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Abstract

The aim of this study was to determine the influence of maternal undernutrition (MUN) on maternal and offspring adrenal
steoridogenic enzymes. Pregnant Sprague-Dawley rats were 50% food-restricted from day 10 of gestation until delivery. Control
animals received ad libitum food. Offspring were killed on day | of life (Pl) and at 9 months. We determined the messenger RNA
(mRNA) expression of steroidogneic enzymes by real-time reverse transcriptase polymerized chain reaction (RT-PCR). Maternal
undernutrition inhibited maternal adrenal expression of P450 cholesterol side-chain cleavage enzyme (CYPIIAI), |1 beta-
hydroxylase (CYPIIBI), aldosterone synthase (CYPIIB2), and adrenocorticotropic hormone (ACTH) receptor (ACTH-R;
MC2 gene) compared with control offspring. There was a marked downregulation in the expression of CYPI1BI, CYPIIB2, ||
-hydroxysteroid dehydrogenase type | and 2 (HSD | and HSD2), CYPI |Al, ACTH receptor, steroidogenic acute regulatory protein
(STAR), and mineralocorticoid receptor (MCR; NR3C2 gene) mRNA in PI MUN offspring (both genders), with no changes in gluco-
corticoid receptor (GCR). Quantitative immunohistochemical analysis confirmed the PCR data for GCR and MCR in P offspring and
demonstrated lower expression of leptin receptor protein (Ob-Ra/Ob-Rb) and mRNA in Pl MUN offspring. In 9-month adult male
MUN offspring, the expression of HSD I, CYPI |Al, CYPI B2, Ob-Ra/Ob-Rb, and GCR mRNA were significantly upregulated with a
trend toward an increase in ACTH-R and a decrease in |17 alpha-hydroxylase (CYP17Al) expression. In adult female MUN offspring,
similar to males, the expression of CYPI IAl, ACTH-R, and Ob-Rb mRNA were increased, whereas GCR and CYP|7A| mRNA were
decreased. These results indicate that the adrenal gland is a target of nutritional programming. In utero undernutrition has a global
suppressive effect on maternal and P| offspring adrenal steroidogenic enzymes in association with reduced circulating corticosterone
levels in P1 offspring, which may be secondary to a negative feedback from elevated maternal GC levels and or leptin levels in MUN
dams. Gender-specific differences in steroidogenic enzyme expression were found in adult MUN offspring. The common finding of
increased ACTH receptor expression in MUN adults of both genders suggests an increased sensitivity of these offspring to stress.
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An adverse intrauterine environment induces fetal growth
restriction and is associated with development of metabolic
syndrome in adult life." These adverse intrauterine conditions
are associated with maternal stress leading to excess glucocor-
ticoid production which has significant impact on the fetus in
terms of growth and later development of adult diseases.
Several studies have shown hyperactivity of offspring
hypothalamic-pituitary-adrenal axis caused by maternal under-
nutrition.*> Most of these studies have focused primarily on
characterization of the adult offspring hypothalamic-pituitary
axis and changes in expression of GC/MC receptors in the cen-
tral nervous system.*®® The effect of maternal undernutrition
on expression of adrenal GC/MC receptors remains elusive.
Glucocorticoids play an essential role in the stress response and

have been proposed to alter signal transduction in the adrenal
cortex thereby regulating adrenocorticotropic hormone
(ACTH) sensitivity.”'" In addition to negative feedback
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Figure |. Schematic demonstration of the steroidogenic pathway in rat adrenal gland. The expression level of the bolded enzymes were

determined.

regulation at the hypothalamic-pituitary level, glucocorticoid
feedback may occur at the adrenal level,'>'* mediated by adre-
nal glucocorticoid receptor (GCR)/mineralocorticoid receptor
(MCR).”'? Adrenal ACTH receptor (ACTH-R)'*'> mediates
a long-loop feedback axis, by which the hypothalamus/pitui-
tary regulate the expression of steroidogenic enzymes.

