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The lack of impact of peri-implantation or late
gestation nutrient restriction on ovine fetal renal
development and function
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Unbalanced nutrition during critical windows of development is implicated in determining the susceptibility to hypertension and cardio-
vascular disease in adult life, but the underlying mechanisms during fetal life have not been fully elucidated. We investigated the effects
of moderate nutritional restriction during critical windows in gestation on late gestation fetal sheep growth, cardiovascular and renal renin-
angiotensin system function. Ewes were fed 100% nutrient requirements (control), or 40-50% nutrient requirements during the peri-
implantation period (1-31 days gestation (dGA), P140 and PI50), or 50% nutrient requirements in late gestation (104-127 dGA). At 125 =2
dGA, fetal cardiovascular and renal function were measured at baseline, and during frusemide, angiotensin II (Ang II), phenylephrine and
hypoxia challenges. Maternal undernutrition had no effect on fetal biometry, kidney weight, nephron number, basal cardiovascular function or
cardiovascular and renal responses to frusemide. Fetal blood pressure response to Ang II was blunted in PI50 (2< 0.05), but not in PI40
groups. There was no difference between groups in the cardiovascular or endocrine response to hypoxia. The lack of effect of moderate
undernutrition within key developmental windows of fetal kidney development on fetal renal structure and function suggests that renal
mechanisms do not underlie our previous observations of cardiovascular dysfunction in adulthood following early-life undernutrition.
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Introduction reduced nephron number and has previously been associated
with hypertension.'?
Recently, we demonstrated that a 50% reduction in

maternal nutrition for the first 31 days of gestation (dGA;

Cardiovascular disease (CVD) is the biggest cause of death in
the West, accounting for about 35% of all deaths in the
United Kingdom.1 Low birth weight and thinness at birth,

. L ) . . eri-implantation) resulted in cardiac hypertrophy and
which can originate 7 utero as a result of inadequate nutri- P P ) P phy

. . . 1 .
. . . . P altered cardiovascular function in adult sheep. 3 Interestingly,
tion, have been associated with later coronary heart disease,

type 2 diabetes and related conditions (e.g. hypertension).>®
In adults who were 7 utero at the time of the Dutch Winter
Famine (an abrupt-onset 5-month period of malnutrition
from 1944 to 1945), exposure during early gestation was

this coincides with a period of gestation when a single dose
of the synthetic glucocorticoid dexamethasone led to hyper-
. . 14
tension and decreased nephron number in adult sheep.
Late gestation nutrient restriction has been found to increase
. o A . 7 blood pressure and responsiveness to increasing doses of
associated with increased incidence of coronary heart disease, ) . L 15
angiotensin II (Ang II) in singleton fetuses.”” In rats, a gesta-
. .1 1 . . . .
tional protein'® or global'” restricted diet reduced kidney size,
impaired nephron development and altered cardiovascular
control in adult offspring. The timing of intrauterine nutrient
restriction is likely to be critical in inducing this effect, as even

whereas exposure to famine in mid-gestation was associated
with microalbinuria in adults, possibly indicative of hyper-
filtration injury as a result of having fewer nephrons.8
Hypertension has been linked to impaired kidney develop-

ment, and a decrease in nephron number may mediate the . . . .
early gestation nutrient restriction affects cardiovascular func-

tion in rodent offspring.'®° However, to date this has not been
tested in relatdon to renal development and function during
fetal life. Thus, the aim of the present study was to investigate in

effects of poor in wutero nutrition on later cardiovascular
dysfunction.9 In humans, reduced glomerular number and
increased glomerular size in adults and children have been
associated with low birth Weight.lo Thinner mothers have

. . 1 1. . . sheep, the relative effects on cardiovascular control and renal
fetuses with sausage-shaped kidneys,” " which is suggestive of

development/function in late gestation singleton fetuses of

- maternal undernutrition in the peri-implantation (spanning the
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key early stages of kidney development of giant glomerulus,
mesonephros and metanephros formation®') and in late
gestation (in a phase of rapid fetal growth coinciding with the
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Fig. 1. Plan of studies to show timing of maternal dietary restrictions (filled grey bars), surgery, experiments and postmortems in days (d)
gestational age (where term is 147 d) for studies 1 and 2. C1 and C2, control groups; PI50 and PI40, peri-implantation restriction to

50% and 40% control, respectively; and L, late gestation restricted.

final phase of nephrogenesis) developmental windows.
Sheep, like humans, develop the full complement of glomeruli
prenatally,”? and no significant nephrogenesis occurs after
120 dGA (term 145 days).*® The intensity of the undernutrition
challenges was based on previous sheep experiments™*2® and
the modest effects of the 50% peri-implantation challenge
intensity led us to increase its intensity in year 2.

Methods

All procedures were carried out with the approval of the local
ethics board and in accordance with the UK Animals (Scientific
Procedures) Act, 1986.

Animals and study design

Two studies were performed over two sheep-breeding seasons on
singleton fetuses, as confirmed by a mid-gestation ultrasound
scan. In both studies, Welsh Mountain ewes from a single
supplier, of uniform body condition score [BCS (2.0-3.0) units,
based on a 5-point scale]*” and age, were randomized to control
or diet-restricted groups, housed individually on wheat straw
and fed a complete pelleted diet with free access to water [89.2%
dry matter as fed providing 10.7 MJ/kg dry matter (metaboliz-
able energy) and 14.8% protein] from —16 dGA (provision
adjusted to gestational age).28 As measured in study 2, animals
acclimatized to the consumption of their full raton after
4-5 days. Oestrous was synchronized by withdrawal of a vaginal
medoxyprogesterone acetate impregnated sponge (Veramix,
Upjohn Lid, Crawley, UK) at —2 dGA, 14 days after insertion.
One of two twin rams (randomly assigned) was introduced for
2 days, and 0 dGA was taken as the first day that an obvious
raddle mark was observed. At —16, —2, 29, 70, 104 and
111 dGA, ewes were weighed and BCS was scored. Maternal
blood samples [36ml (~ 1% blood volume) onto chilled
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1%° were taken

ethylenediaminetetraacetic acid (EDTA) tubes
from the jugular vein at 29 dGA.

