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Abstract: Maternal stress can impair fetal development and program sex-specific disease 

outcomes in offspring through the actions of maternally produced glucocorticoids, 

predominantly corticosterone (Cort) in rodents. We have demonstrated in mice that male but 

not female offspring prenatally exposed to Cort (33µg/kg/h for 60h beginning at E12.5) 

develop cardiovascular/renal dysfunction at 12 months. At 6 months of age, renal function was 

normal but male offspring had increased plasma aldosterone concentrations, suggesting altered 

adrenal function may precede disease. This study investigated the long term impact of prenatal 

exposure to Cort on adrenal growth, morphology and steroidogenic capacity as well as plasma 

Cort concentrations in offspring at postnatal day 30 (PN30), 6 months and 12 months of age. 

Prenatal Cort exposure decreased adrenal volume, particularly of the zona fasciculata, in male 

offspring at PN30 but increased both relative and absolute adrenal weight at 6 months of age. 

By 12 months of age, male Cort exposed offspring had reduced absolute adrenal weight in 

association with increased adrenal plaque deposition (lipogenic pigmentation). Plasma Cort 

concentrations were elevated in male 6 month offspring but not at other ages. mRNA 

expression of Mc2r (ACTH receptor) was increased in males at PN30 and Cyp11a1 expression 

was decreased at 6 and 12 months of age. There were no changes in the adrenals of female Cort 

exposed offspring. This study demonstrates that prenatal Cort exposure induces offspring 

adrenal gland dysfunction in an age and sex-specific manner, which may contribute to long 

term programmed disease in male offspring following maternal stress. 
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Introduction  

Maternal stress can impair fetal growth and program offspring susceptibility to adult onset 

disease (Cottrell and Seckl 2009). Stress induced impairment of fetal development is mediated 

by elevated maternal glucocorticoids: cortisol in humans or corticosterone (Cort) in rodents. 

Fetal glucocorticoid exposure is necessary for the development of multiple organs (Sugimoto, 

et al. 1976), however in excess glucocorticoids disrupt the formation of physiological systems 

and programs disease in offspring. Much of what we know about glucocorticoid induced 

programming of disease is based on animal studies using synthetic glucocorticoids such as 

dexamethasone. Numerous studies have demonstrated that maternal exposure to 

dexamethasone can reduce fetal or postnatal growth and impair offspring cardio-metabolic 

physiology (de Vries, et al. 2007; Langdown, et al. 2001; Quinn, et al. 2014; Valenzuela, et al. 

2015). Importantly, this growth restriction is often associated with compensatory catch-up 

growth which may further increase the risk of cardio-metabolic outcomes (Ozanne 2001). 

Dexamethasone administration to non-human primates programs hyperinsulinemia, glucose 

intolerance and hypertension in offspring along with elevated stress-induced cortisol 

concentrations (de Vries et al. 2007). This suggests that excess maternal glucocorticoid 

exposure can program offspring to have perturbed regulation of glucocorticoid production. It 

is important to note that individuals with excessive glucocorticoid concentrations, such as those 

with Cushing’s disease, have an array of physiological impairments including dysregulated 

blood pressure, renal function and glucose handling (Anagnostis, et al. 2009). Interestingly, 

males with Cushing’s disease display more complex or severe phenotypes than females (Zilio, 

et al. 2014). It has been suggested that programmed alterations in glucocorticoid production 

may underlie outcomes in models of prenatally programmed disease (Anagnostis et al. 2009).  
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Production of endogenous glucocorticoids is regulated by the maternal hypothalamic-pituitary-

adrenal (HPA) axis. Stress triggers the hypothalamus to produce corticotropin-releasing 

hormone (CRH) which is secreted into the hypothalamic pituitary portal system to stimulate 

the anterior pituitary to produce adrenocorticotropic hormone (ACTH). ACTH is released 

systemically and acts on the melanocortin 2 receptor (MC2R) in the adrenal cortex to drive 

adrenal growth, development and secretion of glucocorticoids (Chida, et al. 2007). Animal 

studies have demonstrated that disruption of the maternal HPA axis via encephalectomy 

(Chatelain and Dupouy 1981) or adrenalectomy (Leret, et al. 2004) impairs the development 

of the fetal adrenal gland. Development of the fetal adrenal gland is regulated by glucocorticoid 

concentrations as glucocorticoid receptor knockout mice display poor adrenal gland formation 

and dysregulated production of ACTH and Cort (Cole, et al. 1995).  

