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Antenatal corticosteroids are used to augment fetal lung maturity in human pregnancy. Dexamethasone (DEX) is also used to treat congenital
adrenal hyperplasia of the fetus in early pregnancy. We previously reported effects of synthetic corticosteroids given to sheep in early or late
gestation on pregnancy length and fetal cortisol levels and glucocorticoids alter plasma insulin-like growth factor (IGF) and insulin-like growth
factor binding protein (IGFBP) concentrations in late pregnancy and reduce fetal weight. The effects of administering DEX in early pregnancy
on fetal organ weights and betamethasone (BET) given in late gestation on weights of fetal brain regions or organ development have not been
reported. We hypothesized that BET or DEX administration at either stage of pregnancy would have deleterious effects on fetal development
and associated hormones. In early pregnancy, DEX was administered as four injections at 12-hourly intervals over 48h commencing at
40-42 days of gestation (dG). There was no consistent effect on fetal weight, or individual fetal organ weights, except in females at 7 months
postnatal age. When BET was administered at 104, 111 and 118 dG, the previously reported reduction in total fetal weight was associated with
significant reductions in weights of fetal brain, cerebellum, heart, kidney and liver. Fetal plasma insulin, leptin and triiodothyronine were also
reduced at different times in fetal and postnatal life. We conclude that at the amounts given, the sheep fetus is sensitive to maternal
administration of synthetic glucocorticoid in late gestation, with effects on growth and metabolic hormones that may persist into postnatal life.
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Introduction glucocorticoids reduced fetal weight® and suppressed plasma
insulin-like growth factor-I (IGF-I) concentrations.” How-
ever, there is little information concerning effects on indivi-

dual tissues, especially brain regions, nor on concentrations

The hypothalamic—pituitary—adrenal (HPA) axis fulfills
important functions during fetal development and the tran-

sition to extrauterine life. However, alterations to the HPA .
. . . . . of other metabolic hormones.
axis during fetal life, for example following pharmacological . ..
. . . Although the advantages of synthetic glucocorticoid treatment

treatment with corticosteroids, may affect development and . . . L
are not questioned, there is continuing debate over potental side

effects on growth and neurological development.*™" In  this
study, we have attempted to mimic clinical usage to examine

future health of the individual. In early pregnancy, gluco-
corticoid treatments may be used in cases of suspected

congenital adrenal hyp P l?sm. to prevent masculinization of the effects of treatment protocols involving dexamethasone
the fetus, but there are indications that these treatments may EX) i
affect fetal growth and alter neurological development.'? (DEX) in early pregnancy and repeated betamethasone (BET)

) in late pregnancy on weights of individual fetal organs and

In late gestation, glucocorticoids are given to enhance matura- ' . . .
metabolic hormones. Results presented in this manuscript

tion of the fetus in cases identified as being at high risk of

. . . extend, but do not overlap, information from our previous
preterm birth. However, the diagnosis of probable preterm ’ P> b

. . 6.7,11,12
R . . . reports on related outcomes of these dosing regimens.
birth is imprecise and many cases in which the treatment

is given actually proceed to a term delivery.>” Previously

Methods

we reported that late gestation administration of synthetic

All experimental procedures were approved by the Animal
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Steroid treatments

Details of steroid treatments have been published pre-

6,11-14

viously, and are provided here only in summary.

Glucocorticoid treatment in early pregnancy

Pregnant Merino ewes (Ouis aries) bearing singleton fetuses
were selected at random to receive maternal intramuscular
injections of either saline (control group) or DEX [0.14 mg/kg
ewe weight (Mayne Pharma, Victoria, Australia); treatment
group] given as four injections at 12-hourly intervals over 48 h
on 40-42 days of gestation (dG). All pregnant ewes were
maintained in a field environment with minimal human
contact. No attempt was made to determine the sex of the
fetus before delivery.

Ewes were killed and measurements made at different
time points before or after delivery. For measurements made
before term gestation, pregnant ewes were euthanized at
49-51 (50), 101-103 (101), 125-127 (125) and 140-142
(140) dG with a captive bolt. The lambs were immediately
delivered by cesarean section, killed with an overdose
of pentobarbitone (100 mg/kg, Valabarb, Jurox Pty Ltd,
Silverwater, Australia), and weighed. Maternal (jugular) and
fetal (cardiac at 50 dG or umbilical arterial collection
thereafter) blood samples and tissues were collected. The
blood samples were centrifuged at 1800 g for 10 min at 4°C,
and plasma was collected. Plasma and the tissues were stored
at —80°C.

