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ABSTRACT 

 

Background: Body fat distribution is a risk factor for obesity-associated comorbidities, and adipose 

tissue dysfunction plays a role in this association. In humans, there is a sex difference in body fat 

distribution, and steroid hormones are known to regulate several cellular processes within adipose 

tissue. Our aim was to investigate if intra-adipose steroid concentration and expression or activity of 

steroidogenic enzymes were associated with features of adipose tissue dysfunction in individuals 

with severe obesity. 

Methods: Samples from 40 bariatric candidates (31 women, 9 men) were included in the study. 

Visceral (VAT) and subcutaneous adipose tissue (SAT) were collected during surgery. Adipose tissue 

morphology was measured by a combination of histological staining and semi-automated 

quantification. Following extraction, intra-adipose and plasma steroid concentrations were 

determined by liquid chromatography, electrospray ionization tandem mass spectrometry (LC-ESI-

MS/MS). Aromatase activity was estimated using product-over-substrate ratio, while AKR1C2 activity 

was measured directly by fluorogenic probe. Gene expression was measured by quantitative PCR.  

Results: VAT aromatase activity was positively associated with VAT adipocyte hypertrophy (p-

valueadj < 0.01) and negatively with plasma HDL-cholesterol (p-valueadj < 0.01), while SAT aromatase 

activity predicted dyslipidemia in women even after adjustment for waist circumference, age and 

hormonal contraceptive use. We additionally compared women with high and low visceral adiposity 

index (VAI) and found that VAT excess is characterized by adipose tissue dysfunction, increased 

androgen catabolism mirrored by increased AKR1C2 activity and higher aromatase expression and 

activity indices. 

Conclusion: In women, increased androgen catabolism or aromatization is associated with visceral 

adiposity and adipose tissue dysfunction. 
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INTRODUCTION 

Although obesity is a well-known risk factor for the development of a wide range of 

cardiometabolic alterations, research has demonstrated over the years that the distribution rather 

than total amount of adipose tissue, plays a determining role in the development of obesity-

associated comorbidities. Excess deposition of adipose tissue within the mesentery and greater 

omentum, defined as visceral adipose tissue (VAT), has been identified as the most likely driver of 

cardiometabolic risk (1). Not only has VAT accumulation been linked to ectopic fat deposition (2,3), 

but its area rather than that of subcutaneous adipose tissue (SAT), is also associated with insulin 

resistance independently of body mass index (BMI), age, sex and ethnicity (4).  

Recent work showed that adipose tissue dysfunction may mediate the association between 

body fat distribution and cardiometabolic health (4). Adipose tissue dysfunction may be defined as a 

set of molecular, cellular and morphological characteristics impeding the main function of the 

adipose organ, i.e to store excess energy (5). Among the features describing these alterations are 

adipocyte hypertrophy (6,7), reduced adipogenesis (8), decreased lipid storage (9,10), cellular 

senescence (11), pericellular fibrosis (12), altered adipokine secretion (13), and increased 

inflammation (14,15). During the last decade, genome-wide association studies found that genes 

related to adipose tissue functions such as adipogenesis and lipogenesis (16,17) play important roles 

in body fat distribution.  

In humans, there are clear differences between the two sexes in terms of body fat 

distribution. Although women display more fat mass than men for any given waist circumference 

(WC), their lipids are preferentially stored in SAT rather than VAT (1,18). This difference is 

attenuated with age (18,19), leading to the hypothesis that estrogens and androgens may play a 

pivotal role in regulating some aspects of adipose tissue function. As reported in the literature, sex 

steroids are known to modulate some of the key processes such as lipolysis, lipogenesis, adipocyte 

differentiation and adipokine secretion (20,21). Androgens strongly impair adipogenesis and adipose 
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commitment in primary human pre-adipocytes irrespective of the adipose depot and sex in 

individuals with (22) or without obesity (23). In addition, despite controversies found in the 

literature (22), testosterone treatment increases basal and stimulated lipolysis in abdominal SAT and 

VAT (24-26). On the other hand, estrogens hinder lipogenesis (27) by diminishing lipoprotein lipase 

activity (28) while modulating adipogenesis through increased preadipocyte proliferation (29) and 

SAT-specific adipogenesis (30) in women. Estrogens may also be implicated in energy partitioning, as 

they increase very-low-density-lipoprotein plasma clearance (31) and partially enhance muscle beta-

oxidative capacity (32). Adipose tissue expresses several steroidogenic enzymes involved in 

androgen inactivation via the activities of aldo-keto reductase 1C2 (AKR1C2), their biosynthesis via 

AKR1C3, or estrogen biosynthesis by aromatase. Interestingly, mRNA expression of both AKR1C2 and 

CYP19A1 is stimulated by glucocorticoids (33,34), which have an additional role besides their 

implication in obesity and adipose tissue metabolism (35). 

Our aim was to investigate if intra-adipose steroid concentrations and the expression or 

activity of steroidogenic enzymes associate with features of adipose tissue dysfunction in individuals 

with severe obesity. We hypothesized that androgen conversion is increased in participants with 

adipose tissue dysfunction. 

 

METHODS  

Participants 

This study is a secondary analysis of a larger sample of participants that was used to examine 

food addiction in severe obesity (36,37). Briefly, bariatric surgery candidates with severe obesity 

(BMI ≥ 35 kg/m2) were recruited at the Quebec Heart and Lung Institute Research Center (CRIUCPQ). 

Patients were included if they were older than 18 years of age and met the criteria for elective 

bariatric surgery (either biliopancreatic diversion or sleeve gastrectomy). Patients with severe 
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psychiatric conditions, those who were pregnant or lactating, had type 2 diabetes mellitus or 

underwent previous bariatric surgery were excluded. For the present study, we selected our sample 

of convenience by including participants who did not take corticosteroids and who also consented to 

take part into the Quebec Heart and Lung Institute Biobank and donate adipose tissue samples and 

plasma at the time of surgery. To mirror sex representation in bariatric candidates in North America 

(38), which is stable to an 80:20 women-to-men ratio, we included 31 women and 9 men in our 

study. Anthropometry, menopausal status, fasting plasma glucose and lipid profile, blood pressure 

as well as medication use (including birth control) were retrieved from medical records. We 

performed a priori sample size calculations based on published studies on adipose tissue 

morphology or features visceral obesity, with a focus on steroid enzyme gene expression and 

AKR1C2 activity. Power analyses on adipose tissue cells size and anthropometrics were completed 

after sample selection. Results indicated that a sample including between 6 and 35 individuals was 

sufficient to generate differences between subgroups or correlations with 80% power. This study 

was approved by the CRIUCPQ ethics committee (CER IUCPQ-UL number 2019-3218, 21758).  

 

Adipose tissue morphology 

 Adipose tissue was collected during surgery from the subcutaneous compartment and at the 

distal portion of the greater omentum and was immediately flash frozen in liquid nitrogen in the 

operating room. Frozen tissue was used for fixation in 10% buffered formalin at 4°C for 24h before 

paraffin inclusion (39). To assess adipocyte size, adipose tissue slides were stained with hematoxylin 

and eosin and photos were taken at 5x magnification. Adipocyte diameter was measured using a 

semi-automated program in ImageJ. The area of at least 100 adipocytes was measured in ImageJ 

(Rasband, W.S., ImageJ, U. S. National Institutes of Health, Bethesda, Maryland, USA, 

https://imagej.nih.gov/ij/, 1997-2018) and mean diameter was measured assuming that adipocytes 

were perfect circles (39). 
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 To assess adipose tissue pericellular fibrosis, slides were stained with Picro-Sirius red (12). 

Threshold values were set per batch and calibrated using three internal standards of low (5.5%), 

medium (11.8%) and high (13.7%) mean percent pericellular fibrosis. 

 Adipose tissue function and visceral adiposity was determined using both the 

hypertriglyceridemic waist (HTGW) (40) and the age-specific visceral adiposity index (VAI) cut-offs 

for increased cardiometabolic risk (41). Briefly, individuals with HTGW were identified as having 

WC ≥ 90 cm and fasting triglycerides ≥ 2.0 mM (40), while VAI was calculated using the published, 

validated sex-specific equations (41). 

 

Quantification of steroids  

 For intra-adipose steroid quantifications, approximately 200 mg of adipose tissue was used, 

while plasma steroids were quantified in aliquots of 200 L. Tissues and aliquots were stored at -

80°C until the time of analysis. Glucocorticoids, estrogens and androgens in adipose or plasma were 

quantified using a ultra-high performance liquid chromatography (uHPLC) Shimadzu Nexera X2 

system (UK) coupled to a Sciex QTRAP® 6500+ (SCIEX, Warrington, UK) with an electrospray 

ionization (ESI) interface. 

Details on solid-phase extraction in adipose tissue can be found elsewhere (42). Briefly, 

frozen adipose tissue samples were enriched, together with standard solutions with internal radio-

labelled standards. Following enrichment, adipose tissue was homogenized in ethanol:ethyl acetate 

(1:1). C18 SepPak columns (12 cc, 2 g; Waters, Wilmslow, UK) were used. Columns were washed with 

water and 5% methanol before methanol:acetonitrile (1:1) elution and then dried under flow 

nitrogen. To improve estrone and estradiol quantification in adipose tissue, estrogens were 

derivatized. The derivatization method has already been validated and published in both plasma and 

adipose (42). Following derivatization, samples were suspended in water:acetonitrile (1:1) and 
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loaded to liquid chromatography vials. Lower limits of quantification can be found in supplementary 

Table 1 (Table S1 (43)). Accuracy, measured as percentage relative mean error, and precision, as 

percentage relative standard deviation, for estrogens and glucocorticoids have already been 

published (42), while for androgens, precision ranged between 14.8% and 6.1% and accuracy 

between 8.6% and 4.3%.  

 As far as supported liquid extraction and steroid quantification in plasma is concerned, our 

methods mostly rely on LC-MS/MS parameter already published (44). Briefly, isotopically labelled 

standards dissolved in methanol were added and thoroughly mixed to each sample. Samples were 

transferred to an automated sample processor (Biotage, Uppsala, Sweden), and 200 L formic acid 

(0.1% v/v) was added. Metabolites were then eluted by the addition of dichloromethane/propan-1-

ol (98:2) and the eluate was dried with oxygen-free nitrogen. The dry extracts were then 

reconstituted in 70:30 water/methanol solution, thoroughly mixed before being injected for LC-ESI-

MS/MS analysis. Chromatographic separation was achieved on a Kinetex C18 column (3x150 mm, 

2.6 m; Phenomenex, UK) fitted with a KrudKatcher Ultra In-Line Filter (Phenomenex, UK) with 

water and methanol as mobile phase, with ammonium fluoride (50 M) as modifier. Lower limits of 

quantification are found in Table S1 (43). Precision ranged between 11.4% (5-DHT) and 6.3% 

(estradiol) while accuracy between 5.8 (5-DHT) and 7.0 (estrone). 