 

While maternal stress has been shown to dysregulate HPA function in offspring (Garcia-

Caceres, et al. 2010), previous studies have focussed on the hypothalamus or pituitary but not 

the adrenal gland, despite it being the site of glucocorticoid production. We have previously 

demonstrated that prenatal Cort exposure in the mouse results in dysregulation of the renal 

renin-angiotensin-aldosterone system (RAAS) at 6 months of age (Cuffe, et al. 2016) prior to 

renal and cardiovascular deficits at 12 months of age (O'Sullivan, et al. 2015). Aldosterone 

levels were elevated in males at 6 months of age suggesting altered adrenal steroid production 

may contribute to the impaired physiology observed. The current study therefore aimed to 

utilise our well characterised model of prenatal Cort exposure (O'Sullivan et al. 2015) to 

investigate offspring adrenal gland morphology and function at multiple time points throughout 

the life course of the animal. As we have previously demonstrated sex-specific differences in 

fetal and placental growth (Cuffe, et al. 2012) as well as disease outcomes following maternal 

Cort exposure, we investigated adrenal glands from males and females separately.  
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Methods 

Animal treatment 

All animal experimentation was approved by the University of Queensland Animal Ethics 

Committee and performed in accordance with the Australian code for the care and use of 

animals for scientific purposes. 8 week old C57BL/6 mice were time mated overnight and 

housed individually prior to and throughout pregnancy. At embryonic day 12.5 (E12.5), 

pregnant mice were anaesthetised with isoflurane for the surgical implantation of an osmotic 

mini pump primed to release Cort at a dose of 33 μg/kg/h for 60h as described previously 

(Cuffe et al. 2012). Control mice were left untreated (Untr) to prevent the stress caused by 

surgery. This treatment regime increases Cort concentrations in the maternal plasma to almost 

threefold Untr levels (Cuffe et al. 2012). This relative threefold increase in plasma Cort is 

similar to that seen in male rats exposed to acute restraint stress (Spiers, et al. 2016) or in 

women who have a stressful labour (Van Cauwenberge, et al. 1987).  Mice were allowed to 

deliver naturally and were handled regularly by the same personnel to minimise the stress 

associated with handling. Offspring were culled at postnatal day 30 (PN30), 6 months, and 12 

months of age for the rapid collection of plasma and adrenal glands. Left adrenals were snap-

frozen and stored at -80°C for subsequent gene expression analysis and right adrenals were 

fixed in 4% paraformaldehyde for morphological analysis and immunohistochemical staining.  

 

Plasma Cort measurements 

Cort concentrations were measured at all ages using 10µl of plasma as described in detail 

previously (Cuffe, et al. 2014). Briefly, a radioimmunoassay was used to measure Cort in 

dichloromethane extracted samples compared to standards using a Cort specific antibody 

(Abcam, Cat. No. ab77798, Cambridge, UK). All samples for each age group were run in 

triplicate within a single assay and the intra-assay coefficient of variation was 4.35%. 
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Morphological and stereological analysis 

Fixed adrenal glands were embedded in paraffin and exhaustively sectioned at 7μm and a 

sampling fraction of 10 (every 6th section) used to calculate adrenal volume. Remaining slides 

were kept for immunological analysis. Adrenal sections were stained with a periodic acid 

Schiff’s (PAS) stain to discern medulla and cortical zone regions. Briefly, slides were placed 

in 1% periodic acid for 5 minutes, Schiff’s solution for 15 minutes, haematoxylin for 6 minutes, 

and Scott’s Tap Water for 2 minutes. Slides were scanned at 10x magnification using the 

Aperio Image Scope XT slide scanner (Aperio, Vista, CA, USA) and analysed using the 

provided software. Images were overlayed with a 1cm x 1cm grid and the total number of 

intersecting grid lines counted for each adrenal region (zona glomerulosa or ZG, zona 

fasciculata or ZF, zona reticularis or ZR and medulla or M) on each adrenal section. The 

Cavalieri method was used to estimate medullary and cortical volumes as described previously 

(Cuffe et al. 2012). As tissue shrinkage occurs in paraformaldehyde-fixed, paraffin-embedded 

tissues, values were adjusted for shrinkage using comparative measurements of erythrocyte 

diameter in fresh and fixed mouse blood.  

