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Abstract

Prenatal testosterone (T) excess-induced metabolic dysfunctions involve tissue specific changes in 

insulin sensitivity with insulin resistant, oxidative and lipotoxic state in liver / muscle and insulin 

sensitive but inflammatory and oxidative state in visceral adipose tissues (VAT). We hypothesized 

that mitochondrial dysfunction, endoplasmic reticulum (ER) stress and premature cellular 

senescence are contributors to the tissue-specific changes in insulin sensitivity. Markers of 

mitochondrial oxidative phosphorylation (OxPhos), number, and function, ER stress and cellular 

senescence (telomere length) were assessed in liver, muscle and 4 adipose (VAT, subcutaneous 

[SAT], epicardiac [ECAT] and perirenal [PRAT]) depots collected from control and prenatal T-

treated female sheep at 21 months of age. Prenatal T treatment led to: (a) reduction in 

mitochondrial number and OxPhos complexes and increase in ER stress markers in muscle; (b) 

increase in fibrosis with trend towards increase in short telomere fragments in liver (c) depot-

specific mitochondrial changes with OxPhos complexes namely increase in SAT and reduction in 

PRAT and increase in mitochondrial number in ECAT; (d) depot-specific ER stress marker 

changes with increase in VAT, reduction in SAT, contrasting changes in ECAT and no changes in 

PRAT; and (d) reduced shorter telomere fragments in SAT, ECAT and PRAT. These changes 

indicate insulin resistance may be driven by mitochondrial and ER dysfunction in muscle, fibrosis 

and premature senescence in liver, and depot-specific changes in mitochondrial function and ER 

stress without involving cellular senescence in adipose tissue. These findings provide mechanistic 

insights into pathophysiology of metabolic dysfunction among female offspring from 

hyperandrogenic pregnancies.
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Introduction

Intra-uterine life is a critical period of development as a growing fetus is vulnerable to subtle 

changes in the intrauterine milieu (Padmanabhan, Cardoso et al. 2016). A multitude of 

evidence exists in support of the developmental origins of health and disease (DOHaD) 

hypothesis where adverse conditions during early life program adult onset non 

communicable diseases (Hanson and Gluckman 2011) in view of the adaptive responses 

made by the developing individual for survival. In this context, inappropriate exposure to 

steroids as evident from disease states such as polycystic ovary syndrome (PCOS) or 

congenital adrenal hyperplasia (CAH), or exposure to environmental endocrine disrupting 

chemicals or pharmaceuticals (Hakim, Padmanabhan et al. 2016, Padmanabhan, Cardoso et 

al. 2016) is a risk factor. For instance, prenatal exposure to excess testosterone (T) in rodents 

(Demissie, Lazic et al. 2008, Roland, Nunemaker et al. 2010, Lazic, Aird et al. 2011), 

monkeys (Eisner, Dumesic et al. 2000, Bruns, Baum et al. 2007), and sheep (Cardoso and 

Padmanabhan 2019) lead to adult reproductive and metabolic disorders that parallel those 

seen in women with PCOS.

Programming of cardiometabolic dysfunctions in female sheep by excess testosterone during 

prenatal life include insulin resistance, dyslipidemia, hypertension and tissue-specific 
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outcomes (King, Olivier et al. 2007, Padmanabhan, Sarma et al. 2010, Padmanabhan, Veiga-

Lopez et al. 2010, Cardoso, Puttabyatappa et al. 2015, Puttabyatappa and Padmanabhan 

2017). manifested as: insulin resistance (Lu, Cardoso et al. 2016) and lipotoxicity in liver 

and muscle (Puttabyatappa, Andriessen et al. 2017), oxidative stress (Puttabyatappa, 

Andriessen et al. 2017) and metabolic disruptions (Hogg, Wood et al. 2011) in liver, and 

adipose depot-specific disruptions in inflammatory and oxidative states, markers of 

adipocyte differentiation, thermogenesis, and insulin signaling (Nada, Thompson et al. 2010, 

Hogg, Wood et al. 2011, Puttabyatappa, Andriessen et al. 2017, Puttabyatappa, Ciarelli et al. 

2019). The contribution of subcellular processes at the mitochondrial and endoplasmic 

reticulum (ER) level that power the cell’s biochemical reactions and protein biosynthesis to 

these metabolic tissue- and adipose depot-specific differences are not known.

As a central source of energy production in eukaryotic cells, mitochondria plays a critical 

role in cell growth, differentiation, cellular signaling, and apoptosis (Elfawy and Das 2019). 

Mitochondrial DNA (mtDNA) encodes 13 essential proteins forming five protein complexes 

(complex I-V) of the electron transport chain (ETC) that are important for cellular 

bioenergetics and leads to biogenesis of reactive oxygen species (ROS). Excessive ROS 

accumulation can result in oxidative stress, which in itself is a risk factor for mitochondrial 

dysfunction (Wallace 2005, Wang, Wu et al. 2013, Law, Liao et al. 2018). Excessive 

accumulation of ROS also impairs protein folding, leads to accumulation of unfolded or 

misfolded proteins, and drives ER stress by activating the unfolded protein response (UPR) 

(Fernandez, Ordonez et al. 2015). Oxidative stress / inflammation, such as that induced by 

prenatal testosterone excess in metabolic tissues (Puttabyatappa, Andriessen et al. 2017, 

Puttabyatappa, Ciarelli et al. 2019), have been shown to induce ER stress by activating the 

double-stranded RNA-dependent protein kinase-like ER kinase (PERK), inositol-requiring 

protein 1 (IRE1), and activating transcription factor 6 (ATF6), transcription factors C/EBP 

homologous protein (CHOP) and X box-binding protein 1 (XBP1) (Brown, Chan et al. 2014, 

Nakka, Prakash-Babu et al. 2016).