 

Cortisol Awakening Response (CAR) 

 CAR is an indirect measurement of the hypothalamic pituitary adrenal (HPA) axis activity and 

is defined as the rapid rise in salivary cortisol in the first 30-45 minutes following awakening (45). 

Participants were asked to sample saliva during the first 30 minutes following awakening time on 

three consecutive days. Samples were taken at the time of awakening (S1), 15 and 30 minutes after. 

Participants were asked not to drink, eat or brush their teeth before and during sampling time and 
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to keep samples refrigerated until the next visit at the CRIUCPQ. Saliva was extracted from the 

cotton swabs by centrifugation and stored at -80°C until analysis. Salivary cortisol was measured by 

competitive enzyme-linked immunosorbent assay (ELISA) as per manufacturer instructions 

(Salimetrics, Carlsbad, CA USA; antibody ID: AB_2801306). Assay detection range was between 

0.33nM to 82.77 nM and cross-reactivity with salivary cortisone was 0.13%. 

 

AKR1C2 activity 

AKR1C2, also known as the 3-hydroxysteroid type 3 (3-HSD3), is a member of the aldo-

keto reductase 1C family and mainly catalyzes the conversion of 5-DHT into 3α-androstenediol, but 

also plays a small role in the catalysis of progesterone into 20α-hydroxyprogesterone (46). Intra-

adipose AKR1C2 activity was indirectly measured by fluorescence emission of the chemical 

compound Cumberone (9-benzoyl-2,3,6,7-tetrahydro-1H,5H,11H-pyrano[2,3-f]pyrido[3,2,1-

ij]quinolin-11-one), kindly synthetized by the Organic Synthesis Service (CHU de Québec research 

center, Québec, Canada). Briefly, tissues were homogenized in 6.67 L/mg tissue potassium-

phosphate buffer (100 mM K2HPO4, 100 mM KH2PO4, pH = 6.0) as previously described (47). The fat-

free portion of the homogenate was isolated by centrifugating the homogenate twice (20 627 x g, 

16°C, 5 min). The reaction mixture (10 nM NADPH, 25 M Cumberone) diluted in potassium-

phosphate buffer, was added to the homogenate in order to reach a 1:11 dilution. Fluorescence 

emission by the probe was measured during a 12-hour kinetic experiment: at a 1.5-minute interval 

for the first 90 minutes, followed by a 30-minute and a 1-hour interval in the four-hour section of 

the kinetic experiment. Each sample was controlled for blood and NADPH content by subtracting 

values obtained in an individual-specific blank. AKR1C2 activity was calculated as the slope in the 

first 30% section of the reaction (47). 
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Adipose tissue gene expression 

 To assess gene expression, approximately 100 mg frozen adipose tissue was homogenized in 

QIAzol buffer (Qiagen, Hilden, Germany) using Tissue Lyser (Qiagen, Hilden, Germany). RNA 

extraction was performed using RNeasy Lipid Tissue Mini Kit (Qiagen, Hilden, Germany) on RNeasy 

Mini Spin Columns with on-column DNase digestion (Qiagen, Hilden, Germany) to further purify RNA 

from possible DNA contamination. RNA concentration was determined using Biodrop (BioDrop Lrd., 

Cambringe, UK).  

cDNA synthesis was performed on 195 ng RNA using iScript reverse transcriptase (Bio-Rad 

Laboratories, Hercules, CA, USA) as per manufacturer’s protocol. Finally, real-time quantitative 

polymerase chain reaction (RT-qPCR) was executed with 13 ng cDNA using SSO advanced SYBR 

Green supermix (Bio-Rad Laboratories, Hercules, CA, USA) with the following settings: denaturation 

(95°C, 20 s), annealing (58-65°C, 20 s), synthesis (72°C, 20 s) followed by fluorescence measurement 

(40 cycles). All experiments performed according to the Minimum Information for Publication of 

Quantitative Real-Time PCR Experiment (MIQE) guidelines (48). 

Table S2 (43) lists the target, sequence and length of the primers used. Primers were 

designed using NCBI primer design tool (https://www.ncbi.nlm.nih.gov/tools/primer-blast/) and 

synthetized by IDT (Integrated DNA Technology, Coralville, IA, USA). Specificity and optimal 

annealing temperature for each primer pair were validated by gel electrophoresis combined with Cq 

and melt curve analysis.  

 

Statistical analyses 

Adipose steroid concentrations values were expressed in pmol/kg tissue while plasma 

concentrations were expressed in pM (exception made for cortisol and cortisone values, which were 

expressed in nM). The product over substrate ratio was used as an estimate of enzymatic activity in 
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adipose tissue. In particular, the cortisol:cortisone ratio was used as an indicator of the 11-HSD1 

oxoreductase activity, the estrone:androstenedione and estradiol:testosterone ratios as markers of 

aromatase activity, and the estradiol:estrone ratio as an estimate of 17-HSD estrogenic activity. The 

cortisol awakening response (CAR) was calculated as the incremental area under the curve (AUCi) 

and the average value over the three sampling days was used (48). 

Data were analyzed using R (49). Correlation plots were generated using the corrplot 

package version 1.1.25, while multivariate linear regression with lme4 package version 0.84. 

Comparison between individuals with versus those without adipose tissue dysfunction was 

performed using either the Wilcoxon test or t-test. Features of adipose tissue dysfunction were 

compared using two-way ANOVA with post-hoc Tukey Honestly Significant Difference test. 

 

RESULTS 

Our sample included 31 women and 9 men aged 39.5 ± 7.6 years and with a mean BMI of 

50.1 ± 6.4 kg/m2. Most of the adipose tissue features measured in this study, such as steroidogenic 

enzyme activity estimates (50) and adipocyte cell size (6) are known to differ between the two sexes 

and for this reason, analyses of both sexes combined could not be performed. Unfortunately, due to 

some missing anthropometric data, analysis of adipose tissue dysfunction in men was not possible. 

Because of sample size, which would have given analyses limited meaning, data collected on male 

participants are presented in supplemental Table S3 (43). Anthropometric and metabolic 

characteristics of female participants are listed in Table 1, while steroid hormone concentrations can 

be found in Table 2. They were all premenopausal, with a BMI of 50.6 ± 5.7 kg/m2 and a WC of 

131.7 ± 11.2 cm. None of the women included in this study were diabetic or taking medications. 

However, 2 of them were diagnosed with polycystic ovary syndrome (PCOS) and 10 were taking 
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anovulants. In women, an association between intra-adipose and plasma androgen, estrogen or 

glucocorticoid concentrations (data not shown) was not present.  

 First, we examined features of adipose tissue dysfunction. We assessed two morphological 

parameters already described by us and others as being associated with adipose tissue dysfunction: 

adipocyte size (6) and pericellular fibrosis (12). In addition, we measured mRNA abundance of genes 

encoding proteins involved in regulating adipose tissue function regulation: diacycl-glycerol acyl-

transferase 2 (DGAT2) and glutathione peroxidase x3 (GPX3), which are respectively involved in 

triglyceride biosynthesis and adipose-specific insulin resistance, respectively. When comparing 

features of adipose tissue dysfunction in the two fat depots, we found that adipocytes were larger 

(91.8 ± 12.2 vs 83.5 ± 14.1 m, p < 0.05) (Figure 1A) and that there was more pericellular fibrosis 

(6.0 ± 2.4 vs 4.0 ± 2.0 m, p < 0.001) (Figure 1B) in SAT compared to VAT. Gene expression analysis 

(Figure 1C) revealed that DGAT2 and GPX3 expression were not significantly different in the two 

depots (panova > 0.05 for both). Because adipose tissue dysfunction has been proposed as a mediator 

of the link between abdominal obesity and cardiometabolic risk (51), we looked at associations 

between dysfunction features and cardiometabolic health. As illustrated in Figure 1D, we found that 

WC was positively associated with cell size in both SAT (r = 0.4, p < 0.05) and VAT (r = 0.5, p < 0.05). 

Much like VAT adipocyte diameter, WC was negatively associated with plasma HDL-c concentrations 

(r = -0.5, p < 0.01). Interestingly, DGAT2 expression was not associated to any anthropometric or 

metabolic parameter, while GPX3 expression was associated with a more favorable plasma lipid 

profile (Figure 1D). 

Univariate analyses were conducted to uncover correlations between anthropometric 

variables and the activity or expression of steroidogenic enzymes. BMI was negatively associated 

with the estradiol-to-testosterone ratio in VAT (r = -0.4, p < 0.05) and with the estradiol-to-estrone 

ratio in SAT, an indirect measurement of 17-hydroxysteroid dehydrogenases (r = -0.4, p < 0.05). 

Similarly, WC was also negatively associated with estradiol-to-estrone ratio in SAT (r = -0.4, p < 0.05) 
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and AKR1C2 expression in SAT (r = -0.4, p < 0.05), while waist-to-hip ratio (WHR) was associated with 

the estrone-to-androstenedione ratio and the estrone + estradiol over testosterone + 

androstenedione ratio in SAT, both indicators of aromatase enzymatic activity (r = -0.4, p < 0.05 for 

both). In addition, neck circumference was negatively associated with SAT AKR1C2 expression (r = -

0.4, p < 0.05). Finally, VAT adipocyte diameter was positively associated with the estrone-to-

androstenedione ratio in VAT (r = 0.5, p = 0.01). No other significant association between 

anthropometric variables and steroidogenic enzymatic activities or expression were found. 

We then tried to predict features of adipose tissue dysfunction using either plasma or intra-

adipose steroid concentrations or steroidogenic enzyme activities (Table 3) in multiple linear 

regression models. Because the inclusion or exclusion of the two participants with PCOS did not alter 

the model, the analyses presented in Table 3 include all 31 participants of the study.  

Our analysis revealed that, with an exception made for plasma cortisone concentrations, 

plasma steroid concentrations were not associated with any feature of adipose tissue dysfunction or 

metabolic impairment. On the other hand, VAT aromatase activity was associated with VAT 

hypertrophy, even after correction for WC, age and anovulant use (βadjusted = 89.80, padjusted = 0.01). 