 

Pathological analysis of adrenal morphology was assessed by a specialist pathologist who 

determined that 12 month old male offspring demonstrated pathological plaque formation 

including foci of lipogenic pigmentation or ‘brown degeneration’ (Frith 1983). Follow-up 

quantification of adrenal plaque number and size was carried out in adrenal glands collected 

from 12 month old male offspring. The average number of plaques per adrenal section was 

analysed on 5 representative midline sections, containing both cortical and medullary tissue, 

spaced 6 sections apart per adrenal. Adrenal plaques were classified based on plaque size (<101 

m2, 101-500 m2, 501-1200 m2, and >1200 m2). Counts were separated by region (total 

cortex and medulla). The area of each section was determined to obtain a total area sampled 
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per adrenal and all counts were adjusted by a factor proportional to the largest adrenal sampled. 

Final data was expressed as the number of plaques per section for each adrenal.  

 

Quantitative RT-PCR 

RNA extraction and DNAse digestion were performed on whole adrenal glands using the 

RNeasy Minikit (Qiagen, Chadstone VIC, Australia) following the standard protocol provided. 

Eluted RNA (200 ng) was reverse transcribed in a 10 µl reaction, and 2.5 g of cDNA used in 

each reaction. mRNA expression was determined using the comparative CT (2-ΔΔCT) method 

relative to the geometric mean of Rn18s (Cat#4319413E, Life Technologies Mulgrave, VIC, 

Australia) and beta actin (Actb, Cat#4352341E). Commercially available Taqman Assay On 

Demand primer/probe sets (Life Technologies) were used to measure mRNA expression of 

melanocortin 2 receptor (Mc2r, Mm00434865_s1), steroidogenic acute regulatory protein 

(Star, Mm00441558_m1), cytochrome P450, family 11, subfamily A, polypeptide 1 (Cyp11a1, 

Mm00490735_m1), cytochrome P450, family 21, subfamily A, polypeptide 1 (Cyp21a1, 

Mm00487230_g1), cytochrome P450, family 11, subfamily B, polypeptide 1 (Cyp11b1, 

Mm01204952_m1) and cytochrome P450, family 11, subfamily B, polypeptide 2 (Cyp11b2, 

Mm01204955_g1). qPCR reactions were normalised to the mean of the male control group.  

 

Protein localisation 

Protein localisation was assessed using immunohistochemistry for proteins encoded by 

mRNAs that were affected by prenatal treatment. Representative sections were deparaffinised 

in xylene and rehydrated through decreasing concentrations of ethanol before undergoing 

antigen retrieval in citrate buffer at 85°C. Endogenous peroxidase activity was blocked by 

immersion in 0.9% hydrogen peroxide. For MC2R immunolabeling, midline sections of male 

adrenal glands at PN30 were blocked in 2% bovine serum albumin before the primary antibody 
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(MC2R polyclonal rabbit, 1:200, H-70, sc-13107, SantaCruz) or an isotype control was applied 

for an overnight incubation at 4°C. Slides were incubated with a biotinylated anti-rabbit 

secondary antibody (ABC Vectastain Elite kit, Vectorlabs, Burlingame, CA, USA) before 

being exposed to an avidin–biotinylated enzyme complex, stained with DAB and 

counterstained with hematoxylin. For CYP11A1 immunolabeling, midline sections of male 

adrenal glands at 6 and 12 months of age were also blocked by immersion in 0.15M glycine in 

PBS for 15 min, followed by 30 min in DAKO antibody-diluent with background blocker 

(DAKO, Carpentaria, CA, USA) followed by incubation with primary antibody (CYP11A1 

polyclonal rabbit, ab175408, Abcam) or rabbit serum in DAKO diluent. Slides were incubated 

for 2 hours at room temperature followed by visualization of antibody binding using the DAKO 

Envision® kit for rabbit and AEC chromogen, counterstained with hematoxylin and mounted 

in DAKO Faramount medium. 

 

Statistical analysis 

All data are expressed as mean ± SEM and were analysed using GraphPad Prism Software 

(GraphPad Software Inc.). A maximum of 1 adrenal gland of each sex was used for each 

parameter. Adrenal gland weights, hormones and gene expression were analysed at each time 

point using two-way analysis of variance (ANOVA) with treatment and sex as factors. Gene 

expression data were normalised to the average of the Untr male group at each time point. Post-

hoc analysis was performed when required. Total and regional adrenal volumes and plaque 

numbers were compared using unpaired Student’s t-tests. Welch’s correction was used when 

groups to be compared had unequal variances.  

 

Results 

Offspring adrenal weights  
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The absolute adrenal gland weight of Untr male offspring was similar between PN30 and 6 

months of age and increased in size between 6 months of age and 12 months of age (P<0.05). 