Other ewes were allowed to deliver their lambs (7 = 23)
spontaneously and were not disturbed until the lamb was
able to stand. The time of birth was recorded and gender
determined. Lambs were weighed within 12h of birth.
At 7 months postnatal age, lambs were weighed and then
euthanized by pentobarbitone infusion into the jugular
vein."! Jugular blood samples and tissues were collected and
stored as described previously'" (Table 1).

Glucocorticoid treatment in late pregnancy
A second cohort of sheep, selected for male fetuses, was
treated as described®'>'* with BET (0.5 mg/kg body weight;
Celestone Chronodose, Schering-Plough, NSW, Australia) at
104 dG (one injection), 104 and 111 dG (two injections) or
at 104, 111 and 118 dG (three injections) or saline (control).
The pregnant ewes were killed by captive bolt after BET at
days 109, 116, 122, 132 and 145. Fetuses were weighed and
killed with an overdose of pentobarbitone. Maternal (jugu-
lar), fetal (umbilical arterial) blood samples and tissues were
collected. Other animals delivered their lambs spontaneously,
and tissues were collected at 6 or 12 weeks of postnatal age.
At that time, body weights were recorded and the lambs were
euthanized by pentobarbitone infusion into the jugular vein.
Venous blood samples were taken and tissues were collected
and stored as described® (Table 1).

We collected and weighed the whole brain including

cerebrum, brain stem (midbrain, medulla oblongata and pons)
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and cerebellum; the right and left hemispheres of the cerebellum
together with the median vermis; both hippocampi; the
pituitary gland using defined landmarks;'® both adrenals; the
heart; both kidneys after removal of the adipose capsule, renal
blood vessels and ureter; perirenal fat; the liver; both lungs;
and the pancreas.

Analytical measures

Plasma IGF-1
Plasma IGF-I in the early treatment group was assayed in
duplicate by double-antibody radioimmunoassay (RIA) with
human recombinant IGF-I (ARM4050, Amersham Pharmacia
Biotech UK Ltd, Buckinghamshire; English-Pharmacia Bio-
tech, Buckinghamshire, UK) and anti-human IGF-I antiserum
(AFP4892898, National Hormone and Pituitary Program of
the National Institute of Diabetes and Digestive and Kidney
Diseases, NHPP-NIDDK; final dilution; 1:360,000) following
acid—ethanol extraction and cryoprecipitation.'® The assay
method has previously been validated for bovine plasma samples.
The intra and inter-assay coefficient of variation were 5.3% and
5.7%, respectively.

Plasma IGF-I measurements in the fetuses and lambs from
the late treatment group have been published elsewhere.”

Plasma insulin

Plasma insulin levels were measured by using highly purified
porcine insulin (26.8 U/mg; Eli Lilly, USA) as a reference
preparation and an antiserum that was raised in guinea pigs.
Cross-reactions were determined for ovine (100%), bovine
(100%) and porcine (56%). The limit of detection was
1.1ng/ml. The intra-assay coefficients of variation were
10.1% (early treatment) and 8.0% (late treatment).

Plasma leptin

Plasma leptin levels were determined with RIA using an anti-
body raised in emu against bovine recombinant leptin (School
of Animal Biology, The University of Western Australia) and
followed by addition of sheep anti-emu immunoglobulin
serum.'” The intra-assay coefficients of variation were 7.8%
(early treatment) and 10.4% (late treatment).

Plasma triiodothyronine (T3) and thyroxine (T4)

Plasma T3 and T4 levels were measured using a double-antibody
RIA'® and validated for sheep plasma.'” The T3 intra-assay
coefficients of variation were 6.3% (early treatment) and 7.1%
(late treatment). The T4 intra-assay coefficients of variation
were 9.1% (early treatment) and 3.7% (late treatment).