Similarly, aromatase activity in SAT was associated with dyslipidemia in our cohort, as demonstrated 

by the positive association with fasting plasma triglycerides and negative association with plasma 

HDL-c concentrations (padjusted < 0.05 and < 0.01 respectively). Generally similar results were found 

when considering aromatase activity as the sum of estradiol and estrone concentrations over the 

sum of testosterone and androstenedione. Finally, when looking at intra-adipose steroid 

concentrations, we found that SAT estradiol, estrone and cortisone concentrations were associated 

with SAT pericellular fibrosis. 

 To better capture any alteration occurring in adipose tissue dysfunction, we first divided the 

cohort using the HTGW algorithm (40). Neither adipocyte hypertrophy nor any of the measured 

markers of dysfunction were significantly different in participants who had versus those who did not 
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have HTGW (data not shown). The VAI was used as another marker of adipose tissue dysfunction 

using age-specific cut-off values to identify individuals with increased cardiometabolic risk (41). We 

compared women having "High VAI”, N= 18 to those with “Low VAI”, N=13 (41) and found a 

significant difference in VAT adipocyte diameter (Figure 2C) but not in SAT (Figure 2B) or WC (Figure 

2A). We found no difference either in SAT nor in VAT pericellular fibrosis (data not shown) and 

DGAT2 expression (Figure 2M). However, women with adipose tissue dysfunction were 

characterized by lower expression in GPX3 in both adipose tissue depots (Figure 2M). When looking 

at intra-adipose androgen concentrations, we found that women with adipose tissue dysfunction 

had lower VAT concentrations of both testosterone and androstenedione (Figure 2D, E). 

Interestingly, androgen aromatization was higher with adipose tissue dysfunction as illustrated by 

significantly increased aromatase activity ratios in SAT (Figure 2F, G), VAT (Figure 2H) and CYP19A1 

expression in VAT only (Figure 2M). The same difference in SAT and VAT was observed by inferring 

aromatase activity as the ratio of estrone + estradiol over testosterone + androstenedione (Table 2). 

Similarly, we observed increased 5-DHT catabolism, as mirrored by an increased AKR1C2 activity 

(Figure 2J). This difference was not reflected in AKR1C2 expression (Figure 2M). Increased 

aromatization of intra-adipose androgens was reflected by a trend for increased plasma estradiol 

concentration in women with high VAI (Md ± IQR: 333.15 ± 111.04 vs. 407.16 ± 259.10, p = 0.09). No 

difference was observed in intra-adipose estrone levels. Finally, consistent with the notion that 

adipose tissue dysfunction increases the risk of cardiometabolic diseases, we found that women 

with high VAI had atherogenic dyslipidemia, as illustrated by higher plasma Apolipoprotein B (ApoB) 

concentrations in Figure 2L. No differences were seen in terms of plasma and intra-adipose 

glucocorticoid concentrations, HSD11B1 gene expression or in CAR between the two groups (data 

not shown).  
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DISCUSSION 

 This study investigated steroid hormone metabolism and concentrations in women with 

severe obesity who were candidates for bariatric surgery. We found that in severe obesity, waist 

circumference alone or in conjunction with fasting serum triglycerides cannot identify individuals 

with adipose tissue dysfunction. Because we are looking at one extremity of the BMI value spectrum 

in this specific population, all individuals are abdominally obese according to the ATP-NCEP III 

criteria (52). We propose that other markers of adipose tissue dysfunction should be considered. VAI 

has been presented as an index of excess visceral adiposity associated with increased risk of 

cardiometabolic diseases (41). As reported in the expert consensus statement on abdominal obesity 

(51), adipose tissue dysfunction, ectopic fat deposition and cardiometabolic risk are intrinsically 

interconnected. In this study, we compared women having a significantly higher VAI to those with a 

low VAI. Our analyses revealed significant differences in plasma ApoB concentration and VAT 

adipocyte hypertrophy. This confirms previous literature showing that visceral adipose tissue 

hypertrophy is a marker of cardiometabolic status (7). Our results underline the notion that even in 

the context of severe obesity, the main features of adipose tissue dysfunction may still be relevant.  

In addition, we found a significant difference in SAT and VAT GPX3 gene expression between 

women with and without VAT excess. GPX3 has been associated with insulin receptor 

downregulation in white adipose tissue in obese insulin-resistant mouse models and in humans with 

obesity (53). The same study demonstrated that silencing the GPX3 gene decreases insulin receptor 

gene expression and its signaling cascade in 3T3-L1 adipocytes (53). Other data suggest that adipose 

GPX3 is downregulated in cases of oxidative stress and inflammation (54). These results implicate 

GPX3 in insulin resistance, reactive oxygen species (ROS) production and adipose tissue dysfunction. 

In our study, none of the 31 women were diabetic or taking hypoglycemics, suggesting that adipose 

GPX3 gene expression is associated with local alterations in adipose tissue independent of these 

factors.  
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Interestingly, we found no significant difference in adipose tissue pericellular fibrosis 

between the two VAI groups. Pericellular fibrosis is thought to develop as a consequence of 

inadequate angiogenesis and unresolved low-grade inflammation, leading to pathological tissue 

remodeling and excessive extra-cellular matrix (ECM) deposition (55). Although this feature has been 

associated with adipose tissue dysfunction (56,57), we did not find any difference in pericellular 

fibrosis as a function of metabolic parameters in our study. Because we only included women with 

severe obesity, one possible explanation is that pericellular fibrosis is already high and no longer 

reflects intra-adipose dysfunction. Another possibility is that pericellular fibrosis, measured by the 

intensity of picrosirius red staining, reflects ECM remodeling rather than excess per se, and may 

therefore, not necessarily mirror adipose tissue dysfunction. Estrogens have been reported to 

stimulate ECM remodeling in breast cancer mouse models (58) and cultured fibroblasts (59). Here, 

we found that intra-adipose SAT estrone and estradiol amounts were associated with SAT 

pericellular fibrosis, consistent with the role of estrogens in ECM remodeling and adipose tissue 

fibrosis.  

We conducted correlation analyses and mixed analyses to indirectly assess whether adipose 

tissue is actively involved in the uptake or release of active steroids or steroids precursors. We found 

no association between intra-adipose and plasma steroid concentrations, consistent with the notion 

that adipose tissue steroid hormones turnover is independent from plasma levels. This was already 

known for glucocorticoids (60) but in men, previous data showed positive correlations for estrone, 

testosterone and 5-DHT (26). Differences in the techniques used (26) might explain the differences 

in the results. In addition, possible sex differences cannot be excluded. The presence and activity of 

most steroidogenic enzymes in adipose tissue has been confirmed and is reviewed in (61,62) and 

authors have suggested that adipocytes may also be able to participate in steroid de novo synthesis 

(63). Along with the ones examined here, other enzymes, such as 3-hydroxysteroid dehydrogenase 

(3HSD) converting dehydroepiandrosterone (DHEA) into A4, the 5-reductase inactivating cortisol 
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and transforming testosterone into 5-DHT and the 17HSD family may contribute to this lack of 

association (61,62). 

It is generally accepted that in men, abdominal adiposity is inversely associated with plasma 

androgen concentrations, while the opposite is true for women (64). Our study found lower intra-

adipose androgen concentrations, more specifically testosterone and androstenedione, in women 

with high VAI. In addition, we observed higher VAT AKR1C2 and aromatase activity in these women. 

Taken together, our data suggest the presence of increased indices of androgen aromatization 

(Figure 2F-H and M) and 5-DHT catabolism (Figure 2J), which overall decrease the intra-adipose 

bioavailability of testosterone, androstenedione and 5-DHT in women with increased visceral 

adiposity and adipose tissue dysfunction. Interestingly, despite a difference in terms of aromatase 

activity, our study did not identify differences in intra-adipose estrone or estradiol concentrations. 

This suggests that the feature associated with higher VAI is an overall decrease in intra-adipose 

androgen concentrations rather than an increase of estrogen concentrations.  

Unfortunately, the number of studies that measured intra-adipose steroid concentration 

using gold-standard and reliable techniques using chromatography and mass spectrometry is scarce. 

This is mainly due to numerous challenges that adipose tissues and its matrix pose in extraction and 

quantification because other compounds present in the tissue may interfere with the steroid 

hormone signal during mass-spectrometry (42). One study on SAT androgen concentrations found 

that testosterone is increased and sequestered in adipocytes from men with obesity and insulin-

resistant 3T3-L1 cells in vitro (65). However, it should be kept in mind that Di Nisio and colleagues 

(65) only measured SAT testosterone and compared groups of 6 patients, which could explain the 

differences between the two studies. Another study from our group conducted in women suggested 

that adipose tissues containing increased numbers of large, differentiated adipocytes likely display 

increased steroidogenic activity and in particular androgen catabolism (66). This was highlighted by 

increased expression and activity of AKR1C3, producing testosterone, and AKR1C2, the enzyme 
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responsible for the reduction of 5-DHT into its inactive metabolite 3α-androstenediol, and 

aromatase (66). Recently, we (34) and others (67) have demonstrated that adipose expression of 

AKR1C2 and AKR1C3, positively associates with total and abdominal adiposity in women. Increasing 

androgen inactivation and lower testosterone concentrations were also reported by Marchand and 

collaborators (68), who demonstrated that plasma androstenedione in overweight pre-menopausal 

women correlated negatively with VAT area and, together with plasma testosterone, also with VAT 

hypertrophy (68). Taken together, our data and the current literature suggest that in women 

without PCOS, increased androgen catabolism is associated with visceral adiposity and adipose 

tissue dysfunction. 

The intra-adipose balance between androgens and estrogens is modulated by aromatase 

CYP19A1, which converts testosterone and androstenedione into estradiol and estrone, respectively. 

Our data showed increased aromatase activity, mirrored by the estrogen-to-androgen ratio, and the 

specific increase of aromatase CYP19A1 in VAT of women with visceral obesity and adipose tissue 

dysfunction. Aromatase is known to be significantly affected by total adipose tissue mass (69,70), 

probably due to the fact that its expression is increased with adipocyte differentiation (66). Indeed, 

both BMI and WC being indices of general and visceral adiposity, correlate positively with CYP19A1 

expression in pre-menopausal (71) but not post-menopausal women (19). Further supporting the 

effect of mass, recently Van de Velde and collaborators (72) reported that weight loss was 

accompanied by a decrease in plasma and urinary estrogen to androgen ratios suggesting a decrease 

in aromatase activity ratio in men who underwent bariatric surgery. Thus, the literature suggests a 

strong mass effect on aromatase expression and activity. However, our study revealed a specific 

increase in aromatase expression associated with VAT excess and dysfunction. In fact, although we 

did not find any differences in BMI or WC between women with high and low VAI, there was a 

significant difference in aromatase activity and VAT expression. In addition, VAT aromatase activity 

was associated with VAT hypertrophy even after WC adjustment while SAT activity was associated 
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with dyslipidemia. Thus, in our study, adipose tissue mass alone could not completely explain the 

increased aromatase activity and expression observed. 