In contrast, adrenal weight increased from PN30 to 6 months of age in female offspring 

(P<0.05) but was not significantly greater at 12 months of age (Figure 1).  Absolute adrenal 

weight was not affected by prenatal Cort exposure or the sex of the offspring at PN30 (Figure 

1A). The adrenal to body weight ratio at PN30 was also not affected by prenatal Cort exposure 

but was greater in females compared to males (Psex<0.05, Figure 1B). By 6 months of age, 

female offspring had heavier adrenal glands than males both in terms of absolute adrenal 

weight (Psex<0.05, Figure 1C) and adrenal to body weight ratio (Psex<0.05, Figure 1D). Prenatal 

Cort exposure was found to increase both absolute adrenal weight (Ptrt<0.05, Figure 1C) and 

relative adrenal weight (Ptrt<0.05, Figure 1D) in 6 month old offspring. Post-hoc analysis 

demonstrated that absolute adrenal weight was increased in both male and female 6 month old 

offspring and relative adrenal weight was increased in male 6 month offspring by prenatal Cort 

exposure (P<0.05, Figure 1D). Adrenal glands of female offspring remained heavier than male 

offspring at 12 months of age (Psex<0.05, Figure 1E and 1F). Maternal Cort exposure decreased 

absolute adrenal weights in 12 month old offspring (Ptrt<0.05, Figure 1E), but relative adrenal 

gland weights were unaffected by prenatal treatment (Figure 1F).  

 

Plasma hormones 

At PN30, plasma Cort concentrations were unaffected by prenatal treatment or the sex of the 

offspring (Figure 2A). However, by 6 months of age, females had higher plasma concentrations 

of Cort than males (Psex<0.05, Figure 2B). While Cort concentrations were not increased 

overall by prenatal treatment, a sex by treatment interaction (Pint<0.05) and post-hoc analysis 

(P<0.05) demonstrated that plasma Cort concentrations in male offspring were increased by 
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70% in Cort exposed offspring compared to Untr controls. By 12 months of age, plasma Cort 

concentrations no longer differed between prenatal treatment groups or sexes (Figure 2C).  

 

Adrenal volumes and morphology 

Given that adrenal weights and plasma Cort concentrations were only affected in male 

offspring, total adrenal and compartment volumes were assessed in male offspring only. Total 

adrenal volume at PN30 was reduced by approximately 35% (P<0.01, Figure 3A) however, 

when normalised to body weight, this reduction in volume was lost (Figure 3B). Further 

analysis demonstrated that the overall reduction in absolute adrenal volume was due to a 

significantly smaller zona fasciculata in the adrenals of Cort exposed offspring compared to 

controls (P<0.05). Neither the absolute nor relative volume of the adrenal gland was affected 

by prenatal treatment at either 6 months or 12 months of age (Figure 3C-F). Adrenal glands 

from males and females at PN30 and 6 months demonstrated typical cellular morphology, with 

defined cortical zones and a medullary region. However, by 12 months of age, adrenal glands 

from males demonstrated large, anucleated eosinophilic areas, which were also PAS-positive, 

and identified as lipogenic pigmentation by an expert pathologist (Figure 4A and B). These 

‘plaques’ were quantified and male offspring prenatally exposed to Cort had a greater overall 

number of these adrenal ‘plaques’ in the cortex but not in the medulla (P<0.05). This was due 

to an increase in smaller plaques (<101 m2 and 101-500m2) in Cort exposed offspring 

compared to Untr control (P<0.0001, Figures 4C and D). 

 

Gene expression 

Maternal Cort exposure programmed an increase in Mc2r mRNA expression at PN30 

compared to Untr offspring (Ptrt<0.05, Figure 5A). Post-hoc analysis demonstrated that this 

was due to a 35% increase in Mc2r gene expression in male offspring (P<0.05). Mc2r mRNA 
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expression was reduced in 6 month offspring prenatally exposed to Cort (Ptrt=0.05, Figure 5C) 

with post-hoc analysis demonstrating that Mc2r mRNA expression was reduced by ~50% in 

male Cort offspring compared to Untr offspring (P<0.05). Mc2r mRNA expression was not 

affected by prenatal Cort exposure at 12 months of age but was higher overall in females 

compared to males (Psex<0.05, Figure 5E). Cyp11a1 mRNA expression was unaffected by 

prenatal treatment or sex of the offspring at PN30 (Figure 5B) but was reduced by prenatal 

Cort exposure at 6 months of age (Ptrt<0.05, Figure 5D). Post-hoc analysis demonstrated that 

Cyp11a1 gene expression was reduced by ~40% in male offspring at 6 months of age (P<0.05). 

