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A B S T R A C T

Adipose tissue dysfunction is one of the features of Polycystic Ovary Syndrome (PCOS) with dysregulated adi
pogenesis, altered functional pathways and increased inflammation. It is increasingly clear that there are also 
male correlates of the hormonal and metabolic features of PCOS. We hypothesised that the effects of adipose 
tissue dysfunction are not sex-specific but rather fat depot-specific and independent of obesity. We used a 
clinically realistic ovine model of PCOS where pregnant sheep are injected with 100 mg of testosterone propi
onate twice weekly from day 62 to day 102 of gestation. We studied control and prenatally androgenised (PA) 
female and male offspring during adolescence and weight-matched control and PA female sheep during adult
hood. We examined subcutaneous adipose tissue (SAT), visceral adipose tissue (VAT) and in adult female sheep 
bone marrow adipose tissue (BMAT). Adipogenesis related gene expression in SAT was similar in adolescent 
female and male controls and the reduction in adipogenesis related gene expression by PA in female adipose 
tissue was not observed in males. Differences in expression of genes associated with adipose tissue function in 
adolescence in SAT driven by PA were found in both sexes. In adulthood, the changes seen in adolescent females 
were absent or reversed but there was an increase in inflammatory markers that was weight independent. In 
addition, BMAT showed increased inflammatory markers. Adipose dysfunction evolves with time and is focussed 
on SAT rather than VAT and is generally sex-specific although there are also effects of prenatal androgenisation 
on male SAT. In female adults, the inflammation seen in SAT is also present in BMAT and the development of 
blood cells in an inflammatory environment may have systemic implications.

1. Introduction

Polycystic ovary syndrome (PCOS) is one of the most common 
endocrine disorders affecting women of reproductive age (Fauser et al., 
2012). Its aetiology is complex and multifactorial, with reproductive 
features such as hyperandrogenism and anovulation, as well as meta
bolic associations like obesity, insulin resistance, liver steatosis and 
white adipose tissue (WAT) dysfunction (Ehrmann, 2005; Moran et al., 
2015; Goodman et al., 2015; Hoeger et al., 2021).

WAT is the most abundant type of fat in humans and is the main 
storage and metabolic site for dietary lipids (Sun et al., 2011). The two 
main kinds of WAT, subcutaneous and visceral, differ at the anatomical, 

cellular and molecular level (Pou et al., 2007; Kahn et al., 2022). Sub
cutaneous adipose tissue (SAT) is primarily located in the 
femoral-gluteal and abdominal wall areas, and is made up of smaller, 
insulin-sensitive adipocytes (Després, 2012). Visceral adipose tissue 
(VAT) is commonly located around organs in the abdominal area and 
consists of larger, insulin-resistant adipocytes (Després, 2012). Visceral 
adipocytes are more metabolically active than subcutaneous adipocytes, 
showing increased lipolytic rate and triglyceride release (Amer, 1995). 
In addition, adipocytes are also present in the bone marrow, and notably 
bone marrow adipose tissue (BMAT), as well as having a metabolic role, 
is also linked to immune function (Cawthorn et al., 2014; Horowitz 
et al., 2017; Sebo et al., 2019).

* Corresponding author. Centre for Reproductive Health Institute for Regeneration and Repair Edinburgh BioQuarter, 4Little France Drive, Edinburgh, EH16 4UU, 
UK.

E-mail address: W.C.Duncan@ed.ac.uk (W.C. Duncan). 

Contents lists available at ScienceDirect

Molecular and Cellular Endocrinology

journal homepage: www.elsevier.com/locate/mce

https://doi.org/10.1016/j.mce.2024.112416
Received 4 July 2024; Received in revised form 11 November 2024; Accepted 13 November 2024  

Molecular and Cellular Endocrinology 595 (2025) 112416 

Available online 16 November 2024 
0303-7207/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

mailto:W.C.Duncan@ed.ac.uk
www.sciencedirect.com/science/journal/03037207
https://www.elsevier.com/locate/mce
https://doi.org/10.1016/j.mce.2024.112416
https://doi.org/10.1016/j.mce.2024.112416
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mce.2024.112416&domain=pdf
http://creativecommons.org/licenses/by/4.0/