Androgen concentrations and metabolic impairments are particular relevant for women with 

PCOS, as these patients are often characterized by abdominal obesity (64) and features of adipose 

tissue dysfunction, such as enlarged adipocytes (73,74). Current literature indicated increased 

AKR1C2, 3HSD (75) and AKR1C3 (75,76), in SAT of PCOS women compared to those without PCOS. 

On the other hand, aromatase expression seems lower in women with PCOS (75). In addition, it 

seems that in vitro differentiated primary preadipocyte from PCOS patients produce significantly 

more testosterone than the non-PCOS controls (76). In order to tackle excess androgen production 

in PCOS, patient are sometimes prescribed flutamide, an androgen receptor inhibitor. Interestingly, 

flutamide not only can lower testosterone action in target tissues but may also help improve the 

cardiometabolic alterations (77) and features of adipose tissue dysfunction  (78) observed in PCOS. 

Our study was not designed to compare PCOS to non-PCOS women with severe obesity. However, 

the adipose tissue features that we observed in women with a high VAI are not fully consistent with 

those expected in women with PCOS. 

Our study has a number of strengths. First, we were able to measure intra-adipose steroid 

hormones using novel and highly sensitive techniques (42). Similarly, AKR1C2 activity was measured 

using a fluorogenic probe which has demonstrated specificity for the enzyme in question (47), and 

has never been used on adipose tissue homogenates. Both techniques are novel and contribute to 

the technological advance in the characterization of adipose tissue steroid concentrations and 

inferred AKR1C2 activity. In addition, thanks to our study design, we were able to measure and 

compare paired intra-adipose and plasma steroids. Our study also has limitations. Although in this 

study we did not measure matrix effect by LC-ESI-MS/MS, methods upon which our study is based 

showed that the current protocol reduces ion interference without eliminating it. We included only 

31 women and the number of men was too small to perform further analysis, preventing us to 
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accurately compare steroidogenic homeostasis in men and women with VAT excess and adipose 

tissue dysfunction. In addition, as anthropometric data were collected retrospectively, we have no 

information on adipose tissue distribution performed using gold-standard methods (1). To 

counteract this, we used the VAI, which has been described as a reliable estimator of VAT area, 

volume and adipose tissue dysfunction (41). In addition, we extensively characterized adipose tissue 

dysfunction markers including measurements of adipocyte hypertrophy, pericellular fibrosis and the 

expression of DGAT2, involved in triglyceride biosynthesis, and GPX3, implicated in intracellular ROS 

balance and adipose insulin resistance. 

In conclusion, we found that VAT aromatase activity is positively associated with VAT 

adipocyte hypertrophy and negatively with plasma HDL-cholesterol, while SAT aromatase activity 

predicted dyslipidemia in women even after adjustment for WC, age and anovulant intake. We 

additionally compared women with high and low VAI and found that VAT excess is characterized by 

features such as adipose tissue dysfunction, decreased presence of active androgens and increased 

aromatase activity and expression. Overall, our data question the assumed deteriorating effect of 

androgens on adipose tissue function in women and suggest that the balance between androgens 

and estrogens might be relevant in women without PCOS.  

 

  

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/advance-article/doi/10.1210/clinem
/dgac261/6578692 by U

niversity of Edinburgh user on 06 M
ay 2022



Acc
ep

ted
 M

an
us

cri
pt

  

AKNOWLEDGMENTS 

The Authors acknowledge the invaluable collaboration of the surgery team, bariatric surgeons and 

biobank staff of the IUCPQ. 

 

FUNDING SOURCES 

GO is the recipient of the doctoral scholarship from Fonds de recherche du Québec-Santé. SL is the 

recipient of the post-doctoral scholarship from Fonds de recherche du Québec-Santé and received a 

Canadian Institutes of Health Research (CIHR) doctoral scholarship at the time of the study. This 

work was partially supported by the Foundation of the Quebec Heart and Lung Institute - Laval 

University and a CIHR grant to AT (PJT-169083) and funds from the Fonds de recherche du Québec-

Santé Research Network on cardiometabolic health, diabetes and obesity (CMDO). 

 

DATA AVAILABILITY STATEMENT 

Datasets analyzed for the purposes of the current study are available from the corresponding author 

on reasonable request. However, to preserve patient confidentiality, restrictions may apply. 

 

  

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/advance-article/doi/10.1210/clinem
/dgac261/6578692 by U

niversity of Edinburgh user on 06 M
ay 2022



Acc
ep

ted
 M

an
us

cri
pt

  

BIBLIOGRAPHY 

1. Tchernof A, Despres JP. Pathophysiology of human visceral obesity: an update. 

Physiological reviews. 2013;93(1):359-404. 

2. Nobarani S, Alaei-Shahmiri F, Aghili R, Malek M, Poustchi H, Lahouti M, Khamseh 

ME. Visceral Adipose Tissue and Non-alcoholic Fatty Liver Disease in Patients with 

Type 2 Diabetes. Digestive diseases and sciences. 2021. 

3. Idilman IS, Low HM, Gidener T, Philbrick K, Mounajjed T, Li J, Allen AM, Yin M, 

Venkatesh SK. Association between Visceral Adipose Tissue and Non-Alcoholic 

Steatohepatitis Histology in Patients with Known or Suspected Non-Alcoholic Fatty 

Liver Disease. Journal of clinical medicine. 2021;10(12). 

4. Neeland IJ, Ayers CR, Rohatgi AK, Turer AT, Berry JD, Das SR, Vega GL, Khera A, 

McGuire DK, Grundy SM, de Lemos JA. Associations of visceral and abdominal 

subcutaneous adipose tissue with markers of cardiac and metabolic risk in obese 

adults. Obesity (Silver Spring, Md). 2013;21(9):E439-447. 

5. Liu F, He J, Wang H, Zhu D, Bi Y. Adipose Morphology: a Critical Factor in 

Regulation of Human Metabolic Diseases and Adipose Tissue Dysfunction. Obesity 

surgery. 2020;30(12):5086-5100. 

6. Laforest S, Labrecque J, Michaud A, Cianflone K, Tchernof A. Adipocyte size as a 

determinant of metabolic disease and adipose tissue dysfunction. Critical reviews in 

clinical laboratory sciences. 2015;52(6):301-313. 

7. Laforest S, Michaud A, Paris G, Pelletier M, Vidal H, Geloen A, Tchernof A. 

Comparative analysis of three human adipocyte size measurement methods and their 

relevance for cardiometabolic risk. Obesity (Silver Spring, Md). 2017;25(1):122-131. 

8. Lessard J, Laforest S, Pelletier M, Leboeuf M, Blackburn L, Tchernof A. Low 

abdominal subcutaneous preadipocyte adipogenesis is associated with visceral 

obesity, visceral adipocyte hypertrophy, and a dysmetabolic state. Adipocyte. 

2014;3(3):197-205. 

9. Hames KC, Koutsari C, Santosa S, Bush NC, Jensen MD. Adipose tissue fatty acid 

storage factors: effects of depot, sex and fat cell size. International journal of obesity 

(2005). 2015;39(6):884-887. 

10. Cote JA, Nadeau M, Leboeuf M, Blackburn L, Tchernof A. Adipose tissue 

diacylglycerol acyltransferase activity and blood lipoprotein triglyceride enrichment 

in women with abdominal obesity. Atherosclerosis. 2014;233(1):172-177. 

11. Gustafson B, Nerstedt A, Smith U. Reduced subcutaneous adipogenesis in human 

hypertrophic obesity is linked to senescent precursor cells. Nature communications. 

2019;10(1):2757. 

12. Michaud A, Tordjman J, Pelletier M, Liu Y, Laforest S, Noel S, Le Naour G, 

Bouchard C, Clement K, Tchernof A. Relevance of omental pericellular adipose 

tissue collagen in the pathophysiology of human abdominal obesity and related 

cardiometabolic risk. International journal of obesity (2005). 2016;40(12):1823-1831. 

13. Landecho MF, Tuero C, Valentí V, Bilbao I, de la Higuera M, Frühbeck G. Relevance 

of Leptin and Other Adipokines in Obesity-Associated Cardiovascular Risk. 

Nutrients. 2019;11(11). 

14. Michaud A, Drolet R, Noël S, Paris G, Tchernof A. Visceral fat accumulation is an 

indicator of adipose tissue macrophage infiltration in women. Metabolism: clinical 

and experimental. 2012;61(5):689-698. 

15. Michaud A, Pelletier M, Noël S, Bouchard C, Tchernof A. Markers of macrophage 

infiltration and measures of lipolysis in human abdominal adipose tissues. Obesity 

(Silver Spring, Md). 2013;21(11):2342-2349. 