Cyp11a1 mRNA expression remained lower at 12 months of age in Cort exposed offspring 

compared to Untr controls (Ptrt<0.05, Figure 5F) with post hoc analysis demonstrating that this 

reduction was significant in male offspring (P<0.05). Star, Cyp11b1, Cyp11b2 and Cyp21 were 

all unaffected by prenatal treatment at any age (Table 1). However, the expression of some 

factors was affected by sex with Star being lower in females compared to males at 6 months 

(Psex<0.05), Cyp11b1 higher in females than males at 12 months (Psex<0.05), Cyp11b2 lower 

in females than males at PN30 and Cyp21 higher in females than males at both PN30 

(Psex<0.05) and at 12 months (Psex<0.05) of age (Table 1). 

 

Protein localisation 

Given that Mc2r mRNA expression was increased in whole adrenal glands of male offspring 

at PN30 but decreased at 6 months and Cyp11a1 was decreased at both 6 and 12 months, 

immunohistochemistry was performed in histological sections of the corresponding animals. 

MC2R protein expression at PN30 was found to be predominately localised to the zona 

fasciculata with less expression found in the zona glomerulosa and minimal staining in the zona 

reticularis and adrenal medulla (Figure 6A and B). At 6 months of age, MC2R immunostaining 

was greatest within the zona fasciculata but was also present within the zona glomerulosa and 



12 

 

zona reticularis (Figure 6C and D). CYP11A1 immunohistochemical staining was localised to 

the zona fasciculata and zona glomerulosa in an age and treatment dependent manner. At 6 

months of age, CYP11A1 was predominantly localised to the zona fasciculata (Figures 6E and 

F). At 12 months of age, CYP11A1 was predominantly localised to the zona fasciculata in Untr 

offspring with minimal staining in the zona glomerulosa. In contrast, CYP11A1 was 

predominantly expressed in the zona glomerulosa in Cort exposed offspring (Figures 6G and 

H).  

 

Discussion 

Maternal glucocorticoid exposure is known to impair fetal HPA axis development and program 

long term disease. Whilst there is evidence of a dysregulated HPA in offspring following 

prenatal endogenous glucocorticoid exposure, little is known about adrenal morphology and 

function and rarely have offspring of both sexes been examined. This study highlights that 

female offspring have larger adrenal glands, higher expression of key steroidogenic factors and 

higher plasma Cort concentrations but that none of these measurements were affected by 

prenatal Cort exposure. In contrast, in males, prenatal Cort exposure altered adrenal growth 

and gene expression across the lifespan. Prenatal Cort exposure also programmed an increase 

in plasma Cort concentrations in males at 6 months of age prior to the development of the 

offspring disease previously reported (Cuffe et al. 2016; O'Sullivan et al. 2015). This increase 

in plasma Cort concentration likely reflects the increase in adrenal size at this age. In addition, 

changes to Mc2r and Cyp11a1 gene expression may be contributing to the programmed 

changes in adrenal size that occur over the life course of the animal and therefore may be 

indirectly contributing to the increase in plasma Cort concentrations at 6 months of age.  Along 

with the increased adrenal ‘plaque’ formation, which is associated with aging, it is likely the 
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adrenal deficits have contributed to the renal and cardiovascular phenotypes previously 

reported in 12 month Cort exposed male offspring.  

 

Although prenatal Cort exposure has altered the growth of the adrenal glands, these outcomes 

vary with age suggesting they may be adaptive rather than progressive. We have previously 

demonstrated that prenatal Cort exposure results in reduced body weight at PN30 (O'Sullivan 

et al. 2015) but normal body weight by 6 months of age (Cuffe et al. 2016) indicating catch up 

growth, a phenomenon often associated with long term disease propensity (Huxley, et al. 2000). 

In the current study while adrenal weight was unaffected by prenatal treatment at PN30, by 6 

months of age, adrenal glands of male offspring exposed to Cort were heavier, suggesting 

accelerated adrenal growth that is greater than the animal growth over this time. It is important 

to note that while absolute adrenal weight in female offspring increased significantly from 

PN30 to 6 months even in control animals, adrenal weight in male animals remained consistent 

over this period as did Cort levels. These sex difference in adrenal growth have been 

documented previously in mice (Bielohuby, et al. 2007; Raber, et al. 2000) and may contribute 

to the differences in disease vulnerability between males and females. Indeed, we have recently 

demonstrated in the rat that prenatal stress induces sex and age specific dysregulation of 

androgen regulated genes in the adrenal gland (Cheong, et al. 2016).  