The effect of maternal undernutrition on adrenal steroido-
genic enzyme expression has been examined in sheep where
timing of nutritional stress, that is preconception versus gesta-
tional differentially influences the expression of steroidogenic
enzymes. Periconceptional nutrient restriction in sheep was
reported not to alter the expression of adrenal ACTH-R
(MC2), steroidogenic acute regulatory protein (STAR), side-
chain cleavage enzyme (CYPI11Al), 17 alpha-hydroxylase
(CYP17A1), and 3BHSD messenger RNA (mRNA),'¢ whereas
gestational undernutrition increased the expression of ACTH-R
and STAR mRNA.'” In a rat model of fetal programming in
which dexamethasone was administered to dams from day 13
of gestation to term, adult offspring adrenals showed no
changes in weight or morphology and had a significant increase
ACTH-R expression in both genders with no changes in STAR
or CYP11Al mRNA."® The investigators suggested that the
increase in ACTH-R expression in this species may account for
exaggerated GC/MC response of these offspring to stress.'®
Maternal undernutrition also alters rat adrenal medullary struc-
ture and function, with defective adrenaline secretion in food-
restricted offspring.'”

Since maternal undernutrition is associated with excess
maternal GC production which may play a vital role in pro-
gramming offspring hypertension in the offspring, we sought

to characterize maternal as well as offspring adrenal expression
of major steroidogenic enzymes involved in glucocorticoid/
mineralocorticoid synthesis along with their respective recep-
tors (see Figure 1) and ACTH-Rs. In addition, we determined
the adrenal expression of leptin receptor as leptin has a direct
effect on adrenal steroidogenic enzyme expression’?' and was
previously reported to show a decline in circulating levels at
birth followed by an increase in adult life in MUN offspring.*?
We hypothesized that elevated maternal leptin and corticoster-
one in response to undernutrition programs offspring adrenal
steroidogenic enzymes, GC/MC, and leptin receptor expression
in a way that would increase their vulnerability for develop-
ment of hypertension.

Materials and Methods
Animals/Specimen Handling

The study was approved by the Animal Use and Care Commit-
tee at Los Angeles Biomedical Research Institute at the
Harbor-UCLA Medical Center. We used a well-characterized
animal model of fetal programming developed by our group.??
In this model, first-time-pregnant Sprague Dawley rats
(Charles River Laboratories, Inc, Hollister, California) were
housed in a facility with constant temperature and humidity and
a controlled 12-hour light-12-hour dark cycle. At 10 days of
gestation, rats were provided either an ad libitum diet of stan-
dard laboratory chow (Lab Diet 5001, Brentwood, Missouri:
protein 23%, fat 4.5%, metabolizable energy 3030 kcal/kg)
or 50% food-restricted diet determined by quantification of
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Table I. Primer Sequences Used for Real Time RT-PCR Analysis

Primer Sequence (5'-3') Forward Sequence (5'-3') Reverse
CYPIIBI GGCACATACGAGCTGGTGAGT GTCCTCCTGCCTGCATCTCT
CYPI1B2 TGCTGCTTGGGCAAAGGT CTTTTCGCCCTACCGACTTG
ACTH-R TATCTCAAGCCTCGTGGCAGTT GCTCCCATGCTCGGAAGAT
CYPIIAI TCAAGCAGCAAAACTCTGGA CGCTCCCCAAATACAACACT
HSDI CAGTTCTGCGCAAAGATGAG TGGGTAGGGCTCACAGAAAT
HSD2 TCTTTGGTGCACTTGAGCTG CTGGATGATGCTGACCTTGA
GCR ATAAAAGCCTGAGGGGAGGA TCCTCTGCTGCTTGGAATCT
MCR ACGCTGTGAGACTGGATTTC AGTTACCCGGAGACACATGA
STAR AGGAAAGCCAGCAGGAGAATG GTCCATGGGCTGGTCTAGCA
CYPI7AI TGAATGGGACCAGCCAGATC CAGCTCCGAAGGGCAAGTAA

Abbreviations: CYPI IBI, | |-beta hydroxylase; CYPI 1B2, aldosterone synthase; ACTH-R, ACTH receptor (MC2); CYPI | Al, side chain cleavage enzymes; HSD,

hydroxysteroid dehydrogenase; GCR (NR3Cl), glucocorticoid receptor; MCR, mineralocorticoid receptor (NR3C2); CYPI7Al, 17 alpha-hydroxylase.

normal intake in the ad libitum-fed rats. The respective diets
were given from day 10 of pregnancy to term. Maternal body
weights and the food intake were recorded daily. At day 1 after
birth (P1), all offspring from food-restricted and control rat
dams were cross-fostered to rat dams fed ad libitum, and litter
size was culled to 4 males and 4 females per dam. Offspring
were weaned at 3 weeks of age to ad libitum standardized
laboratory chow. Animals were anesthetized under isofluroane
gas. Adrenal glands were dissected and cleaned of adherent fat,
snap frozen in liquid nitrogen, and stored at —80°C for later
RNA extraction. For immunohistochemical (IHC) analysis,
tissues were fixed for 24 hours in 4% paraformaldehyde and
subsequently stored in 70% ethanol.