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/advance-article/doi/10.1210/clinem
/dgac261/6578692 by U

niversity of Edinburgh user on 06 M
ay 2022



Acc
ep

ted
 M

an
us

cri
pt

  

16. Shungin D, Winkler TW, Croteau-Chonka DC, Ferreira T, Locke AE, Magi R, 

Strawbridge RJ, Pers TH, Fischer K, Justice AE, Workalemahu T, Wu JMW, 

Buchkovich ML, Heard-Costa NL, Roman TS, Drong AW, Song C, Gustafsson S, 

Day FR, Esko T, Fall T, Kutalik Z, Luan J, Randall JC, Scherag A, Vedantam S, 

Wood AR, Chen J, Fehrmann R, Karjalainen J, Kahali B, Liu CT, Schmidt EM, 

Absher D, Amin N, Anderson D, Beekman M, Bragg-Gresham JL, Buyske S, 

Demirkan A, Ehret GB, Feitosa MF, Goel A, Jackson AU, Johnson T, Kleber ME, 

Kristiansson K, Mangino M, Leach IM, Medina-Gomez C, Palmer CD, Pasko D, 

Pechlivanis S, Peters MJ, Prokopenko I, Stancakova A, Sung YJ, Tanaka T, Teumer 

A, Van Vliet-Ostaptchouk JV, Yengo L, Zhang W, Albrecht E, Arnlov J, Arscott GM, 

Bandinelli S, Barrett A, Bellis C, Bennett AJ, Berne C, Bluher M, Bohringer S, 

Bonnet F, Bottcher Y, Bruinenberg M, Carba DB, Caspersen IH, Clarke R, Daw EW, 

Deelen J, Deelman E, Delgado G, Doney AS, Eklund N, Erdos MR, Estrada K, Eury 

E, Friedrich N, Garcia ME, Giedraitis V, Gigante B, Go AS, Golay A, Grallert H, 

Grammer TB, Grassler J, Grewal J, Groves CJ, Haller T, Hallmans G, Hartman CA, 

Hassinen M, Hayward C, Heikkila K, Herzig KH, Helmer Q, Hillege HL, Holmen O, 

Hunt SC, Isaacs A, Ittermann T, James AL, Johansson I, Juliusdottir T, Kalafati IP, 

Kinnunen L, Koenig W, Kooner IK, Kratzer W, Lamina C, Leander K, Lee NR, 

Lichtner P, Lind L, Lindstrom J, Lobbens S, Lorentzon M, Mach F, Magnusson PK, 

Mahajan A, McArdle WL, Menni C, Merger S, Mihailov E, Milani L, Mills R, 

Moayyeri A, Monda KL, Mooijaart SP, Muhleisen TW, Mulas A, Muller G, Muller-

Nurasyid M, Nagaraja R, Nalls MA, Narisu N, Glorioso N, Nolte IM, Olden M, 

Rayner NW, Renstrom F, Ried JS, Robertson NR, Rose LM, Sanna S, Scharnagl H, 

Scholtens S, Sennblad B, Seufferlein T, Sitlani CM, Smith AV, Stirrups K, Stringham 

HM, Sundstrom J, Swertz MA, Swift AJ, Syvanen AC, Tayo BO, Thorand B, 

Thorleifsson G, Tomaschitz A, Troffa C, van Oort FV, Verweij N, Vonk JM, Waite 

LL, Wennauer R, Wilsgaard T, Wojczynski MK, Wong A, Zhang Q, Zhao JH, 

Brennan EP, Choi M, Eriksson P, Folkersen L, Franco-Cereceda A, Gharavi AG, 

Hedman AK, Hivert MF, Huang J, Kanoni S, Karpe F, Keildson S, Kiryluk K, Liang 

L, Lifton RP, Ma B, McKnight AJ, McPherson R, Metspalu A, Min JL, Moffatt MF, 

Montgomery GW, Murabito JM, Nicholson G, Nyholt DR, Olsson C, Perry JR, 

Reinmaa E, Salem RM, Sandholm N, Schadt EE, Scott RA, Stolk L, Vallejo EE, 

Westra HJ, Zondervan KT, Amouyel P, Arveiler D, Bakker SJ, Beilby J, Bergman 

RN, Blangero J, Brown MJ, Burnier M, Campbell H, Chakravarti A, Chines PS, 

Claudi-Boehm S, Collins FS, Crawford DC, Danesh J, de Faire U, de Geus EJ, Dorr 

M, Erbel R, Eriksson JG, Farrall M, Ferrannini E, Ferrieres J, Forouhi NG, Forrester 

T, Franco OH, Gansevoort RT, Gieger C, Gudnason V, Haiman CA, Harris TB, 

Hattersley AT, Heliovaara M, Hicks AA, Hingorani AD, Hoffmann W, Hofman A, 

Homuth G, Humphries SE, Hypponen E, Illig T, Jarvelin MR, Johansen B, Jousilahti 

P, Jula AM, Kaprio J, Kee F, Keinanen-Kiukaanniemi SM, Kooner JS, Kooperberg C, 

Kovacs P, Kraja AT, Kumari M, Kuulasmaa K, Kuusisto J, Lakka TA, Langenberg C, 

Le Marchand L, Lehtimaki T, Lyssenko V, Mannisto S, Marette A, Matise TC, 

McKenzie CA, McKnight B, Musk AW, Mohlenkamp S, Morris AD, Nelis M, 

Ohlsson C, Oldehinkel AJ, Ong KK, Palmer LJ, Penninx BW, Peters A, Pramstaller 

PP, Raitakari OT, Rankinen T, Rao DC, Rice TK, Ridker PM, Ritchie MD, Rudan I, 

Salomaa V, Samani NJ, Saramies J, Sarzynski MA, Schwarz PE, Shuldiner AR, 

Staessen JA, Steinthorsdottir V, Stolk RP, Strauch K, Tonjes A, Tremblay A, Tremoli 

E, Vohl MC, Volker U, Vollenweider P, Wilson JF, Witteman JC, Adair LS, Bochud 

M, Boehm BO, Bornstein SR, Bouchard C, Cauchi S, Caulfield MJ, Chambers JC, 

Chasman DI, Cooper RS, Dedoussis G, Ferrucci L, Froguel P, Grabe HJ, Hamsten A, 

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/advance-article/doi/10.1210/clinem
/dgac261/6578692 by U

niversity of Edinburgh user on 06 M
ay 2022



Acc
ep

ted
 M

an
us

cri
pt

  

Hui J, Hveem K, Jockel KH, Kivimaki M, Kuh D, Laakso M, Liu Y, Marz W, 

Munroe PB, Njolstad I, Oostra BA, Palmer CN, Pedersen NL, Perola M, Perusse L, 

Peters U, Power C, Quertermous T, Rauramaa R, Rivadeneira F, Saaristo TE, 

Saleheen D, Sinisalo J, Slagboom PE, Snieder H, Spector TD, Stefansson K, Stumvoll 

M, Tuomilehto J, Uitterlinden AG, Uusitupa M, van der Harst P, Veronesi G, Walker 

M, Wareham NJ, Watkins H, Wichmann HE, Abecasis GR, Assimes TL, Berndt SI, 

Boehnke M, Borecki IB, Deloukas P, Franke L, Frayling TM, Groop LC, Hunter DJ, 

Kaplan RC, O'Connell JR, Qi L, Schlessinger D, Strachan DP, Thorsteinsdottir U, van 

Duijn CM, Willer CJ, Visscher PM, Yang J, Hirschhorn JN, Zillikens MC, McCarthy 

MI, Speliotes EK, North KE, Fox CS, Barroso I, Franks PW, Ingelsson E, Heid IM, 

Loos RJ, Cupples LA, Morris AP, Lindgren CM, Mohlke KL. New genetic loci link 

adipose and insulin biology to body fat distribution. Nature. 2015;518(7538):187-196. 

17. Chu AY, Deng X, Fisher VA, Drong A, Zhang Y, Feitosa MF, Liu CT, Weeks O, 

Choh AC, Duan Q, Dyer TD, Eicher JD, Guo X, Heard-Costa NL, Kacprowski T, 

Kent JW, Jr., Lange LA, Liu X, Lohman K, Lu L, Mahajan A, O'Connell JR, Parihar 

A, Peralta JM, Smith AV, Zhang Y, Homuth G, Kissebah AH, Kullberg J, Laqua R, 

Launer LJ, Nauck M, Olivier M, Peyser PA, Terry JG, Wojczynski MK, Yao J, 

Bielak LF, Blangero J, Borecki IB, Bowden DW, Carr JJ, Czerwinski SA, Ding J, 

Friedrich N, Gudnason V, Harris TB, Ingelsson E, Johnson AD, Kardia SL, Langefeld 

CD, Lind L, Liu Y, Mitchell BD, Morris AP, Mosley TH, Jr., Rotter JI, Shuldiner AR, 

Towne B, Volzke H, Wallaschofski H, Wilson JG, Allison M, Lindgren CM, 

Goessling W, Cupples LA, Steinhauser ML, Fox CS. Multiethnic genome-wide meta-

analysis of ectopic fat depots identifies loci associated with adipocyte development 

and differentiation. Nature genetics. 2017;49(1):125-130. 

18. Camhi SM, Bray GA, Bouchard C, Greenway FL, Johnson WD, Newton RL, 

Ravussin E, Ryan DH, Smith SR, Katzmarzyk PT. The relationship of waist 

circumference and BMI to visceral, subcutaneous, and total body fat: sex and race 

differences. Obesity (Silver Spring, Md). 2011;19(2):402-408. 

19. Hetemäki N, Savolainen-Peltonen H, Tikkanen MJ, Wang F, Paatela H, Hämäläinen 

E, Turpeinen U, Haanpää M, Vihma V, Mikkola TS. Estrogen Metabolism in 

Abdominal Subcutaneous and Visceral Adipose Tissue in Postmenopausal Women. 

The Journal of clinical endocrinology and metabolism. 2017;102(12):4588-4595. 

20. O'Reilly MW, House PJ, Tomlinson JW. Understanding androgen action in adipose 

tissue. J Steroid Biochem Mol Biol. 2014;143:277-284. 

21. Newell-Fugate AE. The role of sex steroids in white adipose tissue adipocyte 

function. Reproduction (Cambridge, England). 2017;153(4):R133-r149. 

22. Blouin K, Nadeau M, Perreault M, Veilleux A, Drolet R, Marceau P, Mailloux J, Luu-

The V, Tchernof A. Effects of androgens on adipocyte differentiation and adipose 

tissue explant metabolism in men and women. Clinical endocrinology. 

2010;72(2):176-188. 

23. Chazenbalk G, Singh P, Irge D, Shah A, Abbott DH, Dumesic DA. Androgens inhibit 

adipogenesis during human adipose stem cell commitment to preadipocyte formation. 

Steroids. 2013;78(9):920-926. 

24. Elbers JM, de Jong S, Teerlink T, Asscheman H, Seidell JC, Gooren LJ. Changes in 

fat cell size and in vitro lipolytic activity of abdominal and gluteal adipocytes after a 

one-year cross-sex hormone administration in transsexuals. Metabolism: clinical and 

experimental. 1999;48(11):1371-1377. 

25. Rebuffe-Scrive M, Marin P, Bjorntorp P. Effect of testosterone on abdominal adipose 

tissue in men. International journal of obesity. 1991;15(11):791-795. 

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/advance-article/doi/10.1210/clinem
/dgac261/6578692 by U

niversity of Edinburgh user on 06 M
ay 2022



Acc
ep

ted
 M

an
us

cri
pt

  

26. Bélanger C, Hould F-S, Lebel S, Biron S, Brochu G, Tchernof A. Omental and 

subcutaneous adipose tissue steroid levels in obese men. Steroids. 2006;71(8):674-

682. 