 

At PN30 and 6 months, plasma Cort concentrations reflected relative adrenal weight with no 

differences at PN30 but a 70% increase in plasma Cort at 6 months of age. In contrast, maternal 

dexamethasone exposure in spiny mice had no effect on relative adrenal weight or offspring 

cortisol production (Quinn et al. 2014) whereas maternal dexamethasone administration in rats 

programmed elevated plasma Cort concentrations in offspring, without affecting relative 

adrenal weights (Waddell, et al. 2010). Conversely, dexamethasone administration in the 
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guinea pig increased relative adrenal weight but not cortisol concentrations in offspring 

(Banjanin, et al. 2004). These differences likely reflect glucocorticoid and species specific 

effects (Singh, et al. 2012) but in all these studies, only a single offspring time point was 

investigated. The current study highlights temporal changes in the adrenal glands of offspring 

and the emergence of specific abnormalities with aging as evidence by the fact that at 12 

months of age, male offspring of Cort exposed dams had an increased number of adrenal 

plaques. These deposits have been shown to be associated with aging (Rosol, et al. 2001) but 

also elevated corticosteroid levels (Dillberger, et al. 1992; Dunn 1970; Schardein, et al. 1967).  

 

In addition to changes in adrenal growth, the expression of factors which regulate adrenal 

growth and function were dysregulated in an age and sex specific manner. Mc2r mRNA 

expression was increased in male offspring prenatally exposed to Cort at PN30 but decreased 

in male offspring at 6 months of age. ACTH acts on MC2R, located primarily within the zona 

fasciculata, to increase adrenal cell volume (Ferreira, et al. 2007) and drive glucocorticoid 

production (Chida et al. 2007). It is likely that the observed increase in Mc2r at PN30 has driven 

adrenal growth up to 6 months of age. In turn, this increase in adrenal size at 6 months of age 

may have contributed to the increased production of Cort as well as aldosterone (Cuffe et al. 

2016). The decrease in Mc2r expression at 6 months may be a compensatory adaptation to the 

increase in plasma Cort concentration initiated through negative feedback which may have later 

resulted in the normalisation in adrenal size seen at 12 months of age.  Interestingly, studies in 

guinea pigs have demonstrated that prenatal stress (Kapoor, et al. 2008) but not dexamethasone 

(Banjanin et al. 2004) programed an increase in Mc2r mRNA expression in offspring. 

Similarly, prenatal betamethasone administration in sheep has been shown to program an 

increase in Mc2r mRNA expression in purified adrenocortical cells taken from 1.5 year old 

offspring (Su, et al. 2013). Taken together, it is likely that alternations in MC2R may contribute 
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to glucocorticoid induced adrenal deficits. While Cyp11a1 expression was reduced in male 

offspring at both 6 and 12 months of age, no other genes were affected by prenatal treatment 

at any of the time points investigated. We have previously demonstrated that early 

dexamethasone administration in the sheep results in reduced Cyp11a1 gene expression during 

fetal development (Moritz, et al. 2002). CYP11A1 is expressed in all three zones of the adrenal 

cortex where it is localised to the inner mitochondrial membrane and converts cholesterol into 

pregnenolone as a precursor of all adrenal hormones. ACTH regulates CYP11A1 expression 

within the zona fasciculata to produce glucocorticoids while Angiotensin II regulates 

CYP11A1 in the zona glomerulosa to stimulate the production of aldosterone (Hu, et al. 1999). 

At 6 months of age, CYP11A1 is predominantly localised within the zona fasciculata. It is 

therefore possible that the decrease in Cyp11a1 mRNA in Cort exposed male offspring from 6 

months onwards, may have been caused by negative feedback and also contributed to returning 

plasma Cort concentrations to control levels by 12 months of age. Of particular interest, at 12 

months of age, the pattern of CYP11A1 protein localisation was affected by prenatal Cort 

exposure. CYP11A1 is predominantly expressed in the zona fasciculata in Untr animals but is 

expressed predominantly in the zona glomerulosa in Cort exposed offspring. This may suggest 

a phenotype more closely associated with altered aldosterone production in later life. These 

findings are of significant interest considering that we have previously demonstrated increased 

plasma aldosterone concentrations and reduced renal levels of Angiotensin II in the same 6 

month old male offspring that were used in the current study. In these animals, we also 

identified increased expression of glucocorticoid metabolising enzymes and mineralocorticoid 

regulated pathways suggesting important interactions between the programmed adrenal 