Plasma glucose

Plasma glucose was measured with a modification of the
method of Bergmeyer and Bernt.?® Plasma was deproteinized
by adding 50 ul of sample into 0.5 ml of 0.34 M perchloric

acid, mixed on a vortex mixer and then centrifuged at


https://doi.org/10.1017/S204017441200075X

148 S Lietal

Table 1. Protocol of prenatal treatment and sample collection

Early treatment

Prenatal treatment

40-42d Control Treatment
Saline, four injections at 12-hourly Dexamethasone, four injections at
intervals over 48 h 12-hourly intervals over 48 h
Plasma and tissue collection
50d C-M (n=12) T-M (n=7)
C-F (n=4) T-F (n=9)
101d C-M (n=5) T-M (n=28)
C-F (n=11) T-F (n=15)
125d C-M (n=06) T-M (n=106)
CF (n=28) T-F (n=5)
140d CM (n=7) T-M (n=6)
C-F (n=7) T-F (n=4)
7 months C-M (n=5) T-M (n=7)
C-F (n=06) T-F (n=15)

Late treatment

Days of gestation

Non-treatment

Single injection

Two injections Three injections

Control Treatment Control Treatment Control Treatment
100d MPA MPA MPA MPA MPA MPA
104d Saline Beta Saline Beta Saline Beta
111d Saline Beta Saline Beta
118d Saline Beta

Plasma and tissue collection
75d n=38
84d n="7
101d n=2_8
109d n==06 n==6
116d n==06 n=>06
122d n=>06 n=4
132d n=>5 n=4
145d n=7 n=73
6w n==06 n==06
12w n=7 n=4

d, days of gestation age; 7 months, postnatal age; C-M, control male; C-F, control female; T-M, treatment male; T-F, treatment female;

MPA, medroxyprogesterone acetate; beta, betamethasone; w, weeks of postnatal age.

18,000 g, for 10 min at room temperature. Fresh glucose
enzyme buffer (2.5 ml) was added to duplicate supernatant
fractions (100 wl) and incubated at 37°C for 20 min. Then
1.5ml of stop solution (H,SO4 diluted 2:1 with distilled
water) was added and the optical density read at 546 nm
with a SmartSpec™ 3000 spectrophotometer (BIO-RAD
Laboratory Inc., NSW, Australia). The intra-assay coefficients
of variation were 9.1% (early treatment) and 11.0% (late
treatment).
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Statistical analysis

Data are presented as mean * standard error of the mean
(s.E:M.). Outcome data that were not normally distributed
were log-transformed before analysis. Two-way analysis
of variance (ANOVA) was conducted to determine effects
of steroid treatment; where serial measurements were col-
lected on individual fetuses, the results were analyzed using
ANOVA with repeated measures. In the late treatment with
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male fetuses only, two-way ANOVA with treatment and age
as fixed factors was used to compare outcomes. When the
ANOVA indicated group differences, comparisons between
individual groups were performed using the Dunnett’s post-hoc
test. Data analysis was conducted using SigmaPlot (version 11.0,
Systat Software Inc., Chicago, IL, USA) and SAS (version 9.2,
SAS Institute Inc., Cary, NC, USA) statistical software. All
hypothesis tests were two-sided and statistical significance was
accepted at << 0.05.

Results
Early glucocorticoid treatment

We have previously reported'? that treatment with DEX in
early pregnancy had no significant effects on fetal or newborn
weights, except at 101 dG when the weights of treatment
female fetuses were reduced compared with control female
animals. There were no consistent effects on individual organ
weights in fetuses at any gestational age, although in lambs at
7 months of age, weights of pituitary, adrenal, kidney and
liver were reduced in DEX-treated female animals (Table 2).

There were no consistent significant differences in fetal
and/or postnatal plasma glucose, insulin, IGF-I, leptin, T3 or
T4 after maternal DEX treatment in early pregnancy. How-
ever, fetal insulin levels at 125 dG were lower in DEX-treated
females than in control females; at 101 dG, glucose levels
in DEX males were lower than in treatment females and at
140 dG glucose levels in DEX males were higher than in
control males (Table 3).

Maternal glucose was not altered by early DEX treatment.
Maternal insulin tended to be lower, and maternal plasma
leptin was significantly higher at 140 dG after early DEX
treatment in the presence of either male or female fetuses

(Table 3).

Late glucocorticoid treatment

After BET treatment in late pregnancy, fetal brain weights
were significantly reduced from 109 to 145 dG and at
6 weeks postnatal age. The differences in mean values at
12 weeks of age were not statistically significant (Fig. 1b).
Cerebellar weights were significantly lower in BET fetuses
from 109 dG to term, but weights of the cerebellum at 6 and
12 postnatal weeks were similar to those in controls (Fig. 1c).
Weights of the hippocampus were generally unaffected by
BET treatment (Fig. 1d). Pituitary weights were significantly
reduced in BET fetuses at 122 and 132 dG (Fig. le). Adrenal
weights tended to be lower in BET fetuses than in controls at
all ages from 122 dG, but the differences were significant only
at 132 dG (Fig. 1f). Weights of the heart (Fig. 1g), kidneys
(Fig. 1h), liver (Fig. 1i), lungs (Fig. 1j) and pancreas (Fig. 1k)
all tended to be lower in BET fetuses with the largest
reductions in liver weights (10.7% at 145 dG to 55.7% at
116 and 122 dG). There were no significant reductions in
these organ weights in postnatal lambs except for the lung at
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12 weeks postnatal age. Total weight of the pancreas was
similar in all groups.