In study 1, control animals (C1, =9, two male fetuses,
seven female fetuses) were fed 100% of their nutrient
requirements. Peri-implantation nutrient-restricted animals
(P150, # = 10, five male fetuses, five female fetuses) were fed
50% of their nutrient requirements from 1 to 31 dGA, and
100% at all other times (Fig. 1). In study 2, control animals
(C2, =9, five male fetuses, four female fetuses) were fed
100% of their nutrient requirements. Peri-implantation
nutrient-restricted animals (PI40, » =9, five male fetuses,
four female fetuses) were fed 40% of their nutrient require-
ments from 1 to 31 dGA, and 100% at all other times. Late
gestation nutrient-restricted animals (L, 7 = 6, four male, two
female) were fed 50% of their nutrient requirements from
104 dGA until postmortem at 127 dGA, and 100% at all
other times (Fig. 1). During the period of peri-implantation
restriction, the change between —2 and 29 dGA in maternal
weight (C1 ». PI50, 0.6 20.4 ». —0.9 = 0.4kg, P<0.05;
C2 ». P140, 2.4 £ 0.8 v. —0.4 = 0.4kg, P<<0.01) and BCS
(Cl1 ». PI50, 0.00 = 0.00 2. —0.03 = 0.04 units (not significant);
C2 v. PI40, 0.08 = 0.08 ». —0.28 = 0.07 units, 2<<0.05) was
significantly different in PI groups compared with their
control groups.

Surgical preparation and care

At approximately 117 dGA, anaesthesia was induced with 1g
thiopental sodium BP 72. (10 ml, 0.1 g/ml, Link Pharmaceuticals,
UK) and maintained with 2% halothane (Concord Pharmaceu-
ticals Laboratory Ltd, UK) in O, (1 I/min). Saline-filled polyvinyl
catheters (Portex Ltd, Hythe, UK) were inserted into the fetal
carotid and femoral artery, femoral vein, trachea, amniotic
cavity and bladder, and the maternal jugular veins. Ultrasonic
flow probes (Transonic Systems Inc., Ithaca, NY, USA) were
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placed around the uncatheterized carotid and femoral arteries,
and stainless-steel electrodes were placed on the parietal cortex
for fetal electrocorticogram (ECoG) recording. Uterine and
abdominal incisions were closed and catheters were exteriorized.
The vascular catheters were heparinized (fetal, 50 U/ml; ewe,
100 U/ml heparin, Leo Laboratories Ltd, Princes Risborough,
UK in 0.9% NaCl saline).

At surgery, antibiotics were administered to the: 1) ewe —
oxytetracycline hydrochloride (Terramycin, Pfizer, Eastleigh,
Northants, UK) topically to incision sites; 150 mg/kg amox-
icillin 7.m. (Betamox Norbrook Laboratories Ltd, UK); 600 mg
Crystapen zv. (Britannia Pharmaceuticals Ltd, Redhill, Surrey,
UK); 40 mg Gentamicin 7.v. (Mayne Pharmaceuticals Plc, Royal
Leamington Spa, Warickshire, UK); 2) fetus — 300 mg Crysta-
pen zv.; and 3) amniotic cavity — 300 mg Crystapen and 40 mg
Gentamicin. Gentamicin doses were repeated on post-operative
days 1 and 2, and half doses of Crystapen were administered
daily for 4-5 post-operative days. Vascular and amniotic
catheters were flushed daily with heparinized saline, and vascular
catheters were kept patent with a contnuous infusion (fetal,
0.01 ml/h; ewe, 1ml/h). During the 5-day post-operative
recovery period, there was no difference in the proportion of
food refused (as a fraction of ration offered) between control and
peri-implantation groups in studies 1 or 2 (CI, 0.57 % 0.06;
PI50, 0.54 = 0.07; C2, 0.47 = 0.07; PI40, 0.48 = 0.04). In
study 2, the proportion of food refused in the post-operative
recovery period was significantly greater in both control and
peri-implantation groups compared with the late restriction

group (L, 0.19 =0.04 ». C2, P<<0.01 and PI40, 2<<0.001).

Fetal monitoring

Fetal carotid artery, amniotic and tracheal pressures (Capto AS,
N-3193, Horten, Norway/NL 108, Digitimer Ltd, Welwyn
Garden City, Herts, UK), ECoG (NL 100/104/125), and car-
otid and femoral arterial blood flow (TS420, Transonic Systems
Inc., Ithaca, USA) data were captured (sampling rate 100
samples per second during the phenylephrine challenge and at
40 samples per second at all other times, Maclab/8, ADInstru-
ments Pty Lid, Castle Hill, Australia) and recorded (Chart,
ADInstruments, Chalgrove, Oxon, UK).

Experimental procedures

Following at least 5 days of recovery from surgery, fetuses were
studied on 2 consecutive days between 123 and 126 dGA.
Cardiovascular variables, and tracheal pressure and ECoG
activity (indices of fetal breathing and behavioural state) were
measured continuously during baseline and in response to a
number of challenges (experimental order was not randomized).

Ang II challenge

Increasing bolus 7.2. doses of Ang II (0, 1, 2.5, 5 and 10 pg,
Sigma-Aldrich Co, UK, dissolved in 2 ml sterile saline) were
administered during high-voltage ECoG activity, with at least
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30 min recovery period between each dose to allow cardio-
vascular variables to return to baseline.

Frusemide challenge

Cardiovascular variables were measured continuously before
(1h) and after (90 min) a bolus of frusemide (20 mg in 2 ml,
Phoenix, Pharmacia, UK) or saline vehicle to the fetus (z.2.).
Fetal urine was collected over 30 min intervals throughout the
protocol. Fetal blood (0.25 ml) was collected at —45, 15, 45
and 75 min for nutrient and metabolite analysis with a blood
gas analyser (ABL735, Radiometer Limited, Crawley, UK),
and at intervals (7 ml at —45 min, 2 ml at 45 min and 6 ml at
45 and 75min) for hormone measurement into chilled
EDTA and lithium heparin (Lhep) tubes.

Phenylephrine challenge

Sheep were administered a bolus (75 g i.v., in 2 ml of saline)
of the a-adrenergic agonist phenylephrine (Sovereign Medi-
cal, Essex, UK), and cardiovascular variables were monitored
until they returned to baseline.