27. D'Eon TM, Souza SC, Aronovitz M, Obin MS, Fried SK, Greenberg AS. Estrogen 

regulation of adiposity and fuel partitioning. Evidence of genomic and non-genomic 

regulation of lipogenic and oxidative pathways. The Journal of biological chemistry. 

2005;280(43):35983-35991. 

28. Price TM, O'Brien SN, Welter BH, George R, Anandjiwala J, Kilgore M. Estrogen 

regulation of adipose tissue lipoprotein lipase--possible mechanism of body fat 

distribution. American journal of obstetrics and gynecology. 1998;178(1 Pt 1):101-

107. 

29. Anderson LA, McTernan PG, Barnett AH, Kumar S. The effects of androgens and 

estrogens on preadipocyte proliferation in human adipose tissue: influence of gender 

and site. The Journal of clinical endocrinology and metabolism. 2001;86(10):5045-

5051. 

30. Cox-York KA, Erickson CB, Pereira RI, Bessesen DH, Van Pelt RE. Region-specific 

effects of oestradiol on adipose-derived stem cell differentiation in post-menopausal 

women. Journal of cellular and molecular medicine. 2017;21(4):677-684. 

31. Magkos F, Fabbrini E, Mohammed BS, Patterson BW, Klein S, Mittendorfer B. 

Estrogen deficiency after menopause does not result in male very-low-density 

lipoprotein metabolism phenotype. The Journal of clinical endocrinology and 

metabolism. 2010;95(7):3377-3384. 

32. Fu MH, Maher AC, Hamadeh MJ, Ye C, Tarnopolsky MA. Exercise, sex, menstrual 

cycle phase, and 17beta-estradiol influence metabolism-related genes in human 

skeletal muscle. Physiological genomics. 2009;40(1):34-47. 

33. Wang X, Simpson ER, Brown KA. Aromatase overexpression in dysfunctional 

adipose tissue links obesity to postmenopausal breast cancer. J Steroid Biochem Mol 

Biol. 2015;153:35-44. 

34. Ostinelli G, Vijay J, Vohl MC, Grundberg E, Tchernof A. AKR1C2 and AKR1C3 

expression in adipose tissue: Association with body fat distribution and regulatory 

variants. Molecular and cellular endocrinology. 2021;527:111220. 

35. Wake DJ, Walker BR. Inhibition of 11beta-hydroxysteroid dehydrogenase type 1 in 

obesity. Endocrine. 2006;29(1):101-108. 

36. Ouellette AS, Rodrigue C, Lemieux S, Tchernof A, Biertho L, Begin C. An 

examination of the mechanisms and personality traits underlying food addiction 

among individuals with severe obesity awaiting bariatric surgery. Eating and weight 

disorders : EWD. 2017;22(4):633-640. 

37. Rodrigue C, Ouellette AS, Lemieux S, Tchernof A, Biertho L, Begin C. Executive 

functioning and psychological symptoms in food addiction: a study among individuals 

with severe obesity. Eating and weight disorders : EWD. 2018;23(4):469-478. 

38. Kochkodan J, Telem DA, Ghaferi AA. Physiologic and psychological gender 

differences in bariatric surgery. Surgical endoscopy. 2018;32(3):1382-1388. 

39. Laforest S, Pelletier M, Michaud A, Daris M, Descamps J, Soulet D, Jensen MD, 

Tchernof A. Histomorphometric analyses of human adipose tissues using intact, flash-

frozen samples. Histochemistry and cell biology. 2018;149(3):209-218. 

40. LeBlanc S, Coulombe F, Bertrand OF, Bibeau K, Pibarot P, Marette A, Alméras N, 

Lemieux I, Després JP, Larose E. Hypertriglyceridemic Waist: A Simple Marker of 

High-Risk Atherosclerosis Features Associated With Excess Visceral 

Adiposity/Ectopic Fat. Journal of the American Heart Association. 2018;7(8). 

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/advance-article/doi/10.1210/clinem
/dgac261/6578692 by U

niversity of Edinburgh user on 06 M
ay 2022



Acc
ep

ted
 M

an
us

cri
pt

  

41. Amato MC, Giordano C, Galia M, Criscimanna A, Vitabile S, Midiri M, Galluzzo A. 

Visceral Adiposity Index: a reliable indicator of visceral fat function associated with 

cardiometabolic risk. Diabetes care. 2010;33(4):920-922. 

42. Laforest S, Pelletier M, Denver N, Poirier B, Nguyen S, Walker BR, Durocher F, 

Homer NZM, Diorio C, Tchernof A, Andrew R. Simultaneous quantification of 

estrogens and glucocorticoids in human adipose tissue by liquid-chromatography-

tandem mass spectrometry. J Steroid Biochem Mol Biol. 2019;195:105476. 

43. https://www.biorxiv.org/content/10.1101/2022.04.04.486987v1.supplementary-

material. Supplementary material. 2022. 

44. Gifford RM, O'Leary TJ, Wardle SL, Double RL, Homer NZM, Howie AF, Greeves 

JP, Anderson RA, Woods DR, Reynolds RM. Reproductive and metabolic adaptation 

to multistressor training in women. American journal of physiology Endocrinology 

and metabolism. 2021;321(2):E281-e291. 

45. Stalder T, Kirschbaum C, Kudielka BM, Adam EK, Pruessner JC, Wust S, Dockray S, 

Smyth N, Evans P, Hellhammer DH, Miller R, Wetherell MA, Lupien SJ, Clow A. 

Assessment of the cortisol awakening response: Expert consensus guidelines. 

Psychoneuroendocrinology. 2016;63:414-432. 

46. Dufort I, Labrie F, Luu-The V. Human types 1 and 3 3 alpha-hydroxysteroid 

dehydrogenases: differential lability and tissue distribution. The Journal of clinical 

endocrinology and metabolism. 2001;86(2):841-846. 

47. Yee DJ, Balsanek V, Bauman DR, Penning TM, Sames D. Fluorogenic metabolic 

probes for direct activity readout of redox enzymes: Selective measurement of human 

AKR1C2 in living cells. Proceedings of the National Academy of Sciences of the 

United States of America. 2006;103(36):13304-13309. 

48. Bustin SA, Benes V, Garson JA, Hellemans J, Huggett J, Kubista M, Mueller R, 

Nolan T, Pfaffl MW, Shipley GL, Vandesompele J, Wittwer CT. The MIQE 

guidelines: minimum information for publication of quantitative real-time PCR 

experiments. Clinical chemistry. 2009;55(4):611-622. 

49. R Core Team. R: A language and environment for statistical computing.  

. Vienna Austria: R Foundation for Statistical Computing; 2013. 

50. Giatti S, Diviccaro S, Serafini MM, Caruso D, Garcia-Segura LM, Viviani B, 

Melcangi RC. Sex differences in steroid levels and steroidogenesis in the nervous 

system: Physiopathological role. Frontiers in neuroendocrinology. 2020;56:100804. 

51. Neeland IJ, Ross R, Després J-P, Matsuzawa Y, Yamashita S, Shai I, Seidell J, Magni 

P, Santos RD, Arsenault B, Cuevas A, Hu FB, Griffin B, Zambon A, Barter P, 

Fruchart J-C, Eckel RH. Visceral and ectopic fat, atherosclerosis, and cardiometabolic 

disease: a position statement. The Lancet Diabetes & Endocrinology. 2019;7(9):715-

725. 

52. Expert Panel on Detection Evaluation and Treatment of High Blood Cholesterol in 

Adults. Executive Summary of The Third Report of The National Cholesterol 

Education Program (NCEP) Expert Panel on Detection, Evaluation, And Treatment of 

High Blood Cholesterol In Adults (Adult Treatment Panel III). Jama. 

2001;285(19):2486-2497. 

53. Hauffe R, Stein V, Chudoba C, Flore T, Rath M, Ritter K, Schell M, Wardelmann K, 

Deubel S, Kopp JF, Schwarz M, Kappert K, Blüher M, Schwerdtle T, Kipp AP, 

Kleinridders A. GPx3 dysregulation impacts adipose tissue insulin receptor 

expression and sensitivity. JCI insight. 2020;5(11). 

54. Lee YS, Kim AY, Choi JW, Kim M, Yasue S, Son HJ, Masuzaki H, Park KS, Kim 

JB. Dysregulation of adipose glutathione peroxidase 3 in obesity contributes to local 

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/advance-article/doi/10.1210/clinem
/dgac261/6578692 by U

niversity of Edinburgh user on 06 M
ay 2022



Acc
ep

ted
 M

an
us

cri
pt

  

and systemic oxidative stress. Molecular endocrinology (Baltimore, Md). 

2008;22(9):2176-2189. 

55. Marcelin G, Silveira ALM, Martins LB, Ferreira AV, Clément K. Deciphering the 

cellular interplays underlying obesity-induced adipose tissue fibrosis. The Journal of 

clinical investigation. 2019;129(10):4032-4040. 

56. Sun K, Tordjman J, Clément K, Scherer PE. Fibrosis and adipose tissue dysfunction. 

Cell metabolism. 2013;18(4):470-477. 

57. Khan T, Muise ES, Iyengar P, Wang ZV, Chandalia M, Abate N, Zhang BB, Bonaldo 

P, Chua S, Scherer PE. Metabolic dysregulation and adipose tissue fibrosis: role of 

collagen VI. Molecular and cellular biology. 2009;29(6):1575-1591. 

58. Jallow F, O'Leary KA, Rugowski DE, Guerrero JF, Ponik SM, Schuler LA. Dynamic 

interactions between the extracellular matrix and estrogen activity in progression of 

ER+ breast cancer. Oncogene. 2019;38(43):6913-6925. 

59. Soldano S, Montagna P, Brizzolara R, Sulli A, Parodi A, Seriolo B, Paolino S, 

Villaggio B, Cutolo M. Effects of estrogens on extracellular matrix synthesis in 

cultures of human normal and scleroderma skin fibroblasts. Annals of the New York 

Academy of Sciences. 2010;1193:25-29. 

60. Woods CP, Corrigan M, Gathercole L, Taylor A, Hughes B, Gaoatswe G, 

Manolopoulos K, Hogan AE, O'Connell J, Stewart PM, Tomlinson JW, O'Shea D, 

Sherlock M. Tissue specific regulation of glucocorticoids in severe obesity and the 

response to significant weight loss following bariatric surgery (BARICORT). The 

Journal of clinical endocrinology and metabolism. 2015;100(4):1434-1444. 