outcomes identified in the current study and renal functions identified previously. It is likely 

that these renal outcomes (Cuffe et al. 2016) contributed to the adrenal changes and increased 

plasma Cort levels at 6 months identified in the current study.  
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While prenatal Cort exposure induced changes in adrenal weights, morphology and gene 

expression at multiple time points throughout the life of male offspring, the adrenal glands of 

female offspring were not affected by this prenatal perturbation. These sex-specific findings 

are in accordance with previous findings in dexamethasone studies (Waddell et al. 2010) 

where programmed disease outcomes in male offspring are frequently more severe than those 

in female offspring (Moritz, et al. 2010). While these outcomes may be due to sex specific fetal 

adaptations to a maternal perturbation, they may also be attributed to differences in the 

postnatal sex hormone profile, with estrogen potentially playing a protective role in many 

programmed disease outcomes (Ojeda, et al. 2007).  

 

Conclusion 

Prenatal glucocorticoid exposure can impair the prenatal development of key organs and 

structures such that offspring are predisposed to dysregulated organ morphology and related 

physiological outcomes. The current study is the first to demonstrate that maternal exposure to 

corticosterone induces sex-specific morphological changes in adrenal structure across the 

lifespan of the animal. The Cort induced adrenal outcomes in offspring are age dependant 

which highlights the adaptive capacity of the adrenal gland throughout life. These adaptations 

have resulted in increased basal plasma Cort concentrations in offspring at 6 months of age but 

not at other time points. Given that high levels of plasma glucocorticoids during adult life can 

result in impaired renal and cardiovascular physiology, this programmed increase in adrenal 

glucocorticoid production at 6 months of age may have contributed to the offspring phenotype 

previously reported (O'Sullivan et al. 2015). Indeed, this study indicates a key role of the 

adrenal gland in the programming of cardiovascular and renal disease outcomes. 
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Figure Legends 

Figure 1: Absolute and relative adrenal weights increased by prenatal exposure to 

corticosterone in 6 month male offspring. The effects of prenatal corticosterone exposure 

(closed bars) on male and female absolute adrenal weight (A) and relative adrenal weight (B) 

(mg/KgBW) at postnatal day 30, absolute adrenal weight (C) and relative adrenal weight (D) 

at 6 months of age and absolute adrenal weight (E) and relative adrenal weight (F) at 12 months 

of age compared to untreated control (open bars). Data are represented as means + SEM and 

analysed using two-way ANOVA with sex and treatment as factors. Sample size- male 

untreated = 7-9, male corticosterone = 7-9, female untreated =7-13, female corticosterone =9-

10. *P<0.05 used to denote post-hoc results when a treatment effect was found and # used to 

indicate a sex effect (Psex<0.05). 

Figure 2: Plasma corticosterone concentrations are increased in 6 month male offspring 

following prenatal corticosterone exposure. The effects of prenatal corticosterone exposure 

(closed bars) on plasma corticosterone concentrations of male and female offspring at (A) 

postnatal day 30, (B) 6 months of age and (C) 12 months of age compared to untreated controls 

(open bars). Data represented as means + SEM and analysed using two-way ANOVA with sex 

and treatment as factors. Sample size- male untreated = 5-8, male corticosterone = 5-8, female 

untreated =3-5, female corticosterone =5-7. A maximum of 1 animal of each sex was used per 

litter.  *P<0.05 used to denote post-hoc results when a treatment effect was found and # used 

to indicate a sex effect (Psex<0.05). 

Figure 3: Adrenal volumes were reduced in male offspring at postnatal day 30 and plaque 

number increased at 12 months following prenatal corticosterone exposure. The effects of 

prenatal corticosterone exposure (closed bars) on absolute adrenal volumes (A, C, E) and 

relative adrenal volumes (mm3/gBW, B, D, F) of male offspring at (A and B) postnatal day 30, 
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(C and D) 6 months of age and (E and F) 12 month of age compared to untreated controls (open 

bars). Adrenal volumes were measured using a stereological approach using every 6th section 

throughout the tissue. Sample size- male untreated = 4-5, male corticosterone =4. A maximum 

of 1 animal was used per litter. Data represented as means + SEM.  Total volumes and relative 

volumes were compared between treatment groups using an unpaired Student’s t-test with 

*P<0.05 used to denote significance. ZG = zona glomerulosa; ZF = zona fasciculata; ZR = 

zona reticularis; M = medulla.  