Lipotoxicity, another adverse metabolic outcome of prenatal T excess (Veiga-Lopez, Moeller 

et al. 2013, Puttabyatappa, Andriessen et al. 2017), can also negatively impact mitochondrial 

and ER function. Elevations in free fatty acids interfere with mitochondrial ATP synthesis, 

inhibit ETC, decrease the inner mitochondrial membrane potential (Abdul-Ghani, Muller et 

al. 2008, Hirabara, Curi et al. 2010), and affect mitochondrial oxidation of fatty acids 

leading to exacerbation of free fatty acid accumulation and mitochondrial and ER 

dysfunctions (Abdul-Ghani, Muller et al. 2008). Considering ER (Fu, Watkins et al. 2012) 

has a role in maintaining the metabolic and lipid homeostasis (Han and Kaufman 2016), ER 

stress induced by various stimuli can have an adverse impact on lipid metabolism and 

mediate lipotoxicity in peripheral metabolic organs that in turn can induce ER stress (Wang, 

Wei et al. 2006, Cao, Dai et al. 2012). To what extent prenatal T excess-induced 

dyslipidemia and hepatic and skeletal muscle lipid accumulation and oxidative stress (Veiga-

Lopez, Moeller et al. 2013, Puttabyatappa, Andriessen et al. 2017) contribute to the 

mitochondrial and ER dysfunction remains to be determined. Increase in oxidative stress and 

lipotoxicity, in addition to modulating mitochondrial function and ER stress, can impair 

cellular components leading to fibrotic response. In support of this prenatal T-treatment 

induced increases in lipid accumulation in pancreatic islets (Jackson, Puttabyatappa et al. 
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2020) and oxidative stress and inflammatory status in VAT (Puttabyatappa, Andriessen et al. 

2017, Puttabyatappa, Ciarelli et al. 2019) are associated with increase in collagen.

The metabolic derangements manifested at the level of oxidative stress, lipotoxicity, fibrosis 

have been shown to have a role in premature aging (Oikawa and Kawanishi 1999, Brack, 

Lithgow et al. 2000, Estebanez, de Paz et al. 2018, Fakouri, Hou et al. 2019) with 

accumulation of senescent cells characterizing age-related loss of tissue function (Victorelli 

and Passos 2017). Prenatal T-treated female sheep manifest premature depletion of ovarian 

follicular pool a marker of reproductive senescence and cardiometabolic disorders (King, 

Olivier et al. 2007, Smith, Steckler et al. 2009, Padmanabhan, Sarma et al. 2010, 

Padmanabhan, Veiga-Lopez et al. 2010, Cardoso, Puttabyatappa et al. 2015, Puttabyatappa 

and Padmanabhan 2017) such as that evidenced in aged individual raising the possibility that 

premature cellular senescence may also be involved in metabolic tissue dysfunctions. 

Shortening of telomeres - DNA repeats associated with proteins that are found at the ends of 

chromosomes (Harley, Futcher et al. 1990) serve as a marker for assessment of cellular 

aging. Considering all the above we tested the hypothesis that prenatal exposure to excess T 

programs mitochondrial and ER dysfunction, induces fibrosis and premature cellular 

senescence in metabolic tissues of adult female sheep.

Methods

Animals and Prenatal Treatment

Animals were housed, bred, general husbandry and nutrition provided as described 

previously (Manikkam, Steckler et al. 2006). All animal procedures were performed under 

the approved protocol of the University of Michigan Institutional Animal Care and Use 

Committee and met the National Research Council’s recommendations. Prenatal T- treated 

animals were generated as described previously (Manikkam, Steckler et al. 2006) and 

involved intramuscular administration of 100mg T propionate (1.2mg/kg; Sigma-Aldrich St. 

Louis, MO) to pregnant ewes twice weekly from days 30 to 90 of gestation. Only one 

offspring from each mother was used in the study if twins were involved. Number of animals 

used were controls n = 5–6 and prenatal T-treated n = 5 for all studies.

Tissue Collection

The female offspring of prenatal T-treated sheep manifest reproductive and metabolic 

features of women with PCOS (Cardoso and Padmanabhan 2019) that include oligo-

anovulation, functional hyperandrogenism and polycystic ovarian morphology. To avoid 

confounding effects from differing steroid background, all animals were ovariectomized at 

~21 months-of-age (the end of the second breeding season) and early follicular phase levels 

of estradiol was maintained by placing a 1 cm SILASTIC implant (Dow Corning, Midland, 

MI) filled with crystalline estradiol (which produces circulating concentrations of ~1pg/ml 

estradiol) subcutaneously as described previously (Goodman, Legan et al. 1981). Tissues 

were harvested during presumptive follicular phase (~11.3 weeks after ovariectomy) after 

subjecting to them to an artificial follicular phase protocol, that began with CIDR insertion 2 

weeks prior to euthanasia. For induction of artificial follicular phase, animals were 

implanted with two controlled internal drug-releasing implants containing progesterone 
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(CIDR-G; InterAg, Hamilton, New Zealand; implanted s.c.). Progesterone implants were 

removed 14 days later and four 30-mm estradiol implants (which produces circulating 

estradiol concentrations of ~3pg/ml, similar to those seen during the follicular phase in the 

female sheep) were inserted subcutaneously as described earlier (Goodman, Legan et al. 

1981) and animals euthanized 18h later. As such, control and prenatal T-treated animals 

were both exposed to same postnatal steroidal milieu at the time of the tissue harvest and 

devoid of differences in endogenous ovarian androgen contribution for over 11 weeks. 

Animals were euthanized by barbiturate overdose (Fatal Plus; Vortech Pharmaceuticals, 

Dearborn, MI) during the artificial follicular phase, 18 hours after removal of progesterone 

implants and insertion of estradiol implants, and tissues were harvested. Liver was obtained 

from the tip of the left lobe and skeletal muscle sampled from the vastus lateralis. The 

adipose depots collected were visceral adipose tissue (VAT) from the around the omentum, 

subcutaneous adipose tissue (SAT) from the sternal region, perirenal adipose tissue (PRAT) 

from around the kidney and epicardiac adipose tissue (ECAT) from around the heart after 

opening the pericardium. Tissues were flash-frozen and stored at −80°C until processed. 

Studies showing effects of prenatal T treatment on reproductive attributes, insulin sensitivity, 

adipocyte size distribution and adipose depots-specific changes in inflammatory, oxidative 

stress, and adipocyte differentiation markers from this cohort have been published (Abi 

Salloum, Herkimer et al. 2012, Padmanabhan, Veiga-Lopez et al. 2015, Lu, Cardoso et al. 