Real Time RT-PCR Analysis

RNA was extracted using RNAqueous-4PCR kit (Ambion,
Austin, Texas). The RNA was then treated to remove trace
amounts of DNA using Turbos DNAse (Ambion), and its integ-
rity determined by gel electrophoresis. Synthesis of comple-
mentary DNA (cDNA) was accomplished using Superscript
IIT 1st Strand Synthesis Supermix for quantitative reverse tran-
scriptase polymerized chain reaction (qQRT-PCR kit; Invitro-
gen, Carlsbad, California). Specific rat primers used to
quantify mRNA levels were designed using Probe and Primer
Design software (Table 1). The DNA sequence for each
enzyme was obtained from the National Center for Biotechnol-
ogy Information (NCBI). Real time RT-PCR analysis was con-
ducted using cDNA diluted at a 1:10 concentration. 18S was
used as an internal control. Polymerized chain reaction was
performed with the ABI-Prism 7000 Sequence System
(Applied Biosystems, Foster City, CA) at the following condi-
tions: 10 minutes at 95°C for 1 cycle, 15 seconds at 95°C, and 1
minute at 60°C for 40 cycles. All samples were run in triplicate
and each experiment was replicated at least twice. Control PCR
samples replaced cDNA with water. ABI Sequence Detection
System 1.6 software (Applied Biosystems) was used to select
a threshold level of fluorescence that was in the linear phase
of the PCR product accumulation. Results from the reverse
transcription-PCR assay was determined as the difference

between the Cr for a specific mRNA gene and the Cr for a ref-
erence mRNA, normalized to 18S threshold expression, and
was expressed as fold change with the formula 2744¢T 23

Immunohistochemistry

Using specific antibodies to GC receptor alpha, MC receptor,
and leptin receptor (Ob-Ra and Ob-Rb; Santa Cruz) THC anal-
ysis was performed as previously described.?*** Four separate
fields were digitally photographed and analyzed in a blinded
fashion at a magnification of x40 by Image Pro Plus (Media-
Cybernetics, Version 4) software. The mean Integrated Optical
Density (IOD) obtained using this software was statistically
analyzed.

Radioimmunoassay (RIA)

Plasma corticosterone (CORT) was determined by RIA using a
commercial kit (Diagnostic Products Corp, Los Angeles, Cali-
fornia). Sensitivity at 90% intercept was 8 ng/mL. Intra and
interassay coefficients of variation were 4% and 6%,
respectively.

Statistical Analysis

All data was initially analyzed by 2-way ANOVA, with gender
and diet as covariates. Since the P1 data showed no gender dif-
ferences with the exception of leptin-receptor, the results from
males and females for all endpoints were combined and ana-
lyzed by Student #-test. In case of adult groups, gender differ-
ences were found with a number of endpoints, and therefore
male and female data were analyzed separately by Student
t-test or Mann-Whitney U test when indicated. The SigmaStat
and Prism software was used for all analysis. Significance was
established at P < .05.

Results

Offspring body weights and adrenal weights are shown in
Table 2. As demonstrated in this table, adult body weights in
MUN offspring were higher in both males and females,
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Table 2. The Effect of Maternal Undernutrition (MUN) on Adult
Offspring Body and Adrenal Weights®

Control MUN P Value

Males
Body weight (g) 647 + 17 742 + 20 <.0l
Adrenal weight (mg) 712 + 1.9 69.6 + 2.2 NS
Relative adrenal 0.0117 + 0.0001 0.0093 + 0.0003 <.05

weight
Females
Body weight (g) 350 + I8 420 + 15 <.0l
Adrenal weight (mg) 1004 + 6.4 90.8 + 4.3 <.07
Relative adrenal 0.0295 + 0.0013 0.0233 + 0.0022 <.05

weight

? Values are expressed as mean + SEM relative adrenal weight = adrenal
weight (g)/body weight (g) x 100.