Hypoxia challenge

In study 2 only, fetal oxygenation was altered by manipula-
tion of maternal-inspired medical air, N, and CO,.”° A
30 min normoxia control period (44 1/min air) was followed
by 30 min fetal hypoxia (arterial partial pressure of oxygen
[P,O,] to ~ 13 mmHg) by reducing maternal-inspired oxy-
gen faction (inspirate, 141/min air, 221/min N,, 1.21/min
CO,), and a 30 min normoxia recovery period (44 [/min air).
Fetal cardiovascular parameters were measured continuously
throughout the protocol. Fetal urine was collected over
30min intervals throughout the protocol. Fetal urinary
sodium (Na*) and fetal blood (0.25 ml, at —15, 5, 15, 30, 60
and 90 min) nutrients and metabolites were analysed with a
blood gas analyser (ABL735, Radiometer Limited, Crawley,
UK). Additional fetal blood was collected at intervals into
chilled EDTA and Lhep tubes (6 ml at —15, 30 and 60 min,

3 ml at 15 min) for hormone measurement.

Plasma hormone analysis

All blood samples were centrifuged for 10 min at 3000 rpm
and plasma aliquots were stored at —80°C.

Cortisol (single measurement) was determined in 10l
plasma by a solid-phase, competitive chemiluminescent
enzyme immunoassay [DPC Immulite analyser (LKCO5),
DPC Ltd, Gwynedd, UK]. The lower limit of the assay was
0.2 mg/dl and the interassay coefficient of variation was 8.2%
at 3.0 pg/dl.

Adrenocorticotropin  (ACTH; single measurement) was
measured in 75l plasma using the automated DPC
Immulite system with a sequential immunometric assay
(LKAC5, DPC Ltd, Gwynedd, UK). The lower limit of the
assay was 9 pg/ml and the interassay coefficient of variation
was 3.2% at 105 pg/ml.
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Angiotensinogen was measured in duplicate in plasma (0.5 ml;
P. Masters and F. Broughton Pipkin, University of Notting-
ham). Briefly, angiotensinogen concentration was determined in
the presence of excess exogenous renin utilizing an indirect
radioimmunoassay (RIA) method to measure angiotensin—l.3 !
The intra-assay coefficient of variation was 6.3%.

Plasma renin concentration was measured in duplicate in
plasma (1.5 ml; P. Masters and F. Broughton Pipkin, Uni-
versity of Nottingham). Briefly, plasma renin concentration
was determined in the presence of exogenous angiotensinogen
using an indirect RIA for angiotensin production.’” The
interassay coefficient of variation was 8.4%.

Angiotensin-converting enzyme (ACE) activity was mea-
sured in duplicate in plasma (25 pl) by an enzyme assay. The
method was adapted from™ and validated in both adult and
fetal sheep (plasma and tissue) for plasma/extraction quality
and incubation length.** The intra- and interassay coefficients
of variation were 15.7% and 14.7%, respectively.

Ang II levels were measured in duplicate in plasma (0.5 ml)
using a commercially available RIA (Euria-angiotensin II,
ImmunoDiagnostic Systems Ltd, Tyne and Wear, UK) fol-
lowing its separation from plasma proteins using chromato-
graphy columns (C18 sep-pak; Waters Corporation,
Massachusetts, USA). The intra- and interassay coefficients of
variation were 8.0% and 7.5%, respectively.

Creatinine was measured in duplicate in plasma (0.5 ml)
and urine (0.5 ml) using a commercially available kit (Infi-
nity'™ Creatinine Liquid Stable reagent, Thermo Electron
Corporation, Australia). Briefly, creatinine reacts with alka-
line picrate in the reagent to produce a reddish-colour com-
plex (Jaffe reaction)®” in direct proportion to the creatinine
concentration and is measured spectrophotometrically at
500 nm. The intra- and interassay coefficients of variation
were 4.9% and 8.5%), respectively.

Osmolarity was measured in duplicate in urine (100 pl;
Roebling Micro-Osmometer, Borolabs, UK). Briefly, the
freezing point of urine is measured, and the reduction below
that of pure water is a direct measure of the osmotic con-
centration. The intra- and interassay coefficients of variation
were 5.3% and 7.4%, respectively.

Postmortem

General

Ewe and fetus were killed humanely with 40 ml Z2. pento-
barbitone (200 mg/ml Pentoject, pentobarbitone sodium Ph.
Eur, Animalcare Ltd, UK) at 127 dGA. Under sterile conditions,
total conceptus weight and fetal biometry were recorded, and
fetal organs/placental tissues were removed and weighed.

Kidney preparation

At postmortem, the left fetal renal artery was catheterized in
situ (Portex translucent PVC tubing, 1.D. 0.58 mm, O.D.
0.96 mm, Portex Ltd, UK). The kidney was removed and
1 ml heparin (50001U/ml, Leo Laboratories Ltd, UK) and
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then 1ml papaverine hydrochloride (0.24 mg/ml, Sigma-
Aldrich Co, UK) were injected into the renal artery. The
kidney was perfused (at 50 mmHg) with 50 ml of heparinized
saline (50 U/ml heparin, Leo Laboratories Ltd, Princes Ris-
borough, UK in 0.9% NaCl saline) and then 50 ml of for-
malin (10% neutral buffered, Surgipath, UK). The perfused
kidney was weighed and the length and width were measured
before it was cut in half longitudinally. Both halves were
immersion-fixed for 72 h in formalin and then transferred to
70% alcohol.

To estimate left kidney volume (Cavalieri Principle%),
both halves of the kidney were sliced into 5mm sections
transversally. Every section was viewed with a superimposed
orthogonal grid, and grid points that overlaid kidney tissue
were counted. Kidney volume (Vkid) was then estimated
using the following equation: Vkid = zaP,, where ¢ is average
section thickness (0.5 mm), « is the area associated with each
grid point (0.25 mm?) and P, is the sum of grid points that
overlaid kidney tissue.

For subsequent stereology, every other section of the kidney
was selected with the starting slice selected at random from the
first two. The medulla was removed from the selected slices,
leaving a small portion behind to prevent damage to the cortex.
The slice of cortex was cut into 5 X 5 X 2 mm blocks, and every
10th block was selected with the starting block selected at ran-
dom from the first 10 (9-11 per animal). The selected blocks
were dehydrated, embedded in glycol methacrylate (GMA; JB-4
embedding kit, Polysciences, Germany) and stored at —20°C.