2016, Puttabyatappa, Andriessen et al. 2017).

RNA and DNA Isolation

RNA extraction was performed using Trizol reagent (Invitrogen, Carlsbad, CA), DNAse 

treated, and purified using the RNAeasy kit (Qiagen, Germantown, MD) following the 

manufacturer’s guidelines. DNA was isolated from frozen tissues using Gentra Puregene Kit 

(Qiagen) and treated with RNase A (Qiagen) to remove RNA as per manufacturer’s 

guidelines. Concentrations and nucleic acid quality were measured spectrophotometrically 

using NanoDrop (Thermo Fisher Scientific, Waltham, MA)

PCR Analysis

RT-PCR: About 500ng RNA from each tissue was reverse transcribed into cDNA using the 

SuperScript Vilo cDNA synthesis kit (Invitrogen). Gene expression was assessed by real 

time RT-PCR on a myiQ iCycler instrument (BioRad, Carlsbad, CA) using SYBRgreen 

based technique as described previously (Puttabyatappa, Andriessen et al. 2017). Sequences 

for oligonucleotide primers were based on previous publications or designed using Primer 

Express software (Life Technologies) and their sequences are shown in Supplemental Table 

1. The relative fold change for each transcript was calculated using the ΔΔCT method 

following normalization to the endogenous reference gene ribosomal protein L19 (RPL19). 

Reference gene RPL19 was chosen because of its stable expression in the ovine tissues 

(Vorachek, Hugejiletu et al. 2013, Jiang, Xue et al. 2015) and lack of effect of either prenatal 

T or bisphenol A treatment on its expression in ovine metabolic tissues used in this study 

(Supplemental Table 2).

Mitochondrial DNA: To determine mitochondrial DNA copy number in each of the tissues 

PCR analysis were carried out as described previously (Jorgensen, Gam et al. 2009, Guo, 
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Nie et al. 2018). PCR primers for amplification of mitochondrial DNA encoded genes 

cytochrome B (CYTB) and cytochrome C oxidase-1 (COX) were used from previous reports 

(Jorgensen, Gam et al. 2009, Guo, Nie et al. 2018). PCR was performed using the MyiQ 

real-time PCR detection system as described above and normalized to genomic DNA primer 

corresponding to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (Guo, Nie et al. 

2018).

Telomere Length Assay

Telomere length in each of the tissues was assessed using TeloTAGGG™ Telomere Length 

Assay (Sigma-Aldrich, St Louis, MO) as per manufacturer’s recommendation and described 

elsewhere (Tarry-Adkins and Ozanne 2018). Briefly, about 1.0 μg DNA was digested with 

HinfI and RsaI restriction enzymes for 2 h at 37 °C and the restriction enzyme reaction 

quenched by adding 5× SDS loading buffer (Roche Diagnostics, Mannheim, Germany). The 

samples were than loaded onto agarose gels containing ethyl bromide (Sigma-Aldrich) and 

separated by pulsed field gel electrophoresis. The undigested and digested DNA were 

checked for non-specific degradation and digestion by the restriction enzymes by visualizing 

under UV light (BioRad). The separated DNA fragments were transferred to nylon 

membrane (Roche Diagnostics) by Southern blotting, and dioxygenin labelled telomeric 

repeat length was determined with anti- dioxygenin antibodies using chemiluminescent 

detection. The densitometry of the telomere signals was analyzed using ImageJ (National 

Institutes of Health, Bethesda, MD) as described previously (Tarry-Adkins and Ozanne 

2018).

Western blot

Tissues were homogenized in radioimmuno precipitation assay buffer (Pierce RIPA buffer; 

Thermo Scientific) containing protease inhibitors (Roche Diagnostics) and phosphatase 

inhibitors (Roche Diagnostics). Tissue homogenates were centrifuged at 10,000g for 15 

minutes at 4°C, and the whole-cell protein extract was used for the analysis. Equal amounts 

of protein (40μg) from both control and prenatal T-treated animals blocked by treatment 

were resolved on two separate SDS-PAGE gels and transferred onto a nitrocellulose 

membrane (Bio-Rad). Both membranes for each tissue were incubated together in blocking 

buffer (5%BSA diluted in Tris-buffered saline) for 60 minutes and incubated overnight (4°C) 

with primary antibodies cocktail (Total OXPHOS Human WB Antibody Cocktail 

(ab110411) Abcam, Cambridge, MA) to detect members of the mitochondrial oxidative 

phosphorylation pathway. Levels of proteins and the loading control (beta-tubulin) were 

determined in the respective membranes after stripping and reblotting. Protein bands from 

both blots of each tissue were simultaneously visualized using enhanced chemiluminescence 

(Pierce ECL Western Blotting Substrate; Thermo Scientific), on ProteinSimple FluorChem 

E system (San Jose, CA). Density of the bands were determined using the ImageJ software 

(National Institutes of Health).

Collagen Assessment

Since objective assessment of collagen deposition using picrosirius red (PSR) staining was 

possible only in the liver, a colorimetric assessment of collagen content was performed with 

all tissues including liver. For PSR staining, liver tissues were fixed overnight in a neutral 
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buffered formaldehyde solution, paraffin embedded and sectioned at 5 μm thickness. Three 

liver sections 50 microns apart were de-waxed and hydrated and stained with PSR for one 

hour, washed twice with acidified water, counter stained with hematoxylin, dehydrated three 

times with 100% ethanol, cleared with xylene, and mounted. Each slide was imaged in five 

regions, corresponding to the four corners and the center of each tissue section. The percent 

of PSR stain (relative to the total tissue area analyzed) was determined using ImageJ 

software. Additionally, the images were evaluated for fibrosis using both Metavir and Ishak 

scores as described earlier (Suk and Kim 2015).