confirming our prior studies. Although the absolute adrenal
weights in adult MUN offspring were not different than the
controls, when expressed in terms of body weight, relative
adrenal weights in both genders were significantly lower in the
MUN offspring. Blood pressure of the adult MUN offspring of
both genders were previously reported to be higher.”> Maternal
plasma levels of CORT were higher in MUN dams compared to
controls (Control: 332 + 43 ng/mL; MUN: 623 + 84 ng/mL,
P < .05, N = 6). Plasma levels (pooled from 4 to 6 animals in
case of P1 offspring only, mixed gender) of CORT determined
by RIA was significantly lower in P1 (P < .05), P21 (P < .01),
and adult 9-month-old male (P < .01) MUN offspring com-
pared with respective age-matched controls. There was a trend
(P = 0.1) toward lower CORT levels in 9-month-old adult
MUN females (Figure 2). Leptin levels in the offspring were
previously reported to be lower at birth and higher in the adult
MUN offspring compared with control offspring.**

Real time RT-PCR was performed using the primers listed
in Table 1. The mRNA expression of bolded enzymes in the
steroidogenic pathway shown in Figure 1 were determined by
real time RT-PCR. As shown in Table 3, maternal adrenal
mRNA expression of CYP11B1 and CYPI1B2, enzymes
involved in CORT and aldosterone synthesis, respectively,
were significantly reduced in MUN dams, along with an inhi-
bition of ACTH-R (MC2) expression. Similar to maternal
mRNA profiles, adrenal expression of steroidogenic enzymes
in P1 MUN offspring were mostly lower as compared with con-
trols (Table 4). In these offspring, the expression of 11 beta-
hydroxylase (CYP11B1), CYP11B2, HSD1, HSD2, CYP
11A1, ACTH-R (MC2), STAR, and the MCR (NR3C2) mRNA
were significantly downregulated in the P1 MUN offspring,
with no significant changes in GCR (NR3C1) and CYP17Al
mRNA. In adult offspring (Table 5), gender differences were
found. In male MUN offspring, adrenal expression of HSDI1,
CYP11B2 (aldosterone synthase), CYP11A1, and GCR were
significantly upregulated with a trend toward an increase in
ACTH-Receptor (P = .07) and reduced CYP17A1 expression.
In contrast to males, in female MUN offspring, the expression
of GCR was significantly decreased, with no changes in
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Figure 2. Plasma corticosterone levels determined by RIA in PI, P21
(mixed gender), adult 9-month male and female offspring (fasting) in
control and MUN offspring. N = 6 per group. * P < .05, ** P < .0l.

Table 3. Expression of Adrenal Steroidogenic Enzymes in Maternal
Adrenals on Day 2| of Gestation®

Gene Fold Change P Value
CYPIIBI —9.0 + 0.03 .001
CYPIIB2 —-5.9 + 0.07 .001
ACTH-R (MC2) —2.0 + O.11 .05
CYPIIAI —-2.3 + 0.03 .001
HSDI I.I + 0.15 NS
HSD2 —-1.7 + 0.29 NS
GCR (NR3Cl) —1.2 +£0.13 NS
MCR (NR3C2) .3 + 045 NS
STAR —-2.0 + 0.10 NS
CYPI7AI -32 1+ 0.13 NS
Abbreviations: CYPIIBI, |l-beta hydroxylase; CYPIIB2, aldosterone

synthase; ACTH-R, ACTH receptor (MC2); CYPIIAI, side chain cleavage
enzymes; HSD, hydroxysteroid dehydrogenase; GCR (NR3Cl), glucocorticoid
receptor; MCR, mineralocorticoid receptor (NR3C2); CYPI7AI, 17 alpha-
hydroxylase.

? Negative numbers signify lower expression in MUN vs control dams. Values
are expressed as mean fold change compared to control + SEM. N = 4 control
and 6 MUN dams.

HSD1. In similarity to males, the expression of CYP11A1 was
increased and there was a significant decrease in CYP17A1
mRNA expression in female MUN adrenals. When data from
adult males and females were combined for statistical analysis,
the expression of ACTH-R was significantly increased
(1.8-fold, P = .02) and that of CYP17A1 decreased 1.9-fold (P
=.04).