Figure 4 Morphological analysis demonstrates increased plaque formation in 12 month 

old male offspring. Periodic Acid Schiff’s stained adrenal glands at 10x magnification of (A) 

untreated and (B) corticosterone exposed 12 month offspring demonstrating an increased 

number of adrenal plaques (circled areas) in the cortex (D) but not medulla (C) in response to 

prenatal corticosterone exposure (Scale bars = 50 m). Plaque number was assessed using 5 

representative midline sections, spaced 6 sections apart per adrenal. Sample size- male 

untreated = 5, male corticosterone =4. A maximum of 1 animal was used per litter. Data 

represented as means + SEM, Total plaque number and plaques of various sizes were compared 

between groups using an unpaired Student’s t-test with *P<0.05 used to denote significance.  

 

Figure 5: Mc2r and Cyp11a1 were dysregulated in corticosterone-exposed male adrenals. 

The effects of prenatal corticosterone exposure (closed bars) on relative Mc2r mRNA 

expression at (A) postnatal day 30, (C) 6 months of age and (E) 12 months of age and relative 

Cyp11a1 mRNA expression at (B) postnatal day 30, (D) 6 months of age and (F) 12 months of 

age compared to untreated controls (open bars). All data are normalized to the male control 

group of each age. Sample size- male untreated = 6-9, male corticosterone = 6-9, female 

untreated =6-8, female corticosterone =6-9. A maximum of 1 animal of each sex was used per 
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litter. Data represented as means + SEM and analysed using two-way ANOVA with sex and 

treatment as factors.  *P<0.05 used to denote post-hoc results when a treatment effect was 

found and # used to indicate a sex effect (Psex<0.05). 

Figure 6: Immunohistochemical staining demonstrates that corticosterone exposure 

dysregulates morphology and protein localization in adrenal glands of male offspring. 

Immunohistochemical staining of MC2R in untreated (A) and corticosterone (B) exposed 

adrenal glands at PN30 (DAB chromogen) and untreated (C) and corticosterone (D) exposed 

adrenal glands at 6 months (AEC chromogen) of age, CYP11A1 in untreated (E) and 

corticosterone (F) exposed adrenal glands at 6 months of age (AEC chromogen) and CYP11A1 

in untreated (G) and corticosterone (H) exposed adrenal glands at 12 months of age (AEC 

chromogen). Inset images are from negative controls in which the primary antibody was 

replaced with an isotype control. Scale bars = 100 m, Untreated labelled as UNTR and 

Corticosterone labelled as CORT. N=3-5 per group with at least two sections stained per 

adrenal. A maximum of 1 animal was used per litter. 
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Table 1: Relative mRNA expression for steroidogenic enzymes in the adrenal cortex. Gene 

expression was measured in adrenal glands collected from male and female offspring prenatally 

exposed to corticosterone (Cort) or untreated (Untr) and is expressed relative to Rn18s and Actb 

expression. All data are normalized to the male control group of each age. A maximum of 1 

animal of each sex was used per litter.  Sample sizes are shown in brackets. PN30 = postnatal 

day 30. Data represented as means + SEM and analysed using a two-way ANOVA with sex 

and treatment as factors. Only sex differences were detected with post analysis identifying 

specific sex differences within treatment groups which are annotated with # when P<0.05.  
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Table 1 

 Male  Female 

 Untr (6-9) Cort (6-9)   Untr (6-8) Cort (6-9) 

Star PN30  0.97±0.09 1.22±0.17  1.07±0.15 1.21±0.17 

6 months  1.00±0.15 0.81±0.07  0.63±0.15# 0.45±0.10# 

12 months 1.09±0.15 0.72±0.08  0.97±0.07 0.93±0.07 

Cyp11b1 PN30 1.01±0.11 1.13±0.15  1.28±0.16 1.28±0.17 

6 months 1.34±0.35 0.98±0.04  2.02±0.0.71 1.34±0.42 

12 months 1.04±0.11 0.90±0.09  2.28±0.28# 2.19±0.10# 

Cyp11b2 PN30 1.32±0.22 1.86±0.21  1.41±0.27# 1.00±0.16# 

6 months 1.38±0.38 0.87±0.17  0.63±0.17 0.63±0.14 

12 months 1.56±0.36 1.13±0.26  1.17±0.26 0.53±0.16 

Cyp21 PN30 1.02±0.14 1.14±0.14  1.62±0.17# 1.51±0.20# 

6 months 1.29±0.06 1.66±0.08  1.54±0.55 1.24±0.40 

12 months 1.05±0.14 0.99±0.16  1.86±0.05# 1.79±0.10# 
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