Acid soluble collagen content in the liver and muscle tissue was measured using sirius red 

dye binding (Sircol) assay following the protocol described before (Coentro, Capella-

Monsonis et al. 2017). The acid-soluble collagen content in the adipose depot, using the 

same protocol, were previously published (Puttabyatappa, Ciarelli et al. 2019). Briefly, the 

acid-soluble collagen was extracted from 100 mg tissue homogenates incubated with 0.5 M 

acetic acid for 4 h at 4 °C and centrifuged to remove tissue debris. The quantity of the 

soluble collagen thus extracted was determined by its binding to picrosirius red dye by 

measuring the relative absorbance at 540 nm using a microplate reader (Molecular Devices 

SpectraMax, San Jose, CA). Collagen content was normalized to total protein content 

determined using colorimetric protein assay as per manufacturer’s recommendations 

(BioRad) using protein lysates prepared in parallel from 100 mg of tissue. All samples were 

assayed at the same time and the intra-assay coefficients of variance for Sircol assay was 

3.23 ± 0.87. The measurable range for this assay is 31.25 to 500 μg/mL.

Statistical Analyses

Changes in gene expression, mitochondrial oxidative phosphorylation and telomere length 

between control and prenatal T-treated groups were analyzed by two-tailed Student’s t test 

using Prism software (version 7.0, GraphPad Software, La Jolla, CA). A p < 0.05 value was 

considered significant. Statistical outliers were determined by Grubbs’ test (https://

www.graphpad.com/quickcalcs/grubbs1/) and removed from analysis. Additionally, as lack 

of significance may not be adequate to reject the null hypothesis with studies involving small 

sample sizes (Amrhein, Greenland et al. 2019) data were also analyzed by Cohen’s effect 

size analysis. The effect size with Cohen’s d value of 0.8 and above are considered as large 

magnitude changes which reflect the effect size of difference between the control and 

prenatal T groups (Cohen 1992, Nakagawa and Cuthill 2007, Padmanabhan, Veiga-Lopez et 

al. 2015).

Results

Prenatal T Treatment-Induced Changes in Mitochondrial Oxidative Phosphorylation

The mRNA expression of members of ETC succinate dehydrogenase complex subunit D 

(SDHD), ubiquinol-cytochrome c reductase core protein 2 (UQCRC2), ATPase H+ 

transporting 1 (ATP6D), coenzyme Q4 (COQ4) and cytochrome C (CYCS) are shown in 

Figure 1. A large magnitude decrease in UQCRC2 (p = 0.11; Cohen’s d = 2.3) in VAT and 

COQ4 (p = 0.34; Cohen’s d = 0.8) expression in SAT was evident. In ECAT depot, large 

magnitude decrease in SDHD (p = 0.10; Cohen’s d = 1.3) and ATP6D (p = 0.17; Cohen’s d 
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= 1.0), a trend towards decrease in UQCRC2 (p = 0.07; Cohen’s d = 1.4) and significant 

decrease in CYCS (p = 0.01; Cohen’s d = 2.0) was observed. In PRAT depot, large 

magnitude increase in UQCRC2 (p = 0.16; Cohen’s d = 1.0) and COQ4 (p = 0.35; Cohen’s d 

= 1.0) were evident.

The expression of ETC members examined showed opposing changes with large magnitude 

decrease in ATP6D (p = 0.42; Cohen’s d = 0.8) and trend towards increase in COQ4 (p = 

0.08; Cohen’s d = 1.1) in liver. In contrast, changes in the ETC members in the skeletal 

muscle followed a parallel direction. This was manifested as decreased trend in SDHD (p = 

0.06; Cohen’s d = 1.3), ATP6D (p = 0.07; Cohen’s d = 1.2) and COQ4 (p = 0.07; Cohen’s d 

= 1.2), large magnitude decrease in UQCRC2 (p = 0.17; Cohen’s d = 0.9), and significant 

decrease in CYCS (p = 0.01; Cohen’s d = 1.0) expression.

The immunoblot detection of the ETC protein complexes involved in mitochondrial 

oxidative phosphorylation and their densitometric analysis in different adipose depots, liver 

and muscle from control and prenatal T-treated sheep are shown in Figures 2 (see also 

Supplemental Figure 1) and 3 (see also Supplemental Figure 2). Prenatal T-treatment did not 

induce any changes (p > 0.05; Cohen’s d < 0.8) in the ETC complexes in VAT and ECAT 

depots (Figure 2). However, prenatal T treatment-induced a significant (p = 0.05; Cohen’s d 

= 1.6) increase in ETC complex V and a trend (p = 0.06) towards large magnitude (Cohen’s 

d = 1.4) increase in complex I in the SAT depot (Figure 2). In contrast, prenatal T treatment-

induced significant (p = 0.01; Cohen’s d = 2.0) decrease in levels of ETC complex V in the 

PRAT depot (Figure 2).

In the liver, prenatal T treatment resulted in a large magnitude increase in the ETC 

complexes I (p = 0.15; Cohen’s d = 1.0) and II and IV together (p = 0.16; Cohen’s d = 1.0) 

(Figure 3). In contrast, a trend towards large magnitude (p = 0.08; Cohen’s d = 1.3) decrease 

in combined levels of complexes II and IV were observed in skeletal muscle from prenatal 

T-treated sheep (Figure 3).

Prenatal T Treatment-Induced Changes in Mitochondrial Copy Number

PCR analysis of mtDNA encoded genes COX and CYTB found no change (p > 0.05; 

Cohen’s d < 0.8) in mitochondrial copy number in VAT, SAT and PRAT depots and liver 

from prenatal T-treated female sheep (Figure 4). In the ECAT depot however, prenatal T 

treatment-induced a significant (p = 0.01; Cohen’s d = 1.4) increase in COX but not CYTB 
DNA levels (Figure 4). In contrast, prenatal T treatment-induced a significant decrease in 

COX (p = 0.005; Cohen’s d = 1.0) and CYTB (p = 0.04; Cohen’s d = 0.8) DNA levels in the 

skeletal muscle from prenatal T-treated female sheep suggestive of reduced mitochondrial 

copy (Figure 4).