We also determined the expression of GCR (NR3C1) and
MCR (NR3C2) proteins in P1 offspring adrenals by quantita-
tive IHC. As demonstrated in Figure 3, both MC receptor
(panels C and D) and GC receptor (panels G and H) staining was
primarily nuclear. In case of MC receptor, staining pattern was
patchy and involved the 3 layers of adrenal cortex equally, with
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Table 4. Expression of Adrenal Steroidogenic Enzymes mRNA in Pl
Offspring®

Gene Fold Change P Value
CYPIIBI —5.9 + 0.04 0l
CYPI B2 —59 + 0.03 .04
ACTH-R (MC2) —4.2 + 0.06 .05
CYPIIAI —4.0 + 0.06 .05
HSD1 —2.9 + 0.06 .0l
HSD2 —5.3 + 0.06 .03
STAR —3.8 + 0.05 0l
CYPI7AI -33 + 0.14 NS
GCR (NR3ClI) -22 + 0.18 NS
MCR (NR3C2) —2.7 + 0.08 .02
Ob-Ra (female) 1.2 + 0.007 .02
Ob-Rb (female) —1.0 + 0.009 NS
Ob-Ra (male) —3.0 + 0.003 .001
Ob-Rb (male) —4.8 + 0.001 .001

Abbreviations: CYPIIBI, |l-beta hydroxylase; CYPIIB2, aldosterone
synthase; ACTH-R, ACTH receptor (MC2); CYPIIAI, side chain cleavage
enzymes; HSD, hydroxysteroid dehydrogenase; GCR (NR3Cl), glucocorticoid
receptor; MCR, mineralocorticoid receptor (NR3C2); CYPI7AI, |7 alpha-
hydroxylase.

? Values are expressed as mean fold change + SEM compared to control. Neg-
ative numbers signify decreased expression in MUN as compared with con-
trols. N = || per group (5 males/6 females).

Table 5. Adrenal Steroidogenic Enzymes mRNA in 9-Month Adult
Male and Female Offspring®

P Value
Gene Fold Change P Value Male Fold Change  Female
CYPIIBI  —I.1 + 0.07 NS —1.3 + 0.06 NS
CYPIIB2 1.5 + 0.13 .05 I.I + 0.10 NS
ACTH-R 1.9 + 0.57 NS 1.7 + 0.22 .02
CYPIIAI 19 + 0.5 .001 1.3 + 0.28 .03
HSDI 29 + 0.16 .001 —1.1 + 0.09 NS
HSD2 I.I + 0.03 NS 1.0 + 0.18 NS
GCR 2.2 + 0.008 .001 —1.3 + 0.02 .04
MCR —1.I + 045 NS I.I + 0.09 NS
STAR 1.0 + 0.19 NS —1.1 + 0.06 NS
CYPI7AI  —1.5 + 0.04 NS —-23 + 0.03 .04
Ob-Ra 29 + 0.1 .002 1.2 + 0.03 NS
Ob-Rb 25 + 0.03 .001 1.6 + 0.05 .001
Abbreviations: CYPIIBI, |l-beta hydroxylase; CYPIIB2, aldosterone

synthase; ACTH-R, ACTH receptor (MC2); CYPIIAI, side chain cleavage
enzymes; HSD, hydroxysteroid dehydrogenase; GCR (NR3Cl), glucocorticoid
receptor; MCR, mineralocorticoid receptor (NR3C2); CYPI7AI, 17 alpha-
hydroxylase.

? Values are expressed as mean fold change + SEM compared to control. N =
4 males and 4 females.

scant expression in adrenal medullary cells (panels A and B). In
contrast, GC receptor staining was uniformly distributed
throughout the adrenal cortex mostly concentrated in the zona
glomerulosa layer (panels E and F). There was a significant
decrease in percentage integrated optical density (IOD) in MC
receptor expression in MUN offspring, whereas an opposite pat-
tern of expression was obtained for GC receptors although this
change did not achieve statistical significance (P = .06).