After expressing each organ weight as a percentage of total
body weight, differences previously observed no longer
achieved statistical significance except the ratio of liver to
body weight at 109 and 122 dG.

Plasma insulin levels were reduced significantly in BET-
treated fetuses at each gestational age studied. Insulin levels at
6 and 12 weeks’ postnatal life were similar in treated and
control lambs (Fig. 2b). Glucose levels were significantly
lower in fetuses at 109 dG and in lambs at 12 weeks’ post-
natal age in BET-treated animals (Fig. 2c). Fetal leptin levels
were significantly reduced in BET-treated fetuses at 109, 116,
122 and 132 dG but not at other time points (Fig. 2d). Fetal
T3 levels were reduced in BET-treated fetuses at 109, 132
and 145 dG and at postnatal time points (Fig. 2e), but fetal
T4 levels were unaffected by the BET treatment (Fig. 2f).

Maternal cortisol was suppressed at 145 dG and maternal
IGF-I was suppressed at 132 and 145 dG after BET treatment
in late gestation. Maternal insulin levels were unaffected by BET
treatment. Maternal glucose levels were significantly reduced at
116 and 132 dG, but were not different from control animals at
term and after birth. Maternal leptin levels were similar in the
BET treated and control animals (Table 4).

Discussion

The purpose of this study was to evaluate the effects of
corticosteroid administration during early or late pregnancy
on fetal and lamb body and organ weights and on levels of
some key metabolic hormones in the fetus and newborn.
We attempted to mimic clinical protocols that involved
DEX treatment in early pregnancy and single or repeated
BET treatment in late pregnancy. Clearly, the differences in
synthetic corticosteroid and the times and duration of
administration do not allow us to make direct comparison of
their effects, and any different outcomes that we report may
simply reflect the protocols we have used. However, in general,
early pregnancy treatment with DEX had inconsistent effects
on fetal and neonatal organ weight and plasma hormone
values, whereas late gestation administration of BET, in single
or multiple doses reduced organ weights and some plasma
hormone values. We have previously reported the extension
of pregnancy length after maternal corticosteroid treatment in
cither early or late gestation®'" observations that replicate
findings in other species.”’**

Treatment with synthetic corticosteroid in early pregnancy
did not have any consistent effects on body weight at each of
the gestational ages at measurement,'' nor weights of indi-
vidual organs or their percentages of whole body weight. We
report now that the early treatment protocol was, in general,
not associated with significant or consistent changes in indi-
vidual organ weights of fetuses or lambs nor in any of the
metabolic hormones measured in this study. It is possible that
the occasional significant change in weight has resulted from
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Table 2. Absolute and relative fetal and lamb organ weights in the early treatment group