SAT dysfunction is very common in women affected by PCOS 
(Echiburú et al., 2018; Divoux et al., 2022). Such dysfunction is char
acterised by enlarged adipocytes which quickly reach their storage ca
pacity, resulting in “lipotoxicity” when lipids overspill from SAT into the 
general circulation, accumulating in peripheral organs, such as the liver, 
and blood vessels as well as driving increased storage in visceral adipose 
tissue (VAT) (Spritzer et al., 2015; Pellegrinelli et al., 2016; Longo et al., 
2019). Further to storing and metabolising lipids and thus participating 
in whole-body homeostasis, adipocytes also secrete hormones, inflam
matory cytokines and adipokines (Galic et al., 2010). Adipocyte 
dysfunction is associated with inflammation within adipose tissue, 
which is commonly seen in PCOS (Spritzer et al., 2015; Longo et al., 
2019).

Although PCOS is typically considered a female reproductive disor
der, it has recently been identified that male descendants of women 
affected by PCOS similarly develop metabolic, cardiovascular, and 
hormonal abnormalities (Recabarren et al., 2008; Lenarcik et al., 2011; 
de Wilde et al., 2018; Yilmaz et al., 2018) and this warrants further 
research.

Our group has previously shown that androgen exposure of ewes 
during pregnancy leads to clinically realistic ovarian, hormonal and 
metabolic features similar to those present in PCOS (Hogg et al., 2011, 
2012; Rae et al., 2013). Male offspring from such pregnancies display 
similar metabolic disturbances to those seen in sons born to women with 
PCOS (Siemienowicz et al., 2019, 2022). We have also previously re
ported that SAT of female adolescent prenatally androgenised (PA) 
sheep with a PCOS-phenotype shows impaired adipogenesis, while adult 
PCOS-sheep are insulin-resistant, overweight and their subcutaneous 
adipocytes are hypertrophic and more inflamed (Siemienowicz et al., 
2021a).

We hypothesised that: 1) prenatal androgenisation causes a similar 
adipose tissue phenotype in females and males; 2) the hypertrophy of 
subcutaneous adipocytes in female adult PCOS-sheep is weight inde
pendent; 3) adipose tissue inflammation in PCOS-sheep is age and fat 
depot-specific. In this study, we assess sex-differences in adolescent 
adipose tissue function and examine its evolution into adulthood. We 
investigate adipocyte size and function in different fat depots in weight- 
matched adult female control and PCOS-sheep.

2. Materials and methods

2.1. Animals and treatments

Experiments were conducted under a project license from the UK 
Home Office after institutional ethical review. Animal husbandry, 
experimental protocols and tissue collection were performed as previ
ously described (Hogg et al., 2011, 2012; Rae et al., 2013). Scottish 
Greyface ewes were housed in groups in spacious enclosures and fed hay 
ad libitum. Ewes with a healthy body condition score (2.75–3) were 
synchronised with Chronogest (flugestone) sponges (Intervet Ltd, UK) 
and Estrumate (cloprostenol) injection (Schering Plough Animal Health, 
UK) and mated with Texel rams. Pregnancy was suggested by lack of 
estrous and confirmed by ultrasound scanning.

Pregnant ewes were randomised to either intramuscular 100 mg 
testosterone propionate (TP), in 1 ml vegetable oil, or 1 ml vegetable oil 
control (C) twice weekly from day (D)62 to D102 pregnancy (total 
gestation 147 days). Pregnancies were carried to term and lambs were 
weaned at 3 months and fed hay or grass ad libitum until sacrifice at 11 
months, [female adolescent, weight-matched (C = 5; TP = 9)], 6 months 
[male adolescent (C = 7, TP = 7)] or 30 months [female adult, weight- 
matched (C = 4; TP = 4)]. For BMAT one weight-matched control tissue 
was missing so three additional non-weight matched controls were used 
(C = 6, TP = 4). As males undergo puberty earlier than females, 
developmental stage was used rather than age to define adolescence. 
Due to practical and economic constraints only female offspring were 
reared through to adulthood.

Animals were sacrificed as described previously (Hogg et al., 2011), 
adipose tissue was carefully removed and fixed in Bouins solution for 24 
h, transferred to 70% ethanol and processed into paraffin wax and/or 
snap frozen immediately upon removal and stored at − 80C. Visceral 
adipose tissue was collected from the omentum, subcutaneous adipose 
tissue from the groin and bone marrow adipose tissue from the femur 
shaft.