The expression of leptin receptor in MUN adrenals was also
determined by quantitative IHC in P1 adrenals (Figure 4), and
by real time PCR in P1 (Table 4) and adult adrenals (Table 5).
As shown in this figure, the pattern of expression of leptin
receptor was similar to GC receptor, concentrated primarily
in the adrenal cortex with scant staining in the medullary cells.
There was a marked decrease in % IOD in leptin receptor
expression (P < .001) in the P1 MUN adrenals as compared
with controls. Real time RT-PCR showed a marked decrease
in expression of both Ob-Ra and Ob-Rb in P1 male MUN adre-
nals, whereas in females there was a slight increase in Ob-Ra
and no change in Ob-Rb mRNA expression. In adult MUN
male and female offspring, the expression of Ob-Rb mRNA
was significantly increased. The expression of Ob-Ra mRNA
was significantly higher in adult male MUN offspring with a
trend toward an increase in females. The magnitude of changes
in adult Ob-Ra /Ob-Rb mRNA expression were more pro-
nounced for male MUN offspring as compared with females.

Discussion

In this study, the effect of maternal undernutrition on maternal
and offspring adrenal steroidogenic enzyme mRNA expression
in the newborn and adult periods was determined. We hypothe-
sized that elevated maternal leptin and corticosterone in
response to undernutrition programs offspring adrenal steroido-
genic enzymes, GC/MC, and leptin receptors. In support of this
hypothesis, we found a generalized inhibition of steroidogenic
enzymes, GC/MC, and leptin receptors most likely secondary
to a negative feedback from elevated maternal corticosterone
and leptin levels. By 9 months, adrenal profiles of steroido-
genic enzymes in MUN offspring markedly changed in a
gender-specific manner, reflecting not only the effects of early
exposure to elevated maternal corticosterone and leptin but also
gender-specific differences in adaptive responses. In adult
MUN male adrenals, a significant increase in CYP11Al,
CYP11B2, HSD1, and GCR mRNA expression, a trend toward
an increase in ACTH-R, and a decrease in CYP17A1 mRNA
expression was found, whereas in adult female MUN adrenals,
there was a similar mRNA expression profile as males with
respect to CYP 11A1, HSD1, ACTH-R, but an opposite pattern
of expression with respect to GCR and no changes in HSD1
expression. In contrast to the neonatal MUN offspring, adult
adrenal leptin receptor expression was higher in both genders.

There is considerable evidence linking fetal exposure to
excess glucocorticoids and development of metabolic syn-
drome later in life.>* Maternal undernutrition stress induces
excess maternal production of corticosterone as demonstrated
by our data, and by others.>® Furthermore, overexpression of
placental 11 HSD-2 in MUN dams, which inactivates active
GC such as corticosterone to inactive 11-keto forms, is inhib-
ited,>”*® resulting in overexposure of the fetus to GC which in
turn would cause growth restriction and other adult chronic dis-
ease.>”° The importance of excess maternal GC to the patho-
genesis of metabolic syndrome in the offspring was previously
demonstrated in the protein restriction model of programming
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Figure 3. Demonstrates immunohistochemical localization of mineralocorticoid receptor (MCR) and glucocorticoid receptor (GCR) in Pl
control and MUN adrenals. Brown stain indicated by arrows represents positive staining. Panels A-D show MCR staining, with panels A and E
representing control adrenals and panels B and D, MUN adrenals. Panels E-H show GCR staining, with panels E and G representing controls and
panels F and H, MUN adrenals. Panel | is the negative control. Results of quantitative analysis of staining intensity expressed as Integrated Optical
Density (IOD) based on evaluation of 4 high-power fields by Image Pro Plus software is shown in the bar plots. N = 3 males and 3 females from
different litters. *** P < .001 by Mann Whitney U test.

in which offspring hypertension was prevented by treatment of Our data indicate that GC and MC receptors are primarily
pregnant dams with GC synthesis inhibitors and recreated by localized in the adrenal cortex. The expression of GC/MC
administration of corticosterone to the dams.*'~*? receptors as shown here and by others’ suggests that the adrenal
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Figure 4. Immunohistochemical localization (x 10) of leptin receptor
in P1 adrenal of control and MUN offspring (N = 3 males and 3
females). Bar plot is a summary of the staining intensity expressed as %
IOD in the 2 dietary groups.

