and

arterial pressure that occur.

To lend further support to our overarching hypothesis, it is

also important to establish a cause-and-effect relationship be-

tween a reduced nephron endowment from birth and adult

hypertension, a relationship that has been proposed by Brenner

and colleagues (47). To address this question specifically, we

uninephrectomized rat pups within the first 24 h of postnatal

life (12). This degree of reduction in nephron number from

birth caused a clear increase in mean arterial pressure in

adulthood, similar to that seen in the perinatally protein-

restricted animals in the present studies. Thus, we have also

previously established a cause-and-effect relationship between

a reduced number of nephrons from birth and adult

hypertension.

In the present study, GFR tended to be reduced in offspring

of protein-restricted mothers, although the difference was sta-

tistically significant only when normalized for kidney weight.

This probably represents a true decrease in GFR, one that is

physiologically significant but too small to be detected given

interanimal variability and the sensitivity of methods for mea-

suring GFR. This average fall in GFR of 11%, coupled with the

average reduction in glomerular number of 25%, suggests that

the remaining nephrons have increased their individual GFR by

~20%. Both the increased glomerular volume and the increased

GFR per nephron in offspring of protein-restricted mothers are

consistent with the well-known structural and functional re-

sponses to a reduction in total number of nephrons. These

responses may, over the long term, contribute to hypertension

and the progression of renal disease (48, 49).

Other investigators have hypothesized a role for glucocorti-

coids in programming for offspring hypertension, based on

several pharmacologic studies (50–53). The fetus is normally

protected from the effects of maternal glucocorticoids by a

placental enzyme, 11bhydroxysteroid dehydrogenase

(11bHSD), which inactivates them before they reach the fetus.

The activity of this enzyme is reduced in placentas of protein-

restricted rats (54), and it is thought by some that this reduced

activity of 11bHSD in protein-restricted mothers allows expo-

sure of the fetus to maternal glucocorticoids, which in turn

program the fetus for hypertension. The relationship between

increased exposure to maternal glucocorticoids and suppres-

sion of the fetal/newborn intrarenal RAS in programming for

offspring hypertension is not clear. However, reported interac-

tions among glucocorticoids, the intrarenal RAS, and nephro-

genesis (55, 56) suggest that maternal glucocorticoids could

provide a signal for suppression of the intrarenal RAS in the

present rat model. Further studies are needed to examine this

possibility.

In summary, the present study shows that in a single phys-

iologic model, modest maternal dietary protein restriction

causes suppression of the intrarenal RAS in the developing

offspring, as well as a reduced number of nephrons and hyper-

tension in adulthood. Taken together with our previous find-

ings, these new data provide strong evidence that alterations in

the RAS and a resulting impairment of renal development

provide a mechanism by which the perinatal environment

programs the individual for deranged physiologic function, and

in particular hypertension, later in life.
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