Kidney Stereology
Half of the blocks embedded in GMA were randomly selected
(~5 per animal), trimmed and sectioned completely at 2 wm
thickness with a rotary microtome (R. Jung, Heidelberg).
Every 200th and 210th section was mounted, giving a dis-
ector counting depth of 20 wm (between sections) and
200 pm between pairs (13-24 per animal). The sections were
stained with 1% Toluidine Blue in Borax (BHD, Poole, UK).

The number of glomeruli (as a representative of nephron
number) in the cortex of the kidney was counted with the
physical disector technique,"***® using a light microscope
(Leica DMBL, Milton Keynes, UK; magnification X10).
Glomeruli were counted in four sampling fields per pair of
sections using an unbiased counting frame. A camera lucida
was used to image and record diagrammatically the position
of glomeruli in both the sample section and look-up section
of the disector. Glomerular profiles in the sample section were
counted, but not in the look-up section.

The total glomerular number () was estimated using the
following equation:

n=2x 10 x 2 x 200 X Ps/2Pr x Q—

The number represents the inverse of each sampling frac-
tion (1 out of 2 of the slices; 1 out of 10 of the blocks; 1 out
of 200 of the sections). Ps was the total area of the kidney
sections, Pr was the fraction of the section area used for
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Table 1. Fetal biometry, and body and organ weights

Study 1 Study 2
Cl (n=9) PI50 (= 10) C2 (n=218) PI40 (»=9) L(n=06)

Male:female 2:7 1:1 1:1 5:4 2:1
Conceptus (kg) N/A N/A 4.22+0.09 (7) 421 £0.16 (7) 3.96+0.12 (4)
Body weight (kg) 299%0.13  3.04+0.11 2,91+ 0.08 2.92+0.12 2.80 % 0.16
Placenta weight (g) 353.18 % 17.25 34437 +33.57 (9) 344.97 =20.79 307.73 *+ 14.50 337.59 = 28.51
Fetal to placental weight 8.66 = 0.61 9.41 £0.78 (9) 8.63 £ 0.50 9.57 +0.34 8.46 +0.49
Crown—rump length (cm) 44,94 +1.56 45.77 £ 1.13 44,40 = 0.74 (8) 43.54 +1.04 43.67 +0.78
Abdominal circumference (cm) 31.92 = 1.04 33.92 +1.08 (9) 31.01 = 1.41 (8) 32.94+0.59 32.02*+1.02
Biparietal diameter (cm) 5.47 =0.05 5.57 £0.10 5.70 £ 0.17 (8) 5.63 £0.12 5.72+0.14
Femur length (cm) 8.39 = 0.24 8.23+0.17 8.18 =0.11 (6) 8.06 +0.15 (7) 7.98 £ 0.23 (5)
Shoulder height (cm) 33.19 +0.72 33.96*1.10 33.65+0.84 (8) 33.74 *0.71 33.48 = 1.03
Kidney length (cm) 3.44 +0.11 3.80 =0.16 3.62+0.09 (7) 3.56 = 0.07 3.69 £0.10
Kidney width (cm) 1.73 £ 0.04 1.91 + 0.06* 1.91 = 0.06 (7) 2.03*£0.11 2.00 = 0.07
Kidney volume (cm®) 105+0.68  11.62*0.85 1275+ 0.69 (7) 1274 %057 11.65 + 2.43
As percent of body weight

Right kidney 0.31 £0.02 0.35%£0.01 0.34 +=0.02 (7) 0.34 +0.02 (8) 0.35%0.02

Left kidney 0.31 =0.02 0.35 £ 0.02 0.40 = 0.02 0.39 =£0.02 0.44 +=0.03

Right adrenal 0.012 £0.005 0.007 £0.001 0.006 £ 0.001 0.006 £ 0.001 0.007 = 0.001 (5)

Left adrenal 0.008 £0.001 0.007 = 0.001 (8) 0.008 = 0.001 (7) 0.007 = 0.001 (8) 0.008 £ 0.001

Postmortem measurements at 127 dGA in C, control; P, peri-implantation-restricted; L, late gestation-restricted fetuses.
Values are shown as mean = s.E.M. and were analysed using Student’s #test (study 1) and one-way ANOVA and Bonferroni post hoc tests
where appropriate (study 2). Bracketed numbers indicate 7 different to that given in the column heading. *2 < 0.05 compared to C1, but there

were no other differences between dietary groups in study 1 or 2.

counting glomeruli (2 indicates that counting was performed
in both directions to double the counting efficiency) and
Q— was the actual number of glomeruli counted. Approxi-
mately 150-400 glomeruli were counted for each kidney. The
number of nephrons in one kidney was counted three times
by one individual (blinded to experimental group) to obtain a
coefficient of variation for intra-observer error of 4.5%.

Data analysis and statistics

Fetal ECoG state was assessed by visual discrimination of
traces.””** All cardiovascular variables were averaged over
one-minute periods for analysis. Carotid and femoral artery
vascular resistance were calculated (arterial blood flow/mean
arterial pressure).*!

To calculate the baroreflex sensitivity, the time between two
consecutive R waves in the electrocardiogram (R-R interval) is
plotted against the preceding systolic blood pressure over the
period when blood pressure is increasing. A linear regression is
constructed and the slope is a measure of baroreflex sensitivity
and is expressed in ms/mmHg. The operating point (equivalent
to the EC50 in pharmacology) is the pressure value at which the
half-maximal RR interval response is seen.

Glomerular filtration rate (GFR, ml/min) was calculated
as urine creatinine (g/l) X (urine volume (ml/min)/plasma
creatinine (g/l)).

https://doi.org/10.1017/52040174411000237 Published online by Cambridge University Press

Using SPSS (version 12.0, Chicago, IL, USA), variables
including baseline measurements were compared between
groups by Student’s #-test (study 1) or one-way ANOVA and
Bonferroni post-hoc tests where appropriate (study 2). Changes
in variables over time in response to the challenges were ana-
lysed by repeated-measures two-way ANOVA with Bonferroni
post-hoc tests (using dietary group as a between-subject factor).

The peak response (systolic, diastolic and mean arterial
pressure, heart rate, carotid and femoral flow) to each Ang II
dose was compared between the groups by repeated-measures
two-way ANOVA and a Bonferroni post-hoc test where
appropriate.