gland is a target for feedback regulation by circulating GC and
MC.?? Elevated levels of maternal GC in response to undernu-
trition would be expected to inhibit maternal and fetal adrenal
steroidogenic enzymes as demonstrated by our data. Our data
in the neonatal offspring, showing inhibition of enzymes
involved in corticosterone (CYP11B1) and aldosterone
(CYP11B2), supports this negative feedback regulation of off-
spring adrenal steroidogenic enzymes by maternal GC and is in
agreement with the findings of Lesage et al.?® In addition, in
neonatal MUN offspring, other important components of ster-
oidogenesis such as STAR protein, which drives the movement
of cholesterol from the outer to the inner mitochondrial mem-
brane,’® and CYP11Al, which is the side-chain cleavage
enzyme that is involved in the early steps of steroidogenesis,
were both inhibited. This generalized inhibition of steroido-
genic enzyme mRNA expression in the P1 offspring explains
their lower circulating levels of CORT and could signify
reduced stress reactivity and increased inflammation.** In the
MUN dams, although both CYP11B1 and CYP11B2 were sup-
pressed, CORT levels were elevated. This discrepancy could
potentially be secondary to a nutritional stress-driven central
CRF drive in these dams, which would stimulate ACTH secre-
tion.>> In contrast to MUN dams, in the P1 offspring the central
expression of MCR/GCR and responsiveness to stress is not
fully developed.®®>” The maturation of negative feedback loop
axis for both GCR and MCR appears to be tissue-dependant in
rats. In case of GCR, GC-induced inhibition of GCR mRNA is
evident between 2 and 7 days of life in liver and between 7 and
14 days in the brain,*® whereas for MCR, negative feedback
was operative in the kidney but not brain in neonates.*® Cur-
rently, there are no studies that have addressed the maturation
of the negative feedback loop between circulating GC/MC and
adrenal steroidogenic enzymes. Our finding of reduced circu-
lating CORT levels in P1 offspring is in agreement with Lesage
et al who also used a 50% food restriction model and reported

an increase in CORT levels at birth in the food-restricted off-
spring, which then decreased 2 hours later,”® and with human
data showing lower cortisol levels in individuals with the meta-
bolic syndrome.*® Similarly, in another model of programming
employing low-sodium diet during pregnancy, fetal levels of
CORT were reduced in the exposed fetuses and this was asso-
ciated with decreased adrenal expression of 11 beta hydroxy-
lase.*® Fetal exposure to long-term hypoxia also inhibited the
expression of key enzymes regulating cortisol biosynthesis in
the ovine fetus,*' whereas in a protein-restriction model of fetal
programming plasma CORT levels were unaffected,** illustrat-
ing the importance of the nature of stress in fetal programming.

The adrenal response to nutritional programming is highly
species-dependant. Gestational undernutrition resulted in an
increased mRNA expression of ACTH-R and STAR in the
adrenals during late gestation in sheep'” and in ACTH levels
and response to corticotropin-releasing hormone (CRH).'®
Coulter et al also found a decreased level of expression of
STAR in the growth-restricted fetus; however, this did not
affect adrenal steroidogenesis.*’ Based on these findings, these
investigators suggested that in the ovine growth-restricted
fetus, steroidogenesis may not be ACTH-dependent.*® In
another study using the sheep model, brief undernutrition in
utero did not alter adult adrenal protein expression of
P450C17 and P45011B1.*

The global inhibition of adrenal steroidogenic enzymes in
the P1 MUN adrenals could also be secondary to elevated
maternal leptin levels in MUN dams, which could directly inhi-
bit offspring steroidogenic enzymes, and inhibit offspring lep-
tin receptor expression, as demonstrated by our data. Our group
previously reported that maternal food restriction as other types
of systemic stress*” results in elevated leptin levels most likely
from placental and adipose tissue origin.*® Elevated maternal
leptin could also directly inhibit fetal adrenal steroidogenic
enzymes as leptin was reported to have a direct adrenal sup-
pressive effect on steroidogenic enzymes,”*"**’ and on STAR
protein expression.*® Exposure to high levels of leptin would
also enhance GC negative feedback in the brain through
increased expression of GCR in the hippocampus and paraven-
tricular nucleus as previously reported.*’