Prenatal T Treatment-Induced Changes in Regulators of Mitochondrial Function

As with the markers of mitochondrial copy number no change (p > 0.05; Cohen’s d < 0.8) in 

genes involved in regulation of mitochondrial function namely transcription factor A, 

mitochondrial (TFAM), nuclear respiratory factor 1 (NRF1) and nitric oxide synthase 2 

(NOS2) were evident in the VAT, SAT and PRAT depots and liver tissue from prenatal T-

treated female sheep (Figure 5). In ECAT depot, a trend (p = 0.09) towards large magnitude 
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(Cohen’s d = 0.9) decrease in NRF1 was evident with no changes (p > 0.05; Cohen’s d < 

0.8) in TFAM and NOS2 (Figure 5). In contrast, in skeletal muscle from prenatal T-treated 

female sheep a significant (p = 0.04; Cohen’s d = 1.6) increase in expression of TFAM and a 

large magnitude (p = 0.23; Cohen’s d = 1.0) decrease in NOS2 levels were evident (Figure 

5).

Prenatal T Treatment-Induced Changes in ER Stress Markers.

The gene expression changes in ER stress markers are shown in Figure 6. In the VAT, 

prenatal T-treatment resulted large magnitude increase in IRE1A (p = 0.13; Cohen’s d = 

0.8), a trend (p = 0.09) towards large magnitude (Cohen’s d = 0.9) increase in PERK, large 

magnitude increase in CHOP10 (p = 0.16; Cohen’s d = 1.1) and a significant (p = 0.04; 

Cohen’s d = 1.2) increase in XBP1S mRNA expression (Figure 6). In SAT depot, prenatal T 

treatment-induced a trend towards large magnitude decrease in the mRNA expression of 

CHOP10 (p = 0.09; Cohen’s d = 0.9) and XBP1S (p = 0.1; Cohen’s d = 1.0) with no changes 

(p > 0.05; Cohen’s d < 0.8) in the expression of IRE1A, PERK and HSPA5 (Figure 6). In 

contrast, the ECAT depot showed significant (p = 0.03; Cohen’s d = 1.6) increase in 

CHOP10 and large magnitude (p = 0.27; Cohen’s d = 0.9) decrease in XBP1S in prenatal T-

treated animals (Figure 6). None of the markers showed any change (p > 0.05; Cohen’s d < 

0.8) in the PRAT depot.

In contrast to adipose depot specific changes, effects of prenatal T-treatment in liver and 

muscle were marginal with only CHOP10 among ER stress markers showing a large 

magnitude (p = 0.17; Cohen’s d = 0.9) in liver and a significant large magnitude (p = 0.03; 

Cohen’s d = 1.0) increase in the muscle (Figure 6).

Prenatal T Treatment-Induced Changes in Hepatic and Muscle Fibrosis

Prenatal T treatment-induced changes in fibrosis in adipose depots have already been 

published (Puttabyatappa, Ciarelli et al. 2019). Histopathological grading of fibrosis in liver 

as per Metavir and Ishak scores show a grade score of 1 with presence of fibrosis around 

portal vein (Figure 7). Quantification of fibrosis showed a large magnitude (p = 0.35; 

Cohen’s d = 0.8) increase in staining for collagen by PSR staining and a significant (p = 

0.003; Cohen’s d = 1.1) increase in collagen protein by SirCol assay in the liver from 

prenatal T-treated sheep (Figure 7). In contrast, no differences (p > 0.05; Cohen’s d < 0.8) 

were evident in skeletal muscle between control and prenatal T-treated animals (Figure 7).

Prenatal T Excess-Induced Changes in Telomere Length

The southern blots depicting the telomere fragments in adipose depots, liver and muscle are 

shown in Supplemental Figure 3 and the densitometric analysis of the telomere fragments in 

Figure 8. Prenatal T-treatment did not induce any change (p > 0.05; Cohen’s d < 0.8) in 

telomere fragments in the VAT depot. The SAT depot showed a large magnitude (p = 0.17 

and 0.23; Cohen’s d = 0.8 and 0.8) decrease in large telomere fragments (21.2–8.6KB and 

6.1–3.6KB, respectively, Figure 8, top right). In the ECAT, prenatal T treatment induced 

large magnitude decrease in 6.1–3.6 KB (p = 0.45; Cohen’s d = 0.9) and 3.6–2.0 KB (p = 

0.20; Cohen’s d=1.0) and a significant decrease (p = 0.04; Cohen’s d = 0.8) in 2.0–0.8 KB 

telomere fragments (Figure 8, middle left). In PRAT, prenatal T treatment-induced a 

Puttabyatappa et al. Page 9

Mol Cell Endocrinol. Author manuscript; available in PMC 2022 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



significant decrease (p < 0.05; Cohen’s d ≥ 0.8) in all telomere fragments except the 21.2–

8.6 KB fragment (Figure 8, middle right)

Relative to other metabolic tissues, a trend towards large magnitude increase in shorter 

telomere fragments 3.6–2.0KB (p = 0.1; Cohen’s d = 0.9) and 2.0–0.8 KB (p = 0.09; 

Cohen’s d = 1.2) were evident in liver from prenatal T-treated female sheep (Figure 8, 

bottom left). The directionality of change was different for skeletal muscle, manifested as a 

large magnitude decrease in 2.0–0.8 KB (p > 0.24; Cohen’s d = 0.9), 6.1–3.6 KB (p > 0.29; 

Cohen’s d = 1.0) and 21.2–8.6 KB (p > 0.65; Cohen’s d = 0.8) telomere fragments (Figure 8, 

bottom right).

Discussion

The findings from this study show that prenatal T-treatment: 1) disrupts mitochondrial 

function and activates ER stress pathways in muscle, 2) induces fibrosis in liver, and 3) leads 

to depot-specific changes in markers of ER stress manifested predominantly as increased 

expression of multiple ER stress markers in VAT over other adipose depots. In addition, 

there was a suggestion of prenatal T excess increasing shorter telomere fragments - a marker 

of premature aging - in liver as opposed to a decrease in all other tissues. The potential 

relevance of these findings to metabolic tissue and adipose-depot-specific changes induced 

by prenatal T-treatment are summarized in Figure 8 and discussed below.