Significance was accepted when P<0.05, and data are
expressed as mean £ S.E.M.

Results
Fetal body and organ size

There was no significant difference in fetal body weight, in
major organ weight (brain, heart, lung, liver — data not
shown), nor in kidney weight and adrenal weight. Aside from
a small increase in kidney width in PIS0 compared to
Cl1 groups, there were no other differences in kidney dimensions
or kidney volume between the diet-restricted and the control
groups in either study (Table 1). There was no significant
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Study 1 Study 2
Cl (n=9) PI50 (2= 18) C2(n=9) PI140 (n=9) L(n=06)
pH 7.32 +0.01 7.33 £0.01 7.32 +0.01 7.31 £0.02 7.34 +0.01
pCO, (mmHg) 4223 +1.85 41.68 =2.18 45.47 = 1.83 48.24 +1.09 46.95 +2.52
pO. (mmHg) 20.01 = 1.48 17.28 = 1.45 18.84 = 0.85 18.73 = 1.24 16.72 £1.03
Haemoglobin (g/dl) 7.79 £0.42 7.58 +0.43 8.18 £0.52 9.31 +0.41 9.32 = 0.68
Haematocrit (%) 24.24 +1.28 23.64 = 1.31 25.44 *+1.56 28.87 £1.23 28.95 +2.04
Glucose (mmol/l) 0.83 £0.07 0.90 £0.07 0.98 £0.11 0.97 £ 0.05 0.95*0.13
Lactate (mmol/l) 1.06 = 0.05 1.14 +0.11 1.20 = 0.08 1.56 =0.28 1.55*£0.23
Base excess (mmol/l) —4.35*+1.04 —3.78 = 1.42 —2.71*1.03 —2.03+1.10 —0.90 *+ 1.49
Bicarbonate (mmol/l) 20.30 £0.81 20.75 £ 1.10 21.47 = 0.80 21.83 £0.96 22.77 £ 1.14

C, control; PI, peri-implantation-restricted; L, late gestation-restricted fetuses.
Values are baseline measurements taken before the frusemide challenge (study 1, 123 dGA; study 2, 125 dGA). Values are mean & s.E.M. and
were analysed using Student’s #test (study 1) and one-way ANOVA and Bonferroni post hoc tests where appropriate (study 2). There was no

difference between dietary groups in study 1 or 2.

difference between the dietary groups in glomeruli number
(Study 2 — C2, 326,123 * 40,845; P140, 451,568 = 104,816; L,
460,986 = 88,033).

Baseline measurements

In studies 1 and 2, there was no significant difference between
dietary groups in baseline fetal arterial nutrients and meta-
bolites (Tables 2 and 3), fetal arterial plasma ACTH or
cortisol levels (Table 4), fetal cardiovascular control (Fig. 2),
fetal renal function (Tables 4 and 5) and associated plasma
hormone levels connected to the renin-angiontensin system
[Table 5, and angiotensinogen (C1, 0.38 =0.07; PI50,
0.32 = 0.09; C2, 0.35 + 0.13; PI40, 0.43 = 0.10; L, 0.32 =
0.07 pg Ang I per ml), and ACE (C1, 22.16 * 1.47; PI50,
20.72 =1.89; C2, 14.75 £0.65; PI40, 15.01 =0.93; L,
15.02 = 0.68 nmoles/ml per min)].

Response to Ang II challenge

Fetal heart rate and femoral and carotid artery blood flow fell in
response to Ang II administration to a similar extent in all
dietary groups (maximum decrease from baseline in response to
10 g Ang II: heart rate: C1, 55.92 = 9.02; PI50, 58.86 * 9.48;
C2, 77.42 £8.77; PI40, 54.74 = 9.20; L, 50.60 = 9.39 BPM;
carotid flow: Cl1, 14.46 *4.36; PI50, 15.62*3.15; C2,
23.59 +6.30; PI40, 16.27 =10.39; L, 23.15 * 6.97 ml/min;
femoral flow: C1, 20.07 £2.87; PI50, 14.55=*3.15; C2,
25.15 £ 2.59; PI40, 19.91 £4.90; L, 17.02 * 4.70 ml/min).

Fetal mean arterial pressure increased in response to Ang II.
In study 1 only, the maximum mean arterial blood pressure
response to doses >2.5pg of Ang II were significantly
blunted in peri-implantation (PI50)-restricted fetuses com-
pared with control fetuses (P<<0.05; Fig. 3).
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Response to frusemide challenge

In all animals, following frusemide injection, there was an
immediate (by 5min, 2<<0.05) decrease in femoral artery
blood flow in both studies, and a slower (by 60 min,
P <0.05) increase in heart rate (study 2 only, Fig. 2). These
effects were similar in both the diet-restricted and control
fetuses. There was no effect of saline vehicle on cardiovascular
parameters (data not shown).

Fetal GFR (Study 1: P<<0.1, Study 2: P<<0.01), urinary
flow rate (P<0.001), urinary Na* (P<0.001) and urine
osmolarity (2<<0.01) increased following frusemide admin-
istration, to a similar extent in diet-restricted and control
groups (Table 5).

Fetal plasma renin activity (?<<0.001) and Ang II levels
(P<0.001) increased following frusemide administration, to a
similar extent in control and dietary restricted groups (Table 5).

Baroreflex response

After postmortem, the dose of phenylepherine was calculated
per kg of fetus and there was no difference between the
groups. There was no difference in the sensitivity (Study 1:
C1, 0.008 +0.001; PI50, 0.011 =0.002, Study 2: C2,
0.008 = 0.001; PI40, 0.007 = 0.001; L, 0.008 £ 0.001 ms/
mmHg) or operating point (Cl, 75.94 £2.52; PI50,
70.95 + 1.76; C2, 68.87 = 4.43; PI40, 68.73 =3.43; L,
68.62 = 4.21 mmHg) of the baroreflex between the dietary
groups in either study 1 or 2.