The profile of adrenal steroidogenic enzymes in the adult
MUN offspring changed during the course of development in
a gender-specific manner, demonstrating different adaptational
strategies in male versus female MUN offspring. Others have
also reported on gender differences in basal cortisol levels or
responsiveness to stress in adult offspring of other species such
as sheep”” and guinea pigs.® Our data showed that the general-
ized inhibition of steroidogenic enzymes was no longer evident
in the adult MUN offspring. In adult male MUN offspring, the
adrenal expression of HSD1, CYP11A1, CYP11B2, and GCR
were markedly increased, a pattern opposite to that of the neo-
nates. In contrast to males, adult MUN female profile of steroi-
dogenic enzymes showed fewer changes compared with
controls, with only an inhibition of CYP17A1 and an increase
in CYP11A1 expression. In adult male MUN offspring, a trend
toward an inhibition of CYP17A1 was found. This inhibitory
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trend in CYP17A1 expression was also noted in the Pl
offspring. CYP17A1 is a key enzyme in the steroidogenic path-
way, catalyzing the addition of a hydroxyl group to pregneno-
lone and progesterone, thereby controlling the amount of
substrates for downstream steps for synthesis of mineralocorti-
coids, glucocorticoids, androgens, and estrogens. Inhibition of
CYP17A1 in the MUN offspring in the different age group
offspring could account for the lower basal circulating CORT
levels in them and could potentially lead to reduced synthesis
of sex hormone levels in both genders.

In adult MUN offspring of both genders, there was an
increase in adrenal CYP11A1l mRNA (cholesterol side-chain
cleavage enzyme) expression. This enzyme converts choles-
terol into pregneolone, and its expression is principally regu-
lated by angiotensin II, luteinizing hormone (LH), and
ACTH.”! Previous studies have demonstrated an activation of
the renin-angiotensin system in MUN offspring.>* Further-
more, the adrenal expression of angiotensin receptor 1b is
increased in these offspring,>® suggesting increased responsive-
ness of the adrenal to circulating angiotensin II. Elevated
angiotensin II levels and increased responsiveness to its effects
in MUN offspring would be expected to stimulate the expres-
sion of CYPI1Al mRNA as demonstrated by our data. The
more pronounced inhibition of basal CORT levels in adult male
compared with female MUN offspring could also be secondary
to negative feedback inhibition of CORT at the adrenal level
due to (1) increased HSD1 mRNA expression which would
lead to increased active GC levels within the adrenal thereby
inhibiting other steroidogenic enzymes locally and (2)
increased GCR expression in male adrenals would make these
tissues more sensitive to circulating CORT which stimulates
HSDI expression.’* Gender-related differences in GCR/MCR
imbalance and steroidogenic enzyme expression in adult MUN
offspring could also account for a relative protection of female
MUN offspring from development of programmed hyperten-
sion as compared with males”>~° since in males but not females
the expression of aldosterone synthesizing enzyme, CYP11B2,
was increased. Our data also showed an increase in leptin
receptor expression in MUN adrenals particularly in males.
Although both male and female MUN have hyperleptinemia,
leptin levels in male MUN are higher compared with females,**
yet leptin receptor expression is also higher in males compared
with females, suggesting a probable leptin resistance at the
adrenal level that develops during the course of development
and is more exaggerated in MUN males.

The common finding of increased adrenal ACTH-R expres-
sion in adult males and females would suggest an increased
sensitivity of these animals to the effects of stress. Our data are
in agreement with Waddell et al who reported increased adre-
nal expression of the ACTH-R in 6-month-old offspring and
increased stress-induced levels of plasma corticosterone in a rat
model of programming in which dams received dexamthasone
during gestation.'® In humans, low birth weight is associated
with increased urinary glucocorticoid excretion in children’’
and with elevated basal plasma cortisol concentration® and
greater adrenocortical responsiveness to ACTH in adults.>

This increased responsiveness to stress has been proposed to
contribute to the pathogenesis of chronic diseases.>®

In summary, our data demonstrate that the adrenal gland is
an important target for nutritional programming effects. The
changing pattern of GC/MC and ACTH-R in the adrenal would
imply differing sensitivities of this gland to circulating GC/MC
and ACTH during the course of development. The programmed
adrenal expression of steroidogenic enzymes, GC, and leptin
receptors in a gender-specific and developmentally regulated
manner supports an important contribution of the adrenal gland
to the development of metabolic syndrome in MUN offspring and
the gender differences in response to maternal undernutrition.
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