61. Tchernof A, Mansour MF, Pelletier M, Boulet MM, Nadeau M, Luu-The V. Updated 

survey of the steroid-converting enzymes in human adipose tissues. J Steroid Biochem 

Mol Biol. 2015;147:56-69. 

62. Li J, Papadopoulos V, Vihma V. Steroid biosynthesis in adipose tissue. Steroids. 

2015;103:89-104. 

63. Li J, Daly E, Campioli E, Wabitsch M, Papadopoulos V. De novo synthesis of 

steroids and oxysterols in adipocytes. The Journal of biological chemistry. 

2014;289(2):747-764. 

64. Tchernof A, Brochu D, Maltais-Payette I, Mansour MF, Marchand GB, Carreau AM, 

Kapeluto J. Androgens and the Regulation of Adiposity and Body Fat Distribution in 

Humans. Comprehensive Physiology. 2018;8(4):1253-1290. 

65. Di Nisio A, Sabovic I, De Toni L, Rocca MS, Dall'Acqua S, Azzena B, De Rocco 

Ponce M, Foresta C. Testosterone is sequestered in dysfunctional adipose tissue, 

modifying androgen-responsive genes. International journal of obesity (2005). 

2020;44(7):1617-1625. 

66. Blouin K, Nadeau M, Mailloux J, Daris M, Lebel S, Luu-The V, Tchernof A. 

Pathways of adipose tissue androgen metabolism in women: depot differences and 

modulation by adipogenesis. American journal of physiology Endocrinology and 

metabolism. 2009;296(2):E244-255. 

67. Vihma V, Heinonen S, Naukkarinen J, Kaprio J, Rissanen A, Turpeinen U, 

Hamalainen E, Hakkarainen A, Lundbom J, Lundbom N, Mikkola TS, Tikkanen MJ, 

Pietilainen KH. Increased body fat mass and androgen metabolism - A twin study in 

healthy young women. Steroids. 2018;140:24-31. 

68. Marchand GB, Carreau AM, Laforest S, Côté JA, Daris M, Cianflone K, Prehn C, 

Adamski J, Tchernof A. Circulating steroid levels as correlates of adipose tissue 

phenotype in premenopausal women. Hormone molecular biology and clinical 

investigation. 2018;34(1). 

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/advance-article/doi/10.1210/clinem
/dgac261/6578692 by U

niversity of Edinburgh user on 06 M
ay 2022



Acc
ep

ted
 M

an
us

cri
pt

  

69. Laforest S, Pelletier M, Denver N, Poirier B, Nguyen S, Walker BR, Durocher F, 

Homer NZM, Diorio C, Andrew R, Tchernof A. Estrogens and Glucocorticoids in 

Mammary Adipose Tissue: Relationships with Body Mass Index and Breast Cancer 

Features. The Journal of clinical endocrinology and metabolism. 2020;105(4):e1504-

1516. 

70. Cleland WH, Mendelson CR, Simpson ER. Effects of aging and obesity on aromatase 

activity of human adipose cells. The Journal of clinical endocrinology and 

metabolism. 1985;60(1):174-177. 

71. Hetemäki N, Mikkola TS, Tikkanen MJ, Wang F, Hämäläinen E, Turpeinen U, 

Haanpää M, Vihma V, Savolainen-Peltonen H. Adipose tissue estrogen production 

and metabolism in premenopausal women. J Steroid Biochem Mol Biol. 

2021;209:105849. 

72. Van de Velde F, Deventer K, Van Gansbeke W, Van Eenoo P, Van Renterghem P, 

Fiers T, Reyns T, Kaufman JM, Van Nieuwenhove Y, Lapauw B. Metabolism of 

testosterone during weight loss in men with obesity. J Steroid Biochem Mol Biol. 

2021;209:105851. 

73. Echiburú B, Pérez-Bravo F, Galgani JE, Sandoval D, Saldías C, Crisosto N, Maliqueo 

M, Sir-Petermann T. Enlarged adipocytes in subcutaneous adipose tissue associated to 

hyperandrogenism and visceral adipose tissue volume in women with polycystic 

ovary syndrome. Steroids. 2018;130:15-21. 

74. Mannerås-Holm L, Leonhardt H, Kullberg J, Jennische E, Odén A, Holm G, 

Hellström M, Lönn L, Olivecrona G, Stener-Victorin E, Lönn M. Adipose tissue has 

aberrant morphology and function in PCOS: enlarged adipocytes and low serum 

adiponectin, but not circulating sex steroids, are strongly associated with insulin 

resistance. The Journal of clinical endocrinology and metabolism. 2011;96(2):E304-

311. 

75. Wang L, Li S, Zhao A, Tao T, Mao X, Zhang P, Liu W. The expression of sex steroid 

synthesis and inactivation enzymes in subcutaneous adipose tissue of PCOS patients. 

J Steroid Biochem Mol Biol. 2012;132(1-2):120-126. 

76. Amer SA, Alzanati NG, Warren A, Tarbox R, Khan R. Excess androgen production in 

subcutaneous adipose tissue of women with polycystic ovarian syndrome is not 

related to insulin or LH. The Journal of endocrinology. 2019. 

77. Abdel-Maboud M, Menshawy A, Hasabo EA, Abdelraoof MI, Alshandidy M, Eid M, 

Menshawy E, Outani O, Menshawy A. The comparative effectiveness of 55 

interventions in obese patients with polycystic ovary syndrome: A network meta-

analysis of 101 randomized trials. PloS one. 2021;16(7):e0254412. 

78. Ryan GE, Malik S, Mellon PL. Antiandrogen Treatment Ameliorates Reproductive 

and Metabolic Phenotypes in the Letrozole-Induced Mouse Model of PCOS. 

Endocrinology. 2018;159(4):1734-1747. 
  

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/advance-article/doi/10.1210/clinem
/dgac261/6578692 by U

niversity of Edinburgh user on 06 M
ay 2022



Acc
ep

ted
 M

an
us

cri
pt

  

FIGURE LEGENDS 

 

Figure 1: Features of adipose tissue dysfunction. Differences in mean adipocyte diameter (m) (N=26, SAT vs. 

N= 27, VAT) (A), pericellular fibrosis (%) (N=27, SAT vs. N= 29, VAT) (B) and the expression of DGAT2 (N=30, 

SAT vs. N= 30, VAT), implicated in triglyceride biosynthesis, and GPX3 (N=30, SAT vs. N= 30, VAT), associated 

with lower intracellular reactive-oxygen species (ROS) production (C) in subcutaneous (SAT) and visceral 

adipose tissue (VAT). Pearson correlation coefficient range and p-values (D) for untransformed and log10-

transformed (#) variables. Correlations with HbA1c were assessed with Spearman’s rank coefficients. The grey 

intensity reflects the strength of the correlation (Pearson’s r or Spearman’s rho), strong positive associations 

are illustrated in black while strong negative association in white. 

 

 

Figure 2: Comparison between women with high vs low visceral adipose index (VAI) in terms of adipose 

tissue dysfunction markers, steroid hormone concentrations and mRNA expression measurements. 

Differences waist circumference (A), SAT (low VAI, N= 9 vs. high VAI, N= 17) (B) and VAT (low VAI, N= 10 vs. 

high VAI, N= 17) (C) mean adipocyte diameter (m), VAT testosterone (low VAI, N= 12) (D), androstenedione 

(high VAI, N= 17) (E) concentrations and comparison with aromatase activity indices (F), (low VAI, N= 12 vs. 

high VAI, N= 16) (G), (high VAI, N= 17) (H), (low VAI, N= 11 vs. high VAI, N= 16) (I),  and AKR1C2 (low VAI, N= 11 

vs. high VAI, N= 17) enzymatic activity (J). Differences in plasma estradiol (high VAI, N= 17) (K), and 

apolipoprotein B (L) as well as intra-adipose gene expression of DGAT2 (SAT: high VAI, N=17; VAT: low VAI, N= 

12), GPX3 (SAT: high VAI, N=17; VAT: low VAI, N= 12), AKR1C3 (SAT: high VAI, N=17; VAT: low VAI, N= 12 vs. 

high VAI, N=17), AKR1C2 (SAT: high VAI, N=17; VAT: low VAI, N= 12 vs. low VAI =17), CYP19A1( SAT: high VAI, 

N=17; VAT: low VAI, N= 10 vs. low VAI =16) and HSD11B1 (SAT: high VAI, N=17; VAT: low VAI, N= 12 vs. low VAI 

=17) (M). Low VAI; N =13 vs. high VAI, N= 18 unless otherwise stated. 
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TABLES 

 

Table 1: Anthropometric, metabolic and medication intake of the 31 women, analyzed according 

to visceral adipose index (VAI) age-specific cut-offs. All data are listed as mean ± standard deviation 

(SD) or, when stated, median (Mdn) ± interquartile rage (IQR). 

 All Women (N=31) Low VAI (N=13) High VAI (N=18) p-value 

Age (years) 39.1 ± 7.0 40.4 ± 5.2 38.1 ± 8.1 NS 

BMI (kg/m
2
) 50.6 ± 5.7 51.4 ± 6.3 50.1 ± 5.5 NS 

WC (cm) 131.7± 11.2 129.5 ± 9.2 133.4 ± 12.4 NS 

Hip circumference (cm) 148.2 ± 12.7 147.9 ± 14.2 148.4 ± 12.0 NS 

WHR 0.89 ± 0.07 0.88 ± 0.08 0.90 ± 0.06 NS 

Neck circumference (cm) 41.9 ± 3.2 41.8 ± 2.9 41.0 ± 3.5 NS 

SAT adipocyte cell diameter (µm) 91.8 ± 12.3  90.0 ± 7.3 N=9 92.7 ± 14.3 N=17 NS 

VAT adipocyte cell diameter (µm) 83.5 ± 14.1 75.2 ± 10.1 N=10 88.4 ± 14.1 N=17 < 0.01 