Response to hypoxia challenge (study 2 only)

After 5 min of hypoxia, there were reductions in arterial pO,
(P<0.001), pCO2 (at 5min only, P<0.05), base excess
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Table 3. Fetal blood nutrients and metabolites in response to hypoxia

Time (min) relative to hypoxia challenge C2(n=7) PI40 (n=8) L (n=5)
pH

—-15 7.34 £ 0.01 7.33 £0.02 7.35%0.00

b) 7.34 +0.01 7.33 £0.02 7.35+0.01

15 7.33 £0.01 7.32 £0.02 7.31 = 0.02***

30 7.31 £0.01** 7.30 = 0.02%** 7.31 £ 0.01***

60 7.32 = 0.01*** 7.29 + 0.02%** 7.31 £ 0.01***
pCO, (mmHg)

—15 4474 + 1.47 44,78 £ 1.97 46.32 = 1.65

5 42.59 £ 1.93* 38.91 = 1.81* 4292 +091*

15 39.81 £2.71 43.49 +1.96 49.20 = 1.24

30 4311 +=2.10 42.94+0.72 45,95 +0.88

60 427 +1.59 45+ 1.58 46.85 * 1.04
pO, (mmHg)

—-15 20.09 £0.72 20.56 +1.29 17.36 = 1.04

5 14.49 = 0.80*** 12.6 £ 0.74*** 11.56 = 0.74***

15 13.99 = 0.60*** 12.65 + 0.48*** 13.10 £ 2.36***

30 15.64 = 1.03*** 12.6 + 0.45%** 12.03 = 0.43***

60 22.97 £0.81 19.71 £1.22 46.85 = 1.04
Glucose (mmol/l)

—-15 0.93 £ 0.06 0.9 = 0.06 0.94 = 0.06

5 0.83 = 0.06 0.83 £0.03 0.82 £0.02

15 0.81 £0.09 1.03 £ 0.06 1.08 =0.09

30 0.93 £0.07 1.1 £0.05 1.05 £0.09

60 0.87 £0.07 0.99 = 0.05 1.03 £1.10
Lactate (mmol/l)

—-15 1.09 £0.09 1.15%0.13 1.52£0.12

5 1.27 = 0.15 1.28 £0.20 1.64 = 0.12

15 1.47 £0.10%* 2.3 £0.32% 3.18 = 0.23***

30 2.34 * 0.20%** 3.31 = 0.26*** 4,50 & 0.47***

60 2.09 £ 0.37*** 2.71 £ 0.44*** 3.65 + 0.57***
Base excess (mmol/l)

—15 —1.6+0.92 —226%*1.79 —0.42 *+0.78

5 —3.14 * 0.70** —5.15 £ 1.31** —2.16 £ 0.23**

15 —4,51 +1.87* —3.4+1.70* —1.70 £ 1.03*

30 —4.3 + 1.42*% —5.03 £ 1.27** —3.20 £ 0.63**

60 —4.09 = 1.15* —4.26 = 1.49* —2.95 £ 0.60*
Bicarbonate (mmol/l)

—15 22.44 +0.74 2191 =1.43 23.26 = 0.62

5 20.96 & 0.54*** 19.38 = 1.04*** 21.56 & 0.14***

15 19.94 * 1.44** 20.63 £ 1.33** 21.68 £ 0.80**

30 20.04 = 1.09*** 19.31 = 1.06*** 20.48 & 0.52%**

60 20.51 = 0.92* 20.24 +1.21* 21.03 = 0.53*

In study 2, C2, control; PI40, peri-implantation-restricted and L, late gestation-restricted fetuses.

Values are mean = s.e.M. Data were analysed by repeated-measures two-way ANOVA and a Bonferroni post hoc test
where appropriate (using dietary group as a between-subject factor). *P < 0.05, **2 < 0.01, **P < 0.001 compared to
value at —15 min. There was no difference between dietary groups.

(P<0.01) and bicarbonate (?<0.001) levels. pH decreased
(from 15 to 30 min, 2<<0.001) and lactate levels increased
(from 15 min, 2<<0.001) during hypoxia (Table 3). These
changes occurred to a similar extent in all dietary groups.
Arterial haematocrit and haemoglobin were unaltered during
hypoxia in all dietary groups.
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In all animals, and as expected, hypoxia caused a decrease in
heart rate (by 5min, 2<<0.05) and femoral flow (by 5 min,
P<0.05), and an increase in blood pressure (by 35 min,
P <0.05) and carotid blood flow (by 5 min, 2<C0.05). Femoral
artery vascular resistance increased (by 5min, P<0.05),
but there was no significant change in carotid artery vascular
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Fig. 2. The fetal cardiovascular effects of frusemide (infusion onset at time 0 indicated by dotted line) in control (C1 and C2, open circle,
both »=19), peri-implantation-restricted (P150/40, triangle, both 7z =9) and late gestation-restricted (L, square, 7= 6) groups. Values are
mean = $.E.M. Data were analysed by repeated-measures two-way ANOVA and a Bonferroni post hoc test where appropriate (using dietary
group as a between-subject factor). *P << 0.05 significantly different from baseline (all animals together). There was no difference between

dietary groups in study 1 or 2.

resistance during hypoxia. There was no difference in these
responses between the dietary groups (Fig. 4).

Urine flow rate did not change during hypoxia (Table 4).
Urine osmolarity increased during hypoxia (£<0.01), and
increased further during recovery (P<<0.001) with an
accompanying increase in urinary Na* (P<0.01). There was
no difference in the renal function during hypoxia between
the dietary groups.

Fetal plasma ACTH (£ < 0.001) and cortisol (<< 0.001)
levels increased during hypoxia and recovery (Table 4) to a
similar extent in all dietary groups.
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In all dietary groups, hypoxia had no effect on fetal plasma
renin activity or Ang II levels. There was no significant
difference between dietary groups in the fetal plasma renin
activity or Ang II response to hypoxia (data not shown).