50d 101d 125d
Group C-M T-M C-F T-F C-M T-M C-F T-F C-M T-M C-F T-F
Total brain 0.804 = 0.0419 0.833 +0.0419 0.872 = 0.0534 0.812 *+0.0269 24.180 = 0.739  24.400 = 0.939  23.909=0.502  21.900 = 0.901  46.050 = 0.782  46.900 = 0.821° 47.800 =0.899  42.740% + 0.971
Ratio 5.82 £0.09 5.63 +0.08° 6.03 =0.03 5.43 = 0.09* 2.39 £0.05 2.67 £0.01 2.66 = 0.08 2.77 £0.03 1.55*0.07 1.65 = 0.08 1.72 £0.08 1.62 = 0.04
Cerebellum 1.540 = 0.0817  1.563 = 0.109" 1.564 +0.0560  1.340 = 0.0600"  3.917 +0.0833 4.014*0.116 3.986 = 0.116 3.780 = 0.0860
Ratio 0.15*0.01 0.17+0.00 0.17% =£0.00 0.16 = 0.01 0.13£0.00 0.14 = 0.00 0.13£0.00 0.14 = 0.00
Hippocampus 0.586 +0.0202  0.623£0.0233  0.609 £0.0182  0.586 £ 0.0295  0.986*0.0260  1.039 =0.0568  0.984 +0.0202  0.975 * 0.0456
Ratio 0.06 *0.00 0.07 +0.00 0.07 +0.00 0.07 £ 0.00 0.03 = 0.00 0.04 £ 0.00 0.03 = 0.00 0.04 £ 0.00
Pituitary 0.003 = 0.0003 0.003 +0.0003 0.002 %= 0.0002 0.004 % 0.0060 0.052 +£0.0020  0.056 * 0.0035 0.056 +0.0002  0.049 +0.0023  0.102 £ 0.0069  0.125*0.0187  0.100 = 0.0058  0.109 * 0.0083
Ratio 0.02 *0.00 0.02 = 0.00 0.01 *0.00 0.02 *0.00 0.01 =0.00 0.01 = 0.00 0.01 = 0.00 0.01 £0.00 0.01 +0.00 0.01 *0.00 0.01 £0.00 0.01 £0.00
Total adrenal 0.017 = 0.0013 0.017 +0.0017 0.018 = 0.0014 0.017 = 0.0013 0.178 £0.0092  0.153*£0.0123  0.165*0.0136  0.152%0.0202  0.268 £0.0184 0.277=0.0171  0.360 =0.0160  0.298 = 0.0202
Ratio 0.13£0.00 0.11 £0.00 0.11 £0.00 0.12£0.00 0.02 £0.00 0.02 = 0.00 0.02 £ 0.00 0.02 £0.00 0.01 £0.00 0.01 £0.00 0.02 £0.00 0.01 £0.00
Heart 0.143 = 0.0066 0.135+0.0110 0.154 = 0.0115 0.179 = 0.0354 7.840 £ 0.4456  7.535 = 0.4719 8.136 = 0.1647  7.399 =0.4362 19.833 = 1.0860 20.814 *1.0050 22.557 =1.0050 19.875 %= 0.7920
Ratio 1.02 £ 0.00 0.93 = 0.00 1.05 £0.01 1.01 £0.01 0.78 £0.03 0.82+0.03 0.91 +0.02 0.92+0.05 0.66 £ 0.04 0.71 £ 0.03 0.79 £ 0.03 0.75+0.02
Total kidney ~ 0.152%0.0117 0147 +0.0117  0.157£0.0113 0159+ +0.0144 9284+0.4988 854707026 8.833+03623 8.330% 1.0864 19.437+1.2970 1955712011 19.263%0.9952 19.735 = 1.4213
Ratio 1.08 £ 0.06 1.01 £ 0.04 1.08 = 0.04 1.06 £ 0.08 0.92 *0.06 0.92 +0.05 0.98 + 0.04 1.05 £ 0.11 0.67 £0.01 0.69 £ 0.01 0.69 £ 0.03 0.70 = 0.05
Liver 0.897 = 0.0918 0.932 +0.0682 1.103 £ 0.1146 0.997 = 0.0504 46.540 +1.0093 45.100 = 3.8878" 42.036+0.9796 38.060 + 1.6253" 87.883 = 4.2759 97.171+5.8656 95.063 +4.9366 78.220 * 6.4946
Ratio 6.89%0.13 6.58%0.17 7.57 £ 0.49 6.65=0.21 4.54%0.04 456=0.05 4.67%0.09 481£0.11 2.94%0.11 3.27%0.15 3.38=0.15 2.94%0.21
Perirenal fat 3.681 +1.221 4.071 +0.965 3.740 = 0.823 3.797 =1.221 13.300 = 1.115  10.800 £1.032  11.763 % 0.965 10.580 = 1.221
Ratio 0.36 = 0.05 0.43 % 0.04 0.41 +0.03 0.47£0.05 0.45%0.05 0.38%0.05 0.42 % 0.04 0.40%0.05
140d Seven month
C-M T-M C-F T-F C-M T-M C-F T-F
Total brain 59.771 = 1.314 58.933 £ 0.886 58.471 £0.821 56.700 * 1.086 111.58 =3.426  111.45*1.978 111.42+2.620  105.60 = 5.657
Ratio 1.16 = 0.03 1.23 £0.02 1.25 = 0.04 1.26 = 0.05 0.34 = 0.03 0.36 = 0.02 0.34 £ 0.02 0.35*0.03
Cerebellum 5.443 £0.116 5.683 + 0.126" 5.400 = 0.116 4.970 £ 0.154 13.03 = 0.263 12.16 = 0.350* 12.05 = 0.387 11.60 = 0.364
Ratio 0.10 % 0.00 0.12 £ 0.00 0.12 £ 0.00 0.11 *0.00 0.04 *0.00 0.04 +0.00 0.04 +0.00 0.04 £ 0.00
Hippocampus 1.238 = 0.0564 1.369 = 0.0387 1.173 = 0.1669 1.227 = 0.0666 2.24+0.038 2.27 £0.138 2.18 £0.080 2.11 = 0.094
Ratio 0.02 £ 0.00 0.03 = 0.00* 0.03 = 0.00 0.03 +0.00 0.01 *0.00 0.01 = 0.00 0.01 = 0.00 0.01 *0.00
Pituitary 0.144 +0.0115 0.153 +0.0103 0.157 = 0.0039 0.143 = 0.0051 0.50 +0.018 0.51 +0.030" 0.45 *0.030 0.36 £ 0.038"
Ratio 0.004 = 0.00 0.004 = 0.00 0.01 £0.00 0.01 £0.00 0.002 = 0.00 0.002 = 0.00 0.002 = 0.00 0.01 £0.00
Total adrenal 0.388 +0.0172 0.350 +0.0203 0.482 +0.0171 0.399 *+ 0.0226" 2.12+0.119 2.05 % 0.066 2.45+0.098 2.04 = 0.167°
Ratio 0.01 £ 0.00 0.01 £0.00 0.01 £0.00 0.01 % 0.00 0.01 £0.00 0.01 +0.00 0.01 +0.00 0.01 £0.00
Heart 35.400 = 1.0054 34.583 +1.0861 30.757 £1.0052  30.633 = 0.9333 142.02 = 11.344 144.65 £7.245 146.66 = 8.082 147.59 + 12.496
Ratio 0.67 £ 0.06 0.69 *0.03 0.66 + 0.05 0.71%0.01 0.43 £0.08 0.46 +0.02 0.45 +0.02 0.48 £ *£0.02
Total kidney 28.562+1.2011  28.767 £1.2968  26.386 =1.2014  22.525 *1.5893 91.26 +5.204 90.67 +2.492 93.64 + 4.257 83.15 + 3.549"
Ratio 0.55%+0.03 0.59 = 0.04 0.56 = 0.03 0.50 = 0.08 0.28 £0.03 0.29+£0.02 0.29+0.03 0.28 £0.01
Liver 135.743 £5.8661 122.667 *6.3358 122.100 £5.8658 106.775 = 7.7600 410.42+19.678 387.22 = 11.462° 390.77 = 10.825 345.85 + 8.794*
Ratio 2.61+0.10 2.54*0.13 2.59*+0.18 2.36*+0.14 1.26 = 0.01 1.24+0.01 1.20 £ 0.01 1.16 £ 0.01
Perirenal fat 16.313 = 1.032 15.633 + 1.115 16.629 = 1.032 14.997 = 1.365
Ratio 0.31 +0.04 0.32+0.05 0.35 £ 0.04 0.34 % 0.05