Tissue-specific effect of prenatal T-treatment on mitochondrial function

Oxidative and lipotoxic changes are known mediators of mitochondrial dysfunction. Lack of 

change in mitochondrial function (this study) despite the presence of inflammatory and 

oxidative stress status (Puttabyatappa, Ciarelli et al. 2019), was surprising in view of the 

disruption in gene networks involved in the mitochondrial function in the VAT depot of 

prenatal T-treated female sheep (Dou, Puttabyatappa et al. 2020). One possibility is that the 

detrimental effects of increased oxidative stress and inflammation may have been negated by 

the parallel increases in antioxidants and thermogenic markers (Puttabyatappa, Andriessen et 

al. 2017, Puttabyatappa, Ciarelli et al. 2019) that helped maintain a metabolic healthy status 

in this depot (Lu, Cardoso et al. 2016). The increase in mitochondrial function characterized 

by increased levels of ETC complexes I and V (this study) is potentially reflective of the low 

inflammatory and oxidative stress profile of the SAT (Puttabyatappa, Andriessen et al. 2017, 

Puttabyatappa, Ciarelli et al. 2019). The reduced expression of complex V in SAT relative to 

other depots may be a function of increased presence of uncoupling proteins (UCP) in them 

suggestive of increased presence of brown/beige adipocytes (Puttabyatappa, Ciarelli et al. 

2019); UCPs been have been shown to uncouple ETC and prevent ATP synthesis (Zhao, 

Jiang et al. 2019). Similarly, the increase in mitochondrial number evidenced as an increase 

in mtDNA encoding for COX in ECAT may be a reflection of the higher expression of 

markers of brown adipocytes in this depot (Puttabyatappa, Ciarelli et al. 2019), which are 

rich in mitochondria (Cedikova, Kripnerova et al. 2016). While the reason for the decrease 

in mRNA expression of multiple members of the ETC in the absence of changes in ETC 

complexes measured by western blot is not obvious, whether this is a function of increase in 
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mtDNA (this study) or higher presence of brown adipocytes (Puttabyatappa, Ciarelli et al. 

2019) in this depot needs further exploration.

Paradoxically, the increase in oxidative stress and lipotoxicity (Puttabyatappa, Andriessen et 

al. 2017) in the liver of prenatal treated sheep had no major impact on mitochondrial 

function barring a trend for large magnitude increase in ETC complexes I and II/IV. This is 

especially surprising considering prenatal T excess-induced increase in collagen 

accumulation, a marker of fibrosis, in the hepatic tissues; fibrosis is known to negatively 

affect while amelioration of fibrosis improves the mitochondrial function (Mansouri, 

Gattolliat et al. 2018). The pathways involved in maintenance of hepatic mitochondrial 

function in the face of increase in negative regulators (oxidative stress, lipotoxicity 

(Puttabyatappa, Andriessen et al. 2017), fibrosis (this paper)) remains to be determined. In 

contrast, the decrease in ETC complexes II/IV albeit a trend and significant reduction in 

mitochondrial copy number seen in the muscle of prenatal T-treated sheep is consistent with 

lipid accumulation (Puttabyatappa, Andriessen et al. 2017) having a negative impact on 

mitochondrial function with the significant increase in expression of TFAM, a gene involved 

in mitochondrial biogenesis (Picca and Lezza 2015), reflective of a compensatory attempt to 

reduce mitochondrial copy number. The decrease in mRNA expression of multiple members 

of ETC as opposed to increased presence of ETC complexes in the skeletal muscle may 

reflect a compensatory response. Overall, the findings are suggestive of tissue-specific 

malprogramming of mitochondrial dysfunction by prenatal T excess.

Tissue-specific effect of prenatal T-treatment on ER stress

The tissue-specific changes in ER stress markers induced by prenatal T-treatment are 

consistent with the previously reported changes in inflammation, oxidative stress and 

lipotoxicity, known inducers of ER stress (Salvado, Palomer et al. 2015). For instance, VAT, 

which manifests higher inflammatory status compared to other depots (Puttabyatappa, 

Ciarelli et al. 2019), showed increased expression of multiple markers of ER stress 

(significant increase in XBP1S expression and a trend for large magnitude increases in 

IRE1A, PERK, and CHOP10). In contrast, expression of CHOP10 and XBP1S tended to be 

reduced in SAT, accordant with its low inflammatory and oxidative stress status 

(Puttabyatappa, Andriessen et al. 2017, Puttabyatappa, Ciarelli et al. 2019). The ECAT depot 

which showed contrasting changes in expression of proinflammatory cytokine expression 

(Puttabyatappa, Ciarelli et al. 2019) also showed opposing changes in the markers of ER 

stress with increase in CHOP10 and large magnitude decrease in XBP1S. These adipose 

depot-specific changes in ER stress status that are in line with their inflammatory status raise 

the possibility that inflammatory status may drive the ER stress status. Lack of changes in 

markers of ER stress in PRAT, in spite of their increased inflammatory and oxidative stress 

status, goes against this premise suggestive of compensatory mechanisms being in place to 

offer protection.

Among the factors that contribute to development of hepatic and skeletal muscle insulin 

resistance is ER stress (Salvado, Palomer et al. 2015). Consistent with the insulin resistant 

state in liver and skeletal muscle of prenatal T-treated sheep (Lu, Cardoso et al. 2016), there 

was an increase in CHOP10, a transcription factor that is activated by cellular pathways 
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induced by ER stress (Hu, Tian et al. 2018). The prenatal T treatment-induced dyslipidemia 

(Veiga-Lopez, Moeller et al. 2013) and triglyceride accumulation in liver and muscle 

(Puttabyatappa, Andriessen et al. 2017) may have contributed to this increase. In support of 

this premise, treatment of hepatocytes and myocytes with triglyceride palmitate has been 

shown to increase ER stress (Peng, Li et al. 2011, Li, Min et al. 2014). All in all prenatal T 

excess programmed changes in ER stress are consistent with the inflammatory, oxidative 

stress and lipid metabolism defects seen in the metabolic tissues.

Tissue-specific effect of prenatal T-treatment on fibrosis

Inflammation, oxidative stress and lipotoxicity are known to induce fibrosis, a characteristic 

feature of which is collagen accumulation (Kershenobich Stalnikowitz and Weissbrod 2003). 