Discussion

Intrauterine nutrition is implicated in the risk of developing
CVD in adulthood.** Changes to the kidney and renin-
angiotensin system (RAS) are key candidate underlying
mechanisms, as disruption in kidney development and/or
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Table 4. The effect of hypoxia on fetal renal function and plasma hormones

Time (min) relative to the onset of hypoxia C2 (n=7) PI40 (n = 8) L(#n=5)
Urinary flow rate (ml/min)

—-15 0.34 £ 0.07 0.58 £0.15 0.41 +0.15

15 0.24 + 0.05 0.46 +0.16 (6) 0.25 = 0.08

45 0.27 =£0.03 0.73 £0.22 0.38 +0.16 (4)

Urinary Na* (mmol)
-15
15
45
Urine osmolarity (mosmol)
-15
15
45
Cortisol (pg/dl)
—15
30
60
ACTH (pg/ml)
-15
30
60

1.63 = 0.35 (9)
2.07 £0.47 (9)
2.64 + 0.54** (9)

183.14 £ 19.77
226.29 £ 27.14**
284.43 £ 17.31***

1.10 £ 0.18
3.59 £ 0.43***
3.30 = 0.80***

28.43 = 3.94
484.44 = 116.91***
220.86 £ 28.11***

2.12+0.31 (9)
1.95*=0.50 (9)
3.32 + 0.46*** (9)

204.63 = 10.02
233.14 = 10.29** (7)
292.50 = 8.10***

1.21 £0.24
4.74 = 0.75%*
3.65 * 0.59***

33.47 £ 9.36
502.96 * 131.56***
186.69 = 45.03***

1.43 = 0.53 (6)
1.26 = 0.61 (6)
2.45 + 0.83*** (6)

177.00 =+ 27.51
251.75 + 22.04** (4)
283.25 + 21.14*** (4)

1.87 £0.52
5.56 = 0.94*** (4)
4.55 = 1.15*** (4)

34.12*+11.36
602.62 = 218.79*** (4)
273.75 = 129.08*** (4)

ACTH, adrenocorticotropin.

In study 2, control (C2), peri-implantation-restricted (PI40) and late gestation-restricted (L) fetuses. Values are mean = s.E.M. Bracketed
numbers indicate 7 different to that given in the column heading. Data were analysed by repeated-measures two-way ANOVA and a
Bonferroni post hoc test where appropriate (using dietary group as a between-subject factor). *P < 0.05, **P2 << 0.01 and ***P < 0.001 compared
to value at —15 min. There was no difference between dietary groups.

function predisposes an individual to hypertension and
increased risk of later CVD. In this study, we found that early
and late gestation maternal undernutrition had no effect on
fetal weight, organ weight, kidney glomeruli number, basal
cardiovascular or baroreflex function during late gestation,
nor was there any effect on fetal RAS in terms of the cardi-
ovascular or renal response to frusemide. However, peri-
implantation nutrient restriction to 50%, but not to 40% of
control, blunted the fetal blood pressure response to Ang II.
There was no difference between groups in the cardiovascular
or endocrine response to hypoxia.

Maternal undernutrition in the peri-implantation period
did not affect basal cardiovascular function or baroreflex
control in late gestation. Previous studies in rodents suggest
that peri-implantation maternal nutrient restriction'” or
short-term embryo culture®® leads to raised postnatal blood
pressure. Previously, we observed in sheep that a 50% peri-
implantation maternal nutrient restriction resulted in cardiac
hypertrophy, altered cardiovascular function'” and an
increase in basal tone and sensitivity of the left internal
thoracic artery to phenylephrine** in adult offspring. The lack
of effect in the present study may reflect the early develop-
mental stage (i.e. fetal) when cardiovascular control was
assessed. Indeed, in sheep 15% of maternal undernutrition in
the first half of pregnancy has been found to elevate blood
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pressure postnatally, % but with no effect®® or even a
decrease” in blood pressure in late gestation. However, in the
present study, peri-implantation maternal nutrient restriction
of 50% blunted the fetal mean arterial pressure response to
higher concentrations of Ang II, which may indicate altered
Ang 1II receptor populations in the peripheral vasculature or
centrally, but this was not assessed in the present study.
Maternal undernutrition in late gestation did not alter
cardiovascular control or blood pressure responses to Ang II.
This contrasts with previous work in which a 50% maternal
nutrient restriction from 115 dGA onwards increased late
gestation fetal blood pressure (115-125 and 135-145 dGA),
and increased (115-125 dGA only) the late gestation fetal
blood pressure response to Ang II associated with elevated
maternal cortisol in Border-Leicester cross Merino ewes.'”
The undernutrition in that study spanned a longer period of
gestation than in the present study (115-145 dGA w.
104-127 dGA), but the observed rise in blood pressure is
nonetheless hard to reconcile with our unaltered baseline
blood pressure and unaltered response to hypoxia, aside from
noting that the Welsh Mountain ewes used in our study are
smaller (ca. 55 ». 50kg), adapted to a harsh highland envir-
onment and may be relatively resilient to undernutrition.
Although there were no obvious trends towards change in the
data, it should be noted that there were fewer animals in this
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Table 5. The effect of frusemide on feral renal function and the renin-angiotensin system

Study 1 Study 2
Time (min) relative to frusemide challenge Cl (n=28) PISO (n=19) C2(n=9) PI140 (n=19) L(n=06)
GFR (ml/min)
—45 421+ 0.41 3.68 +0.37 465+ 0.63 (8) 3.76 * 0.54 3.37 +0.26
45 472047 435+ 0.40 5.12 = 0.61** 4.87 £ 0.67** 4.22 +0.27*
75 4.16+0.52 4.37 +0.45 4.09 +0.39 (8) 4.57 £0.82 (8) 3.53£0.23
Urinary flow rate (ml/min)
—45 0.68 =0.08 0.58 £0.09 0.48 +£0.13 (8) 0.57 £0.12 0.50 £0.11
—-15 0.57 =0.07 0.53 £0.07 0.42 +0.08 0.48 =0.07 0.50 £0.10
15 1.88 = 0.15*** 1.79 £ 0.15*** 1.53 £ 0.12*** 1.91 = 0.16*** 1.54 * 0.13***
45 1.95 = 0.13*** 1.66 £ 0.15*** 1.60 £ 0.17*** 1.91 £ 0.17*** 1.57 £ 0.19%**
75 1.66 £ 0.16*** 1.33 = 0.15%** 1.27 £ 0.20"* (8) 1.49 = 0.16*** (8) 1.31 £ 0.18%**
Urinary Na* (mmol)
—45 1.70 = 0.19 (6) 1.67 £0.12 1.7 = 0.30 1.77 £0.38 1.43+0.2
—-15 1.70 £0.20 1.86 = 0.29 1.75*0.2 1.81 = 0.34 1.38 = 0.18
15 3.85 = 0.05*** 3.76 = 0.08*** 3.71£0.13 3.82 £0.11 3.47 +0.1
45 3.89 = 0.06*** 3.80 = 0.07*** 3.85+0.08 3.92 £0.09 3.57 +0.12
75 3.75 = 0.07*** 3.71 £ 0.11*** 3.36 + 0.43*** 3.82 = 0.11%* 3.16 = 0.16***
Urine osmolarity (mosmol)
—45 130.67 = 12.56 (6) 130.29 £ 6.44 172.00 * 14.68 177.88 £ 29.55 (8) 129.33 + 13.691
—-15 140.38 = 12.07 123.86 £ 5.06 159.00 = 17.31 (8) 167.33 £ 28.43 121.33 £ 11.34
15 248.38 + 3.14*** 228.57 * 9.82*** 242.33 £ 7.24** 238.44 *+ 12.65** 224.50 * 5.00**
45 248.25 + 3.26*** 238.86 & 6.31*** 247.56 * 5.50*** 254.44 + 5,67 227.67 £ 5.56***
75 241.13 + 4.06*** 238.29 + 6.90*** 243.89 + 5.70*** 251.00 = 7.30*** 223.83 £ 7.54***