2.2. Adipocyte morphometric analysis

For adipocyte morphometric analysis, three 5 μm sections were cut 
per adipose tissue sample, a minimum of 100 μm apart, and mounted on 
positively charged slides (Superfrost, Thermoscientific, UK). Sections 
were then dewaxed, rehydrated and stained with haematoxylin and 
eosin following standard protocol. Two randomly selected fields per 
section were captured at × 4 magnification using Olympus Provis BX2 
microscope (Olympus America Inc., USA) attached to a Canon EOS 30D 
Microcam camera (Canon Inc, Japan). Images were analysed using 
ImageJ Software in a blinded manner.

2.3. Quantitative (q)RT-PCR

RNA was extracted from adipose tissue using the Lipid RNeasy Mini 
Kit (Qiagen Ltd.) following the manufacturer’s instructions. RNA con
centration and purity was assessed using a NanoDrop One spectrometer 
(ThermoFisher Scientific, UK). Complimentary DNA (cDNA) was syn
thesised using Nanoscript cDNA Reverse Transcription Kit (Novacyt, 
UK). Housekeeping genes for ovine visceral and subcutaneous adipose 
tissue have previously been identified using Genorm (Siemienowicz 
et al., 2019), and 18S was the most stable housekeeping gene and was 
therefore utilised for bone marrow adipose tissue.

Primers (Table 1) were designed and synthesised as described pre
viously (Siemienowicz et al., 2020). Quantitative RT-PCR was per
formed on 96-well plate format (Applied Biosystems) with all samples 
assayed in duplicate and housekeeping control genes included in each 
run, as well as template, RNA and RT-negative controls, using the ABI 
QuantStudio 5 system (Applied Biosystems) as described previously 
(Hogg et al., 2012). The transcript abundance of target gene relative to 
the housekeeping genes was quantified using the 2-ΔΔCt method (Livak 
and Schmittgen, 2001).

Table 1 
Primers. Details of the primers used for RT-PCR.

Gene Forward Primer Reverse Primer

18S CAACTTTCGATGGTAGTCG CCTTCCTTGGATGTGGTA
ACTB ATCGAGGACAGGATGCAGAA CCAATCCACACGGAGTACTTG
ADIPOQ AGAGATGGCACCCCTGGT GACCTTCGATCCCAGTGATT
AGPAT2 CAGCATCATCAGTTGGTTCG GTACATGATCAGGCCCACAG
ATGL GACGGTGGCATCTCAGACAA GTAGGGTACCATCATGGCCG
CCL2 GACCCCAACCTGAAATGGGT GCAGTTAGGGGAAGCCAGAA
CEBPA GTGGACAAGAACAGCAACGA CGCAGTGTGTCCAGTTCG
CEBPB GACAAGCACAGCGACGAGTA AGCTGCTCCACCTTCTTCTG
CEBPD CGAGTACCGGCAGCGAC GTCGCGCAGTCCGGC
CD68 CAGCCCAGGATTCACCAGTT CCGAGAATGTCCACTGTGCT
CYP17A1 GGACACAACTCATCTCGCCA CGCACCTCGATCTTCACCTT
CYP19A1 GGTGTCCGAAGTTGTGCCTA CATGAGGGTCAACAC
DGAT1 CAGACAAGGACGGAGACGTAG CACACACCAATTCAGGATGC
FABP4 CAAACTGGGCGTGGAATTCG ACCAGCTTGTCACCATCTCG
HIF1 GCAAGACTTTTCTCA TTGGTCAGATGGTCA
HSL ACCGAGACAGGCCTCAGTGTG GAATCGGCCACCGGTAAAGAG
IL6 AAATGACACCACCCCAAGCA CTCCAGAAGACCAGCAGTGG
LEP ATCTCACACACGCAGTCCGT CCAGCAGGTGGAGAAGGTC
PEA-15 GACCAACAACATCACCCTTGA TCTCCAGGAAGCTAAACCAGG
PLIN1 CATCTCTACCCGCCTTCGAA TGCTTGCAATGGGCACACT
PPARG TGCAGTGGGGATGTCTCATA CAGCGGGAAGGACTTTATGT
SLC2A4 CCAGCATCTTTGAGTCAGCA CAGAAGCAGAGCCACAGTCA
TNF GGTGCCTCAGCCTCTTCT GAACCAGAGGCCTGTTGAAG
VEGF TCTTCAAGCCATCCTGTGTG TGCATTCACATTTGTTGTGC
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2.4. Statistical analysis