In line with this we previously found that prenatal T-treatment increases collagen 

accumulation in the VAT depot which is characterized by inflammatory and oxidative stress 

state and reduced adipocyte differentiation (Cardoso, Puttabyatappa et al. 2015, 

Puttabyatappa, Andriessen et al. 2017, Puttabyatappa, Lu et al. 2018) but not in SAT. An 

increase in collagen accumulation was also evident In the liver from prenatal T-treated sheep 

(this study) in keeping with its inflammatory and oxidative stress state (Puttabyatappa, 

Andriessen et al. 2017). The observed fibrotic changes induced by prenatal T excess parallel 

findings in other animal models and human subjects who develop hepatic fibrosis (Berumen, 

Baglieri et al. 2020, Zhu, Tabas et al. 2020). Lack of increase in collagen in the skeletal 

muscle from prenatal T-treated sheep may be a function of relatively lower degree of 

inflammatory, oxidative stress and lipotoxic state (Puttabyatappa, Andriessen et al. 2017).

Tissue-specific effect of prenatal T-treatment on telomere length

Numerous studies in humans and animal models have documented that oxidative stress such 

as that evident in metabolic tissues of prenatal T-treated sheep accelerates telomere 

shortening, a marker of aging (Barnes, Fouquerel et al. 2019). Prenatal T-treatment of 

chicken has been shown to impair repair of oxidative damage of DNA (Treidel, Whitley et 

al. 2013), a process through which oxidative stress also induces aging (Liguori, Russo et al. 

2018). As with mitochondrial function, the marginal effect on telomere shortening seems to 

be programmed in a tissue-specific manner by prenatal T excess. For instance, while no 

reduction in telomere fragment size was apparent in VAT, this was not the case in ECAT and 

PRAT depots, despite their oxidative stress and / or inflammatory state. The increased 

expression of markers of brown/beige fat in the ECAT and PRAT depots (Puttabyatappa, 

Ciarelli et al. 2019) may have served to protect shortening of telomere length. In contrast, 

increase in shorter telomere fragments albeit a trend in the liver of prenatal T-treated female 

sheep: 1) conforms with its oxidative stress and lipotoxic state (Puttabyatappa, Andriessen et 

al. 2017), and fibrosis (this study) status and 2) suggests potential involvement of premature 

cellular senescence in prenatal T-programming of hepatic insulin resistance, a characteristic 

of chronic liver diseases (Aravinthan and Alexander 2016).

Translational Relevance

The findings from this study may be of translational relevance to humans considering 

prenatal T-treated sheep manifests metabolic defects like insulin resistance, dyslipidemia, 

adipose defects and hepatic steatosis, pathophysiological changes characterizing women 
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with PCOS (Padmanabhan and Veiga-Lopez 2013, Anagnostis, Tarlatzis et al. 2018) and 

patients exhibiting type 2 diabetes such as non-alcoholic fatty liver disease (NAFLD) 

(Robinson and Shah 2020) and metabolic syndrome (Rochlani, Pothineni et al. 2015). It is 

now being increasingly apparent that mitochondrial dysfunctions and ER stress play an 

important role in the development of PCOS, NAFLD and other metabolic dysfunctions 

(Corbould 2008, Schroder and Sutcliffe 2010, Lee, Park et al. 2019, Merhi, Kandaraki et al. 

2019, Xia, Wang et al. 2020, Zeng, Huang et al. 2020). Tissue-specific changes in 

mitochondrial function in women with PCOS, the characteristics of whom prenatal T-treated 

sheep mimic, are limiting with one study showing decreased mitochondrial oxidative 

metabolism gene expression in the skeletal muscle of women with PCOS (Skov, Glintborg et 

al. 2007) and another reporting no changes in mitochondrial function or number in myotube 

cultures established from PCOS subjects (Eriksen, Minet et al. 2011). Studies of telomere 

length are limited to reproductive tissues and peripheral circulating leucocytes (Li, Du et al. 

2014, Pedroso, Miranda-Furtado et al. 2015, Pedroso, Santana et al. 2020) in women with 

PCOS and indicate women with shorter leucocyte telomere length, marker of premature 

senescence, are at higher risk for development of PCOS (Li, Du et al. 2014). Shortening of 

telomere length in hepatocytes (Nakajima, Moriguchi et al. 2006) have also been reported in 

NAFLD subjects, a finding consistent with the NAFLD like hepatic phenotype 

(Puttabyatappa, Andriessen et al. 2017) and a trend for increase in shortened telomere 

fragments in prenatal T-treated sheep. Although mitochondrial and endoplasmic dysfunction 

have been suggested to have a role in adipose dysfunction in PCOS women (Corbould 2008) 

most evidence come from obese PCOS women (Kokosar, Benrick et al. 2016). The finding 

that prenatal T-treated sheep while showing no change in body weight (Veiga-Lopez, 

Moeller et al. 2013) manifest adipose defects (Puttabyatappa, Lu et al. 2018, Puttabyatappa, 

Ciarelli et al. 2019) and depot-specific changes in ER stress (this study) raises the possibility 

that adipose from non-obese PCOS patients may also have depot-specific changes in ER 

stress.

The major strength of this study relates to the use of a precocial species with developmental 

time line similar to the humans and the focus on multiple metabolic tissues in parallel that 

cross talk with each other. However, these findings should be considered with caution taking 

into account the small sample size that restricted achievement of significance in spite of the 

large magnitude changes identified through effect size analysis. The findings should be 

viewed as pointing to directions for future detailed investigations and not establishing 

causality. Developmental programming studies such as these that involve large animal 

models wherein animal experimentation itself (from breeding to study of offspring at 21 

months of age) takes close to 3 years to complete does not allow easy mechanistic followup 

with functional analysis such as assessment of mitochondrial respiration. The artificial 

follicular phase protocol implemented ~11.3 weeks post-ovariectomy for tissue harvest 

should have normalized the steroidal milieu of control and prenatal T-treated animals and 

therefore expected to have eliminated any potential differences by activational effects from 

ovarian androgen while leaving behind the programmed effects of prenatal androgen excess 

to manifest itself. To what extent the differences in prevailing steroid milieu of the different 

stages of the estrous cycle of ovary-intact animals would have additional impact on 

programmed metabolic defects remains to be determined.
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In summary, the findings from this study suggest that prenatal exposure to excess T can lead 

to tissue-specific changes in mitochondrial and ER function, fibrotic response and 

shortening of telomere length. Further investigations incorporating functional end points are 

needed to confirm the contribution of these subcellular processes to the tissue-specific and 

adipose depot-specific disruptions and changes in insulin sensitivity in prenatal T-treated 

sheep. Since the prenatal T-treated sheep show pathophysiological similarities with women 

with PCOS, the contribution of mitochondrial dysfunction, ER stress, and premature aging 

to metabolic disorders in offspring of hyperandrogenic pregnancies such as PCOS is a fertile 

ground for future investigations.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