C-M, control male; C-F, control female; T-M, dexamethasone-treated male; T-F, dexamethasone-treated female; BW, body weight; d, days of gestation; 7 months, postnatal age.

Organ weight unit, grams; ratio = normalized organs presented as percentage of total BW.
*Treatment v. control.

b Treatment male v. treatment female.

P<0.05.
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P<0.05.

chance effects. At 7 months postnatal age, treated females had
significant reductions in weights of the pituitary, adrenals,
kidney and liver. In these animals at term, fetal plasma cor-
tisol values were significantly raised over controls and key
fetal adrenal steroidogenic enzymes were altered.'? These
results indicate clearly that the DEX given was biologically
active, but at the dose and time of gestation chosen, has
relatively little effect on fetal or lamb organ weights or
development.

In apparent contrast, corticosteroid treatments later in
pregnancy had marked effects on fetal growth, with sig-
nificant reductions at each gestational age that was studied. In
our original experiments, we reported reductions in brain
weight of 11% after single dose treatment and 17% after
repeated steroid injections.”” Single and repeated BET
injections were associated with a significant reduction of
7-8% in brain weight in sheep at ~3.5 years of age."” The
present study has substantiated these observations for total
fetal brain weights and shown that the growth reducing effects
of BET extend to several key brain areas. It is of some concern
that the reduction in total brain weight persisted after birth
and that the average weights of other brain areas, such as
cerebellum and hippocampus were still reduced, although not
significantly so, in animals up to 12 weeks of age. These
findings are consistent with earlier data in the sheep,”” guinea
pig”? and rhesus monkey,”* and with our own studies
showing that after prenatal BET there is retarded myelination
of the optic nerve.! French et al*° have reported reduced
head circumference and increased attention deficit disorder in
children of mothers treated with multiple courses of prenatal
steroid. The current results are consistent with the possibility
that multiple courses of corticosteroids in late pregnancy can
affect neurological development of the offspring.