For comparing means of two treatment groups with equal variances 
Student’s t-test was used, otherwise a Mann-Whitney test was used, in 
both cases accepting P < 0.05 as significant. For more than two com
parisons, ANOVA was used with Tukey post hoc test or a Kruskal Wallis 
test with Dunn’s multiple comparisons when variances were not equal. 
Statistical analysis was performed using GraphPad Prism 10.2 software 
(GraphPad Prism Software, San Diego, CA, USA). Asterisks were used to 
indicate level of significance based on the following criteria: *P < 0.05, 
**P < 0.01.

3. Results

3.1. Is altered adipogenesis induced by prenatal androgenisation in 
adolescence sex specific?

There was no difference in SAT adipogenesis markers between con
trol adolescent females and males, and prenatal androgen exposure had 
no effect on expression of adipogenesis markers in male SAT (Fig. 1A). 
However, adolescent females exposed to increased prenatal androgens 
have reduced transcript abundance of markers of adipogenesis (PPARG, 
CEBPA, CEBPB) in SAT compared to contemporaneous weight-matched 
vehicle controls (Fig. 1A). There was no difference in the expression of 
PPARG, CEBPA, CEBPB and CEBPD in VAT between control adolescent 
males and females (Fig. 1B), and prenatal androgenisation had no effect 
on the expression of these genes in adolescent male or female VAT when 

Fig. 1. Adipogenesis gene expression. Comparison of the expression of the adipogenesis genes PPARG, CEBPA, CEBPB and CEBPD between control (C) and prenatally 
androgenised (PA) female and male adolescent sheep in A) subcutaneous adipose tissue and B) visceral adipose tissue. Expression of the mature adipocyte markers 
LEP and ADIPOQ, and the effect of prenatal androgenisation, in female and male adolescent sheep in C) subcutaneous and visceral adipose tissue. *P < 0.05, **P <
0.01, ***P < 0.005.
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compared to controls (Fig. 1B).
There were no differences in adolescent SAT LEP and ADIPOQ 

expression between control adolescent males and females and the 
reduction in LEP and trend to reduction ADIPOQ seen here after prenatal 
androgenisation in female adolescent SAT was not observed in males 
(Fig. 1C). Prenatal androgenisation had no effect on the LEP and ADI
POQ in adolescent male or female VAT (Fig. 1C). The prenatal andro
genic reduction in adolescent adipogenesis is both SAT and sex-specific, 
and the effect of female prenatal androgenisation is not to make adi
pogenesis more male-like.

3.2. Effects of sex and prenatal androgenisation on adipocyte lipid 
metabolism

The impact of altered adipogenesis on the evolution of adipocyte 
lipid metabolism was assessed in both sexes.

In adolescence, there were no differences between control male and 
female SAT HSL, ATGL, AGPAT2, DGAT1, FABP4 and PLIN1 transcript 
abundance (Fig. 2A). In adolescent female SAT prenatal androgenisation 
significantly reduced HSL, ATGL, AGPAT2 compared to vehicle controls 

(Fig. 2A). In adolescent males, FABP4 was reduced after prenatal 
androgenisation (Fig. 2A). In adolescent VAT there were no differences 
between males and females and no effect of prenatal androgenisation on 
HSL, ATGL, AGPAT2, DGAT1, FABP4 and PLIN1 transcript abundance 
(Fig. 2B).

In mature adult females the transcript abundance of HSL and DGAT1 
were significantly increased in SAT with a trend towards increased 
PLIN1 after prenatal androgenisation. In contrast ATGL in SAT tended to 
be reduced (P = 0.056) after prenatal androgenisation compared to 
contemporaneous weight-matched vehicle controls (Fig. 2C). There 
were no differences in VAT HSL, ATGL, AGPAT2, DGAT1, FABP4 and 
PLIN1 in mature weight matched female adults (Fig. 2D).

Prenatal androgenisation has effects on lipid metabolism that is 
limited to SAT, evolves with age and is not limited to females.

3.3. The effect of sex and prenatal androgenisation on adipocyte 
metabolic and endocrine function

We next assessed the impact of prenatal androgenisation on candi
date metabolic and endocrine transcripts.