Plasma renin activity (ng/ml per hour)
—45
15
45
75
Ang IT (pmol/l)
—45
45
75

6.31+1.22 (9)
25.12 % 3.04%* (9)
41.97 = 4.15%* (9)
44.09 = 3.98** (9)

9.66 £ 1.45 (9)
32.98 = 3.05*** (9)
35.37 £2.21** (9)

10.55 * 3.34

29.28 £ 5.51***
46.06 = 8.45***
48.48 = 5.93***

13.16 £ 1.57
41.31 = 7.85%**
41.20 £ 5.55%**

10.34 = 3.00

24.74 £ 5.24*
39.63 £ 6.77***
39.70 £ 6.22%**

15.86 £ 3.19

40.76 £ 7.46™* (8)

40.82 £ 7.01**

9.15£2.48
34.34 + 7.36"**
47.80 = 8.71%**
50.18 £ 8.43***

14.75 +2.23 (8)

33.88 = 5.05***
40.82 = 7.01**

10.16 £ 1.77

34.38 + 8.37***
47.09 = 8.40***
45.39 = 7.93***

16.26 +2.92 (5)
39.35 * 9.58*** (5)
38.29 * 4.90**

C, control; PI, peri-implantation-restricted; L, late gestation-restricted fetuses; GFR, glomerular filtration rate; Ang I, angiotensin II.
Values are mean * s.E.M. Bracketed numbers indicate 7 different to that given in the column heading. For each study, data were analysed by repeated-measures two-way ANOVA and a
Bonferroni post hoc test where appropriate (using dietary group as a between-subject factor). "P<0.1 (trend), *P<0.05, **P<0.01 and **P < 0.001 compared to value at —15 min.
There was no difference between dietary groups in study 1 or 2.
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difference between dietary groups.

group compared with our other dietary groups. In addition,
the greater refusal of dietary ration during the post-operative
recovery period in the control and peri-implantation groups
compared with the late gestation restriction group may have
reduced the possibility of observing any effects of a late
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gestation restriction on cardiovascular parameters. Interest-
ingly, the elevated maternal cortisol observed by Edwards and
McMillen"” soon after the onset of undernutrition, indicative
of a maternal/fetal stress response, coincided with altered
pressor responses to Ang II. We did not measure maternal
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cortisol, but did make our assessment of blood pressure
response to Ang II towards the end (123-126 dGA) of our
late gestation undernutrition challenge period and can only
speculate that any potential initial maternal stress effects on
the cardiovascular system following the onset of under-
nutrition might have already subsided. Late gestation
maternal nutrient restriction had no effect on late gestation
fetal responses to hypoxia, which, taken together with pre-
vious studies in which undernutrition for the first half of
gestation did alter the response to hypoxia,”” highlights that
there are critical windows within which the mechanisms
controlling cardiovascular control (e.g. chemoreflex and
hormone factors*®) are adapted by in utero undernutrition.
In addition to having no effect on late gestation cardio-
vascular control, peri-implantation or late gestation under-
nutrition did not alter kidney size and nephron number, aside
from a small but significant difference between C1 and PI50
in kidney width. However, it is of note that the same peri-
implantation undernutrition led to altered cardiovascular
control in adulthood.'? The lack of effect on blood pressure
and kidney structure in the late gestation restricted group are
consistent with previous studies in sheep fetuses exposed to
prolonged hypoglycaemia during late gestation.*” Previous
studies of low-protein diet throughout gestation in rats have
observed reduced kidney weight and reduced nephron number
h°*>! and without™”® hypertension, or even with lower
blood pressure,” in postnatal offspring. But the timing of

Wit

physiological measurements in relation to the undernutrition
challenge may be crucial. A 50% global nutrient restriction in
the first half of gestation resulted in an ~ 30% reduction in
nephron number, but no change in blood pressure in offspring
at 3 years,”” compared with 11% reduction in nephron number
and increased mean arterial pressure in offspring (majority of
which were twins) at 8-9 months.”® A single dose of the syn-
thetic glucocorticoid, dexamethasone, at 26-28 dGA raised
blood pressure and reduced nephron number in adult sheep.””
Thus, the absence of an effect of peri-implantation under-
nutrition on fetal renal structure and function herein does not
support a role for the kidney in mediating the altered postnatal
cardiovascular phenotype previously reported.’” A key strength
in the present study is the use of classic and robust stereological
assessment of nephron number, but we cannot rule out the
possibility of an impairment of nephron number later in
gestation or even increased susceptibility to postnatal nephron
loss/altered nephron sodium handling,

In conclusion, moderate reduction in maternal nutrition
during the peri-implantation period and in late gestation,
previously shown to be critical periods of development when
undernutrition affects cardiovascular control in adult life, has
no effect on fetal renal structure and function in late gesta-
tion. This does not support the assertion that reduced
nephron endowment at birth is a mechanism linking a poor
in utero nutrient environment to postnatal hypertension,”®
although this mechanism may apply to larger or longer
challenges rather than those used here. The precise role of
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changes in renal development in relation to the Develop-
mental Origins of Health and Disease hypothesis remains to
be established unequivocally.
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