We determined the effects of prenatal corticosteroids on
circulating values for several hormones involved in metabo-
lism in the fetus and postnatal period. Previously we had
shown that plasma IGF-I and insulin-like growth factor
binding protein (IGFBP) were reduced in late pregnancy after
prenatal BET treatment.” In the current study, we showed
that plasma insulin, leptin and T3 (Fig. 2¢) were all reduced
after BET and these changes preceded any change in fetal
cortisol. It is of interest that the fall in fetal plasma insulin
occurred without significant change in fetal glucose con-
centrations, which remained similar between control and
treated animals. Maternal glucose concentrations were sig-
nificantly reduced at 116, 132 and 145 dG, with maternal
insulin levels that were unchanged. We might speculate that
the lower fetal insulin levels reflect the lower maternal glucose
concentrations and altered placental transfer, with potential
long-term implications for growth and development and
glucose tolerance in later life. However, these studies would
first need substantiating in chronically undisturbed animals.
The placental GLUT transporter has variously been reported
to be up- or down-regulated by corticosteroid,”” >’ but this
was not a subject of investigation in the present study.
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Fig. 1. Histogram representing in late treatment (2) fetal and lamb body weights, (4) fetal and lamb brain weights, (¢) fetal and lamb
cerebellum weights, (d) fetal and lamb hippocampal weights, (¢) fetal and lamb pituitary weights, () fetal and lamb adrenal weights,
(¢) fetal and lamb heart weights, () fetal and lamb kidney weights, () fetal and lamb liver weights, (j) fetal and lamb lung weights and

(k) fetal and lamb pancreatic weights. Saline control [], received one dose betamethasone (BET)

, received two doses BET M, received

three doses BET . 1: one dose, 2: two doses and 3: three doses. w: weeks of postnatal age. *Significant difference, P<0.05. Values for

fetal weight changes after BET treatment have been published previously

Maternal IGF-I concentrations were reduced on 132 and
145 dG, coincident with the reported fall in fetal IGF-I and
IGFBP.” In that study, fetal, placental and/or postnatal
weights correlated positively with plasma IGF-I, and total
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112 and are shown here for completeness.

IGFBP and the lowered IGF-I persisted into postnatal life,
potentially contributing to adverse growth patterns in that
period.” We found that fetal leptin was also reduced after
prenatal BET treatment, consistent with earlier reports.30’31


https://doi.org/10.1017/S204017441200075X

Effects of glucocorticoid treatment given in early or late gestation

153

(a) Cortisol levels (b) Insulin levels ) Glucose levels
507 1 2 3 . 1 2 3 1107 12 3 .
" 100
o 18 o ol
=40 | 14 ] . 904
E = i T 3 80 |
g, | §12- * g 704
~ 30 =) Sl
2 2101 ol | 2 60 |
> | 2] g
2 ° 84 | o 504 |
—= 20 >
2 K] 2 40
£ c ©1 g
= o
8 3 | e : |
10 | 24 © 2]
21 | 104 |
d 04
75 84 101 109 116 122 132 145 6w 12w 0775 84 101 100 116 122 132 145 6w 12w 75 84 101 109 116 122 132 145 6w 12w
Age Age Age
(d) Leptin levels (e) T3 levels (f) T4 levels
) 1 2 3 0.8 1 2 3 1 2 3
0
o b . 14 b
0.8 o, * 06 1.2
£ l £ Lo * 1.0 !
o o
o6 | 2 | N |
%) » S 08
° 3 04 3
3 | o T | 5 06 l
= 0.4 E < o,
§‘ | 0.2 | 0.4 |
0.2
| . | 02 |
0 0.0 0.0 H I;I
75 84 101 109 116 122 132 145 6w 12w 75 84 101 109 116 122 132 145 6w 12w 75 84 101 109 116 122 132 145 6w 12w

Age

Age

Age

Fig. 2. Histogram representing in late treatment () fetal and lamb cortisol levels, (4) fetal and lamb insulin levels, (¢) fetal and lamb
glucose levels, (d) fetal and lamb leptin levels, (¢) fetal and lamb T3 levels and (f') fetal and lamb T4 levels. Saline control [, received

one dose betamethasone (BET)