Fig. 2. Lipid metabolism gene expression. Comparison of the expression of the lipid metabolism genes HSL, ATGL, AGPAT2, DGAT1, FABP4 and PLIN1 between 
control (C) and prenatally androgenised (PA) female and male adolescent sheep in A) subcutaneous adipose tissue and B) visceral adipose tissue. The effect of 
prenatal androgenisation of the expression of HSL, ATGL, AGPAT2, DGAT1, FABP4 and PLIN1 in C) subcutaneous adipose tissue and D) visceral adipose tissue of 
mature adult female sheep. *P < 0.05, **P < 0.01.
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In adolescence, there was no difference between control female and 
male HIF and VEGF expression In SAT. In females, prenatal androgeni
sation increased HIF1 in SAT with a similar trend in VEGF (Fig. 3A). The 
effect of prenatal androgenisation on adolescent male SAT showed a 
similar pattern to females for HIF1 and VEGF but it was not significantly 
different (Fig. 3A). Likewise in both female and male VAT the pattern in 
HIF1 and VEGF expression was similar to SAT but there were no sig
nificant differences (Fig. 3B).

In adolescence, adipose tissue CYP17A1, CYP19A1 and SLC2A4 
expression in SAT was the same in control female and males (Fig. 3A). 
Prenatal androgenisation had no effect in expression of CYP17A1, 

CYP19A1 and SLC2A4 in female adolescent SAT while it reduced in 
CYP19A1 in male adolescent SAT (Fig. 3A). Prenatal androgenisation 
caused an increase in female adolescent VAT SLC2A4 with a non- 
significant trend (P = 0.06) to its increase in male adolescent VAT 
(Fig. 3B).

In mature female adults there was no effect of prenatal androgeni
sation on HIF1 or VEGF in SAT or VAT when compared to weight- 
matched contemporaneous controls (Fig. 3C and D). There was no ef
fect of prenatal androgenisation on CYP17A1 in SAT or VAT in mature 
adult females (Fig. 3C and D). In mature female adults however 
CYP19A1 was reduced by prenatal androgenisation in SAT (Fig. 3C) 

Fig. 3. Metabolism and endocrine gene expression. Comparison of the expression of the metabolism and steroidogenic genes HIF1, VEGF, CYP17A1, CYP19A1, and 
SLC2A4 between control (C) and prenatally androgenised (PA) male and female adolescent sheep in A) subcutaneous adipose tissue and B) visceral adipose tissue. 
The effect of prenatal androgenisation of the expression of HIF1, VEGF, CYP17A1, CYP19A1, and SLC2A4 in C) subcutaneous adipose tissue and D) visceral adipose 
tissue of mature adult female sheep. *P < 0.05, **P < 0.01.
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with no significant reduction in VAT (Fig. 3D). In mature female adults 
there was no effect of prenatal androgenisation on SLC2A4 in SAT or 
VAT when compared to weight-matched contemporaneous controls 
(Fig. 3C and D).

Adipocyte metabolism and endocrinology can be altered by prenatal 
androgenisation with effects on males and females and in different de
pots that changes with age.

3.4. Adipose tissue structure in mature adults

To determine if the effects of prenatal androgenisation on adipose 
tissue structure in mature adults was independent from weight we 
examined adipose tissue in weight-matched prenatally androgenised 
sheep and contemporaneous controls. In SAT there was a reduction in 
the number of adipocytes (P < 0.05) with a trend to an increase in mean 
adipocyte size (P = 0.05) in mature female adults after prenatal 
androgenisation when compared to contemporaneous weight-matched 
vehicle controls (Fig. 4A). There were no differences in the number of 
adipocytes and mean adipocyte size in VAT (Fig. 4B).

The structural change in SAT in mature adult females was indepen
dent of weight.

3.5. Is PEA15 involved in the regulation of fat cell size after prenatal 
androgenisation?

We looked at the adipocyte marker PEA15 that is associated with 
increasing adipocyte size. In adolescence prenatal androgenisation had 
no effects on female or male adipose tissue PEA15 expression in SAT or 
VAT. In adult females prenatal androgenisation had no impact on 
adipocyte PEA15 expression in SAT or VAT (Fig. 5). PEA15 does not 
seem to be involved in the weight independent increase in adult female 
adipocyte size as a result of prenatal androgenisation.