1. Prenatal T excess induced fibrosis and telomere shortening in liver

2. Prenatal T excess induced mitochondrial dysfunction and ER stress in muscle

3. Prenatal T excess induced depot-specific mitochondrial, ER and telomere 

changes

4. Prenatal T increased ER stress in VAT while reducing it in SAT

5. Prenatal T improved mitochondrial function reduced telomere shortening in 

SAT/ECAT
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Figure 1: 
Prenatal T treatment-induced change in mRNA expression of members of ETC SDHD, 

UQCRC2, ATP6D, COQ4 and CYCS in the VAT, SAT, ECAT, PRAT, liver, and muscle 

tissues from control (C) and prenatal T-treated (T) groups. Data are presented as mean ± 

standard error of the relative fold change in mRNA levels. Superscript asterisk indicates 

significant changes by student t test with * p<0.05 vs control. Hashtag (#) above the 

histogram indicate large effect size by Cohen’s effect size analysis (d ≥ 0.8).
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Figure 2: 
One set of Immune blots for ETC complexes with protein loading control (GAPDH) and 

denistometric analysis from control (C) and prenatal T-treatment (T) in the VAT, SAT, ECAT 

and PRAT adipose depots. Both blots used for densitometric analysis are shown in 

Supplemental Figure 1. The densitometric analysis of the complexes normalized to GAPDH 

are presented as scatter plot with the mean ± standard error of the mean. Superscript asterisk 

indicates significant changes by student t test with * p<0.05 vs control. Hashtag (#) above 

the histogram indicate large effect size by Cohen’s effect size analysis (d ≥ 0.8).
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Figure 3: 
One set of Immune blots for ETC complexes with protein loading control (GAPDH) and 

denistometric analysis from control (C) and prenatal T-treatment (T) in the liver and muscle. 

Both blots used for densitometric analysis are shown in Supplemental Figure 2. The 

densitometric analysis of the complexes normalized to GAPDH are presented as scatter plot 

with the mean ± standard error of the mean. Superscript asterisk indicates significant 

changes by student t test with * p<0.05 vs control. Hashtag (#) above the histogram indicate 

large effect size by Cohen’s effect size analysis (d ≥ 0.8).
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Figure 4: 
Prenatal T treatment-induced changes in levels of mitochondrial DNA encoded genes COX 
and CYTB in the VAT, SAT, ECAT, PRAT, liver, and muscle tissues from control (C) and 

prenatal T-treated (T) groups. Data are presented as scatter plot with the mean ± standard 

error of the mean of the fold change in gene levels. Superscript asterisk indicates significant 

changes by student t test with * p<0.05 vs control. Hashtag (#) above the histogram indicate 

large effect size by Cohen’s effect size analysis (d ≥ 0.8).
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Figure 5: 
Prenatal T treatment-induced changes in gene expression of regulators of mitochondrial 

function TFAM, NRF1 and NOS2 in the VAT, SAT, ECAT, PRAT, liver, and muscle tissues 

from control (C) and prenatal T-treated (T) groups. Data are presented as scatter plot with 

the mean ± standard error of the mean of the fold change in mRNA levels. Superscript 

asterisk indicates significant changes by student t test with * p<0.05 vs control. Hashtag (#) 

above the histogram indicate large effect size by Cohen’s effect size analysis (d ≥ 0.8).
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Figure 6: 
Prenatal T treatment-induced changes in gene expression of ER stress markers IRE1A, 

PERK, CHOP10, XBP1S and HSPA5 in the VAT, SAT, ECAT, PRAT, liver, and muscle 

tissues from control (C) and prenatal T-treated (T) groups. Data are presented as scatter plot 

with the mean ± standard error of the mean of the fold change in mRNA levels. Superscript 

asterisk indicates significant changes by student t test with * p<0.05 vs control. Hashtag (#) 

above the histogram indicate large effect size by Cohen’s effect size analysis (d ≥ 0.8).
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Figure 7: 
Prenatal T treatment-induced change in collagen accumulation in the liver, and muscle 

tissues from control (C) and prenatal T-treated (T) groups. Liver was analyzed by 

denistometric analysis of PSR stain and through colorimetric analysis using SirCol assay. In 

muscle, collagen was only analyzed using SirCol assay. Data are presented as scatter plot 

with the mean ± standard error. Superscript asterisk indicates significant changes by student 

t test with * p<0.05 vs control. Hashtag (#) above the histogram indicate large effect size by 

Cohen’s effect size analysis (d ≥ 0.8).
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Figure 8: 
Prenatal T treatment-induced change in telomere length in the VAT, SAT, ECAT, PRAT, 

liver, and muscle tissues from control (C) and prenatal T-treated (T) groups. The Southern 

blots used for densitometric analysis are shown in Supplemental Figure 3. Data are 

presented as mean ± standard error of the relative densitometric values for telomere 

fragments probed by Southern blotting. Superscript asterisk indicates significant changes by 

student t test with * p<0.05 vs control. Hashtag (#) above the histogram indicate large effect 

size by Cohen’s effect size analysis (d ≥ 0.8).
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Figure 9: 
Summary of findings on the effect of prenatal T-treatment on the mitochondrial and ER 

function, fibrotic response and telomere length in the different adipose depots, liver and 

muscle (highlighted) and their relationship with previous findings and potential impact on 

tissue-specific insulin sensitivity. The significant findings are shown in bold while the large 

magnitude changes are unbolded.
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