, received two doses BET M, received three doses BET [l 1: one dose, 2: two doses and 3: three doses.
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Leptin can be produced in the placenta and by adipo-
cytes.”>?? Enhanced transplacental passage of '*’I-leptin
in vivo occurs with inhibition of endogenous glucocorticoid’
and conversely, exogenous maternal DEX reduces fetal leptin
levels in rats.’®>' We are unaware of any comparable data in
sheep. Expression of the placental leptin receptor correlates
positively with the capacity of the placenta to transport
maternal leptin to the fetus and is suppressed by endogenous
glucocorticoids, emphasizing the close relationship between
glucocorticoid, leptin and regulation of fetal growth. Fetal T3
values were also significantly reduced after prenatal BET
treatment, without significant change in T4. T3 is generally
regarded as the most important thyroid hormone during
fetal 1ife>*® with changes in iodination patterns of thyroid
hormones®® occurring in response to the prenatal surge in
endogenous cortisol.”” Brain growth factors are especially
sensitive to thyroid status®® and these changes may contribute
to the reduction in brain weights that we report. Areas of
the developing brain, for example the hippocampus, express
abundant corticosteroid receptors [glucocorticoid receptor
(GR) and mineralocorticoid receptor (MR)] and are sensitive
to glucocorticoid effects®®*® with later life implication for
cognition, behavior, memory and co-ordination of autonomic
activity.?>™*! Collectively, the present results suggest that as a
consequence of prenatal BET treatment, there are falls in fetal
IGF, T3 and glucose, which may persist into the postnatal
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period and should be regarded with concern in the context of
both pre- and postnatal development.

It is of interest that maternal cortisol concentrations tended
to be lower after late gestation treatment with BET than in
controls, a difference that was significant in animals imme-
diately prior to delivery (Table 4). We are not aware that this
effect has been observed previously. However, basal cortisol in
maternal sheep plasma does show substantial minute-to-
particularly in late pregnancy, and
although the mean values reported here are similar to those in
Challis ez al.** and Liggins ez al.* they are somewhat higher
than in other reports.** The present study design unfortu-
nately does not allow us to separate effects of exogenous
synthetic glucocorticoid from subtle differences in endogen-

. . e 42
minute variation,

ous cortisol either on placental function or on fetal growth
parameters.

Previously we have reported that both early and late
gestation treatment with synthetic glucocorticoids altered the
pattern of gene expression within the developing HPA axis
and for several genes these responses carried into postnatal
life.©10-1244¢ Together, our results have shown that syn-
thetic glucocorticoid given to the pregnant ewe can alter in
the fetal, young lamb and adult offspring gene expressions
such as GR and MR in the hippocampus; corticotropin-
releasing hormone (CRH), arginine vasopressin (AVP) and
GR in the hypothalamus; proopiomelanocortin (POMC),
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prohormone convertase 1 (PCl1), prohormone convertase 2
(PC2) and GR in the pituitary; adrenocorticotropic hormone
receptor (ACTHYr), steroidogenic acute regulatory (StAR),
steroid 17 alpha-hydroxylase (P450c17), 3 beta hydro-
xysteroid dehydrogenase (33 HSD), 118 hydroxysteroid
dehydrogenase type 2 (11 HSD2) and GR in the adrenal;
and corticosteroid binding globulin (CBG) in the liver. The
results of these studies suggest that many of the gene responses to
glucocorticoid treatment persist well into subsequent adult life,
and work from others has shown that similar effects may also be
transmitted into future generations.””*®

The beneficial actions of glucocorticoid treatment in early
human pregnancy to prevent prenatal virilization or in late
pregnancy to promote lung maturity are not challenged by
this study. However, it is clear that glucocorticoid-induced
organ programming may contribute to fetal growth restric-
tion and endocrine changes in sheep; effects that persist
into postnatal life. At the doses and injection regimens
employed in this study we suggest that the fetus in late
gestation has greater adverse responsiveness to exogenous
glucocorticoid, in terms of overall birth weight, brain and
cerebellar weights and weights of particular organs. In part,
these responses are associated with alterations in the activity
of the glucose—insulin—IGF axis and in part with an altered
thyroid axis. Organ weights are, of course, only a crude
measure of organ development. Future studies will need to
determine more subtle tissue specific biomarkers of altered
development that will indicate the long-term risks of these
treatments, administration of which in human pregnancy
undoubtedly confer immediate survival advantage.
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