3.6. The evolution of adipose tissue inflammation

We examined whether the inflammation seen in mature female adult 
SAT after the development of obesity as a consequence of prenatal 
androgenisation was present in adolescence in females and males.

In adolescence, prenatal androgenisation had no effects on TNF, IL6, 
CCL2 and CD68 expression in SAT in females and males when compared 

to vehicle controls (Fig. 6A). In VAT there was no effect of prenatal 
androgenisation on TNF, IL6 and CD68 expression in adolescent females 
and males (Fig. 6B). However, in VAT, prenatal androgenisation 
increased CCL2 in adolescent males with a similar non-statistically sig
nificant pattern in adolescent females (Fig. 6B).

In mature female adults matched for weight we showed inflamma
tion after prenatal androgenisation with increased TNF and IL6 in SAT 
(Fig. 6C) with no differences in VAT (Fig. 6D). In bone marrow adipo
cytes of mature female adults prenatal androgenisation increased TNF, 
IL6 and CD68 transcript abundance (Fig. 6E).

Adipose tissue inflammation does not appear to be sex-specific but it 
is depot-specific and increases with age.

4. Discussion

In this study, we demonstrate for the first time that: 1) exposure to 
increased prenatal androgens leads to sex-specific effects in the subcu
taneous adipose tissue of adolescent sheep and PA female sheep adipose 
tissue is altered in a way that is not more like a male; 2) The altered size 
and dysfunction of adipocytes in adult female PA sheep is independent 
of obesity; 3) The expansion in adipocyte size in adult subcutaneous 
adipose tissue in adult female PA sheep is not linked to alterations in 
PEA15, an emerging protein linked to adipose tissue expansion in high 
calorie diets; 4) The increased inflammatory signal in adipose tissue is 
fat depot specific and bone marrow adipose tissue in adult female PA 
sheep has an inflammatory phenotype.

Prenatal androgenisation resulted in significant decreases in the 
expression of adipogenesis (PPARG, CEBPA and CEBPB) in female but 
not male SAT of PA sheep. These effects were also tissue-specific and 
limited only to SAT and not VAT. What is remarkable is that the normal 
exposure to androgens in male development had no effect on adipo
genesis as there were no differences between male and female control 
adolescent sheep.

The impaired adipogenesis observed in the female adolescent cohort 
can be attributed to the significant decrease in CCATT enhancer-binding 
protein (C/EBP)-β, the main regulator of cell proliferation and DNA 
replication in differentiating adipocytes (Guo et al., 2015; Siersbæk 
et al., 2011). Binding to the DNA, it stimulates activation of further 
transcription factors C/EBP-α and peroxisome proliferator-activated 
receptor (PPAR)-ɣ. Low C/EBP-B expression detected in female 

Fig. 4. Adipose tissue morphology. Morphology of adipose tissue in subcutaneous adipose tissue (SAT) in A) Control (C) adult female sheep and B) prenatally 
androgenised (PA) adult female sheep. C) Mean adipocyte size and adipocyte count in C and PA adult female sheep. Morphology of adipose tissue in visceral adipose 
tissue (VAT) in D) Control adult female sheep and E) prenatally androgenised (PA) adult female sheep. F) Mean adipocyte size and adipocyte count in C and PA adult 
female sheep. Scale bar 100 μm *P < 0.05.
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adolescent PA sheep thus prevents recruitment of PPAR-G and C/EBP-A, 
also significantly decreased compared to control sheep. C/EBP-α and 
PPAR-ɣ prevent cell division and instead favour differentiation and lipid 
accumulation in normal conditions (Ghaben and Scherer, 2019). The 
molecular regulation of this is not yet fully established. We have re
ported that this process may be endocrinologically regulated through a 
reduction in hepatic FGF21 expression (Siemienowicz et al., 2021b). 
Recently is has been suggested that the cell surface glycoprotein CD44 
may also have a role in co-ordinating the adipogenesis response (Weng 
et al., 2024).

The consequence of reduced adipogenesis is that the resulting adi
pocytes should therefore be less mature or less differentiated than the 
control. This is shown by a reduction in the expression of leptin in fe
males but not males. We have previously reported a reduction in leptin 
and adiponectin in adolescent female PA sheep (Siemienowicz et al., 
2021a). In this study the trend of reduced adiponectin did not reach 
significance when multiple comparison statistical analysis was used, 
with males included in the analysis. Although, like female PA sheep 
(Siemienowicz et al., 2021a), PA male sheep have dyslipidaemia, 
metabolic dysfunction (Siemienowicz et al., 2022) and insulin resistance 
(Siemienowicz et al., 2019), unlike females this does not appear to be 
associated with impaired adipogenesis.

Decreased adipogenesis also means these adipocytes could be less 
likely to efficiently store and metabolise lipids. This is supported by the 
observation of impaired lipid metabolism capability, both in terms of 
lipolysis as evidenced by reduced HSL and ATGL expression, as well as 
lipogenesis, as evidenced by decreased AGPAT2 expression, in PA 
adolescent female sheep compared to control sheep. Decreased AGPAT2 
expression is a marker of decreased adipogenesis (Gale et al., 2006; 
Cautivo et al., 2016). After a meal, free fatty acids (FFAs) and glycerol 
are converted to triglycerides (TGs) during ‘lipogenesis’ by AGPAT2 and 
DGAT. TGs are consequently stored in lipid droplets, cytosolic structures 
which can occupy up to 90% of the cell volume (Ahmadian et al., 2009). 
Low AGPAT2 expression in female PA sheep thus could prevent TGs 
synthesis, accumulation and storage in adipocytes in adolescence. At the 
same time, significantly decreased expression of ATGL and HSL, which 
account for more than 90% of total adipocyte lipolysis (Schweiger et al., 
2006) underlines the inability of freeing FFAs and glycerol in the general 
circulation following prolonged fasting or physical exercise. Decreased 
expression of ATGL and HSL in SAT is associated with insulin resistance 
(Jocken et al., 2007), which PA female sheep demonstrate 
(Siemienowicz et al., 2020) and decreased PLIN1 is associated with 
decreased adipogenesis (Lyu et al., 2015).

Although there was no effect on these pathways in male PA SAT, 
analysis of the expression of the maturation marker fatty acid-binding 
protein (FABP)-4, which did not change in female sheep, was signifi
cantly decreased in male sheep during adolescence. This suggests that 

there are functional differences in male adolescent PA SAT that are 
different from those in female PA adolescents. Once more these changes 
were only seen in SAT and were not present in VAT. There was, however, 
some evidence of VAT dysfunction in adolescence with PA being asso
ciated with an increase in GLUT4 (SLC2A4) expression. This is evidence 
of potential VAT dysfunction. Interestingly in adult obese women with 
PCOS VAT GLUT4 was seen to be reduced (Chen et al., 2014). Although 
it wasn’t significantly reduced in PA adult VAT it tended to be lower and 
the reduction in female adolescent SAT lost significance when multiple 
comparison statistics including males was used. This suggests a dynamic 
effect on glucose uptake in VAT that changes with maturity. In adult
hood there were differences in lipid metabolism markers in SAT in fe
male PA sheep but of note they tended to be in the different direction 
when compared to adolescence. The SAT hypertrophy in adult PA fe
males is in agreement with increased PLIN1 and DGAT1 as both are 
markers of lipid droplet accumulation (Grahn et al., 2013; Harris et al., 
2011). This suggests augmented lipid metabolism in adulthood that 
could further contribute to SAT dysfunction.

The endocrine and steroid metabolic characteristics of fat in both 
males and females are well known (Galic et al., 2010; Le 
Magueresse-Battistoni, 2020). Prenatal androgenisation might have a 
long-lasting effect. In adolescence aromatase (CYP19A1), which con
verts androgens into estrogens, was reduced in PA male SAT. This was 
not seen in adolescent female PA sheep but aromatase was reduced in 
the SAT of adult PA sheep. This has been reported in women with PCOS 
(Wang et al., 2012), suggesting an additional mechanism to augment 
androgens. However, this change in women is inconclusive as SAT 
CYP19 was increased in those women with PCOS and higher testos
terone and blood pressure (Lecke et al., 2011). This suggests that in some 
circumstances increased androgens may promote SAT CYP19 expression 
in PCOS. It is unclear why this was not the case in the PA adult sheep, 
although it should be noted that the tissue was collected at sacrifice in 
the non-breeding season to remove the impact of ovarian hormones in 
control and PA differences. Overall, the local effects, and metabolism, of 
androgens and estrogens in adipose tissue fat in PCOS are unclear and 
require further study.

Although there were no differences as a result of prenatal androge
nisation in inflammatory markers in SAT in adolescence this was not the 
case in adult PA female SAT. We have previously reported increased 
inflammation in PA sheep when compared to contemporaneous controls 
(Siemienowicz et al., 2021a). However, the PA sheep weighed more than 
the control sheep. As obesity is associated with adipose tissue inflam
mation (Ellulu et al., 2017), here we looked only at weight-matched 
control and PA adult female sheep. Analysis of weight-matched sheep 
confirms that the adipocyte hypertrophy and inflammation is weight 
independent. In adult females PA is associated with a hypertrophic and 
pro-inflammatory phenotype in SAT but not VAT, as evidenced by 

Fig. 5. PEA15 gene expression. Comparison of the expression of PEA15 between control (C) and prenatally androgenised (PA) female and male adolescent sheep in 
A) subcutaneous adipose tissue and B) visceral adipose tissue. The effect of prenatal androgenisation of the expression of PEA15 in C) subcutaneous adipose tissue 
and D) visceral adipose tissue of mature adult female sheep.
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Fig. 6. Inflammation gene expression. Comparison of the expression of the inflammation genes TNF, IL6, CCL2 and CD68 between control (C) and prenatally 
androgenised (PA) female and male adolescent sheep in A) subcutaneous adipose tissue and B) visceral adipose tissue. The effect of prenatal androgenisation of the 
expression of TNF, IL6, CCL2 and CD68 in C) subcutaneous adipose tissue, D) visceral adipose tissue and E) Bone marrow adipose tissue of mature adult female sheep. 
*P < 0.05, **P < 0.01.
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significantly larger white adipocytes and increased expression of TNF 
and IL6 markers.

In order to investigate the mechanisms involved in adipose tissue 
hypertrophy we examined PEA15 expression. The small, cytoplasmic 
adaptor PEA15 has recently been identified as a novel regulator of white 
adipocyte size in mice (Verschoor et al., 2021). In this study, the lack of 
PEA15 in the knock-out group led to significantly larger white adipo
cytes than in WT mice. Even more interestingly, PEA15 has also previ
ously been shown to be overexpressed in obese PCOS women (Savastano 
et al., 2011). Therefore, PEA15 expression was investigated in our ovine 
model. PEA15 levels were unchanged in female PA adult sheep, both in 
SAT and VAT. Similarly, no changes were detected during adolescence 
in both male and female sheep, in either SAT or VAT. The different 
models used make it difficult to directly compare our results. Moreover, 
the changes in cell size detected by Verschoor and colleagues were 
evident only after high fat diet, commonly used in murine models to 
induce an obese state, and not in chow conditions. However, PA sheep 
were fed a normal diet suggesting that PEA15 is not involved in the SAT 
hypertrophy observed in our female PA sheep and may be more involved 
in dietary-induced SAT hypertrophy.

Adult female PA sheep also present a pro-inflammatory phenotype, 
and this study reveals for the first time this is not isolated to SAT but also 
to BMAT. This highly specialised adipose tissue depot is known to 
impact bone health, haematopoiesis, and participating to the metabolic 
homeostasis (Horowitz et al., 2017; Cawthorn et al., 2014). TNF, IL6 and 
CD68 were all found to be significantly increased in BMAT of PA adult 
sheep compared to the control, indicating increased recruitment of 
macrophages from the circulation, contributing to the worsening of 
adipocyte dysfunction. This could have profound implications for both 
bone formation and haematopoiesis, as bone marrow adipocytes 
actively participate in these two processes through cell-cell interaction 
as well as the release of adipokines and growth factors (Sebo et al., 
2019). More investigations are needed to examine whether this is the 
case.

In summary, we have shown PA female sheep are phenotypically 
different from males in adolescence. At this developmental stage, 
impaired lipid metabolism capability was registered, in addition to 
impaired adipogenesis. We then confirmed this leads to SAT dysfunc
tion, hypertrophic changes to adipocytes and increased inflammation 
during adulthood in females. Critically, we show for the first time this 
inflammatory phenotype is common to both SAT and BMAT, with 
potentially critical consequences for bone marrow immune system 
activity.
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