SAT pericell. fibrosis (%) 6.0 ± 1.7 6.1 ± 1.9 N=10 6.1 ± 1.7 N=17 NS 

VAT pericell. fibrosis (%) [Md±IQR] 3.9 ± 1.7 4.6 ± 2.7 N=12 3.9 ± 1.7 N=17 NS 

Fasting glucose (mM) 5.8 ± 0.6 5.9 ± 0.7 5.7 ± 0.6 NS 

HbA1c (%)[Mdn±IQR] 5.7 ± 0.4 5.4 ± 0.4 5.7 ± 0.4 NS 

Fasting triglycerides (mM) [Md±IQR] 1.55 ± 0.9 0.94 ± 0.2 1.86 ± 0.6 < 0.001 

Total cholesterol (mM) 4.66 ± 0.6 4.4 ± 0.6 4.8 ± 0.6 NS 

HDL-c (mM) 1.2 ± 0.3 1.3 ± 0.3 1.1 ±0.3 NS 

LDL-c (mM) 2.75 ± 0.5 2.7 ± 0.5 2.8 ± 0.5 NS 

Systolic blood pressure (mmHg) 133.2 ± 11.7 128.6 ± 10.1 136.5 ± 12.0 NS 

Diastolic blood pressure (mmHg) 84.6 ± 8.5 81.5 ± 7.2 86.9 ± 8.8 NS 

Menopaused (Y:N) (0:31) (0:13) (0:18) NS 

PCOS (Y:N) (2:29) (1:12) (1:12) NS 

Taking hypoglycaemics drugs (Y:N) (0:31) (0:9) (0:40) NS 

Taking hypolipidaemics drugs (Y:N) (0:31) (0:9) (0:40) NS 

Corticosteroids (Y:N) (0:31) (0:9) (0:40) NS 

Anovulants (Y:N) (10:21) (4:9) (6:12) NS 

Abbreviations: WC= waist circumference, WHR= waist-to-hip ratio, SAT= subcutaneous adipose tissue, VAT = 

visceral adipose tissue, HDL-c = high-density lipoprotein cholesterol, LDL-c = low-density lipoprotein 

cholesterol, PCOS= polycystic ovary syndrome, Md = median, IQR = inter-quartile range, Y = yes, N= no 
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Table 2: Plasma, adipose tissue steroid concentrations and ratios in women with low and high VAI. 

All data are listed as mean ± standard deviation (SD) or, when stated, median (Mdn) ± interquartile 

range (IQR). All data are listed as mean ± standard deviation (SD) or, when stated, median 

(Mdn) ± interquartile rage (IQR). 

 

 All women Low VAI (N=13) High VAI (N=18) p-value 

Plasma cortisol (nM) 
[Mdn ± IQR] 

217.7 ± 92.1 200.4 ± 64.6  220.0 ± 142.6  NS 

Plasma cortisone (nM) 54.5 ± 19.3 51.7 ± 17.6  56.5 ± 20.6  NS 

Plasma androstenedione 
(pM) 

 2238.9 ± 958.4  2551.7 ± 867.5  NS 

Plasma testosterone 
(pM) 

751.4 ± 275.6 739.3 ± 311.4  761.2 ± 253.0 
i
 NS 

Plasma 
dihydrotestosterone 
(pM) 

209.0 ± 82.2 204.1 ± 77.6  212.5 ± 87.4  NS 

Plasma estrone (pM) 718.2 ± 471.7 647.2 ± 400.5  769.5 ± 522.3  NS 

Plasma estradiol (pM) 
[Mdn ± IQR] 

432.5 ± 239.1 333.1 ± 111.0  407.2 ± 259.1 
j
 NS 

CAR AUCi (nM*min)[Mdn 
± IQR] 

92.4 ± 129.5 134.0 ± 147.7 68.7 ± 80.9 NS 

S1 mean (nM) [Mdn ± 
IQR] 

11.5 ± 5.9 11.9 ± 4.6 11.0 ± 5.3 NS 

S2 mean (nM) [Mdn ± 
IQR] 

14.3 ± 8.4 16.0 ± 8.6 12.7 ± 7.7 NS 

S3 mean (nM)  16.0 ± 8.3 17.1 ± 7.1 13.1 ± 9.1 NS 

SAT cortisol (F) (pmol/kg) 
[Mdn ± IQR] 

65591.0 ± 70957.0 25382.1 ± 80623.7 
a
 31689.4 ± 55364.6 

j
 NS 

SAT cortisone (E) 
(pmol/kg) [Mdn ± IQR] 

23132.0 ± 23979.8 28070.3 ± 21393.6 
b
 7468.2 ±24011.3 

i
 NS 

SAT 
dehydroepiandrosterone 
(pmol/kg) [Mdn ± IQR] 

75791.9 ± 144541.0 89827.5 ± 100838.8 
a
 67510.0 ± 135271.9 

i
 NS 

SAT androstenedione 
(pmol/kg) [Mdn ± IQR] 

26592.0 ± 65735.8 42276.5 ± 66065.2  18232.6 ± 32877.6  NS 

SAT testosterone 
(pmol/kg) [Mdn ± IQR] 

2545.0 ± 3317.4 1919.0 ± 3884.7 
c
 653.8 ± 1908.2  NS 

SAT dihydrotestosterone 
(pmol/kg) [Mdn ± IQR] 

630.9 ± 450.8 630.9 ± 1616.6 
d
 642.3 ± 413.0 

g
 N/A 

SAT estrone (pmol/kg) 
[Mdn ± IQR] 

5375.0 ± 3922.7 4653.4 ± 5978.8  3160.1 ± 6260.7  NS 

SAT estradiol (pmol/kg) 
[Mdn ± IQR] 

3133.9 ± 2360.4 3801.7 ± 3147.5  1943.7 ± 1931.1 
i
 NS 

SAT F:E ratio  5.1 ± 2.2 5.0 ± 2.3 
e
 5.1 ± 2.2 

k
 

 
NS 

SAT A4:DHEA ratio [Mdn 
± IQR] 

0.24 ± 0.13 0.30 ± 0.10 
a
 0.23 ± 0.09 

k
 NS 

SAT E1:A4 ratio [Mdn ± 
IQR] 

0.12 ± 0.10 0.10 ± 0.04  0.17 ± 0.11  < 0.01 

SAT E2:T ratio [Mdn ± 
IQR] 

1.6 ± 2.0 1.1 ± 1.1 
c
 2.5 ± 3.2 

i
 < 0.05 

SAT (E1+E2) : (A4+T) ratio 
[Mdn ± IQR] 

0.20  ± 0.11 0.16 ± 2.0 
c
 0.23  ± 4.4 

i
 < 0.05 

SAT E2:E1 ratio [Mdn ± 
IQR] 

0.6 ±0.3 0.64 ± 0.30  0.59 ± 0.20 
i
 NS 

SAT AKR1C2 activity 
(FU/min) 

13.5 ± 5.3 12.7 ± 5.8 
c
 14.0 ± 5.0  NS 

VAT cortisol (pmol/kg) 64065.0 ± 57712.8 30469.2 ± 27671.6 
f
 67221.6 ± 85544.4  NS 
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VAT cortisone (pmol/kg) 
[Mdn ± IQR] 

23131.6 ± 30748.7 30061.8 ± 43544.8  11016.4 ± 21975.9  NS 

VAT 
dehydroepiandrosterone 
(pmol/kg) [Mdn ± IQR] 

108662.6 ± 112358.5 98305.6 ± 100605.4 
b
 119019.5 ± 115336.2 

k
 

NS 

VAT androstenedione 
(pmol/kg) [Mdn ± IQR] 

57212.0 ± 57337.6 45763.2 ± 115507.0  22328.4 ± 26708.3 
j
 < 0.05 

VAT testosterone 
(pmol/kg) [Mdn ± IQR] 

2045.0 ± 2068.1 1922.5 ± 3584.1 
c
 568.1 ± 2204.9  < 0.05 

VAT dihydrotestosterone 
(pmol/kg) [Mdn ± IQR] 

473.3 ± 547.7 472.4 ± 109.6 
g
 1137.1 ± 912.0 

d
 N/A 

VAT estrone (pmol/kg) 
[Mdn ± IQR] 

5382.0 ± 3517.5 5338.9 ± 4595.7  3976.0 ± 6165.1  NS 

VAT estradiol (pmol/kg) 
[Mdn ± IQR] 

3270.0 ± 2535.4 3067.6 ± 2461.1 
c
 2364.8 ± 3008.1 

i
 NS 

VAT F:E ratio [Mdn ± IQR] 3.5 ± 2.5  3.8 ± 2.7 
f
 3.4 ± 3.1  NS 

VAT A4:DHEA ratio [Mdn 
± IQR] 

0.23 ± 0.17 0.27 ± 0.22 
b
 0.20 ± 0.14 

k
 NS 

VAT E1:A4 ratio [Mdn ± 
IQR] 

0.10 ± 0.8 0.08 ± 0.3  0.13 ± 0.1 
j
 <0.01 

VAT E2:T ratio [Mdn ± 
IQR] 

2.0 ± 2.5 1.3 ± 1.9 
h
 2.4 ± 3.4 

i
 NS 

VAT (E1+E2) : (A4+T) 
ratio [Mdn ± IQR] 

0.16 ± 0.11 0.11 ± 0.7 
h
 0.20 ± 0.15 

k
 < 0.01 

VAT E2:E1 ratio 0.57 ±0.30 0.61 ± 0.33 
c
 0.54 ± 0.28 

k
 NS 

VAT AKR1C2 activity 
(FU/min) 

8.3 ± 4.3 6.4 ± 3.6 
h
 9.5 ± 4.4 

j
 < 0.05 

 

Abbreviations: SAT= subcutaneous adipose tissue, VAT= visceral adipose tissue, VAI= visceral adiposity index, 

CAR= cortisol awakening response, AUCi=incremental area under the curve, S1= first sample F= cortisol, E= 

cortisone, DHEA= dehydroepiandrosterone, A4=androstenedione, T=testosterone, E1= estrone, E2=estradiol, 

Md= median, IQR =interquartile range, FU= fluoresence units, min=minutes, NS= not significant, N/A= not 

enough observations. Low VAI N= 13 vs. high VAI N=18 unless otherwise stated: 
a
 N=10, 

b
 N=9, 

c
 N=12, 

d
 N=3, 

e
N=6, 

f
N=8, 

g
N=4, 

h
N=11, 

i
N=16, 

j
N=17, 

k
N=15 
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Table 3: Steroid hormone concentrations in women predicts morphological features of adipose 

tissue dysfunction. Cortisone and intra-adipose estrogen are associated with adipocyte cell size and 

pericellular fibrosis. Intra-adipose estrone : androstenedione (E1:A4) ratio in women predicts 

features of adipose tissue dysfunction. Adjusted model takes into consideration waist 

circumference, age and anovulant drug use.  

 

 

Abbreviations: SE = standard error, AIC = Akaike information criterion, SAT = subcutaneous adipose tissue, VAT = visceral 

adipose tissue, HDL-c = high-density lipoprotein cholesterol 

 

  

 Unadjusted model Adjusted model 

Independent 

variable 

Dependent variable Beta SE p-value Adjusted R2 AIC Beta SE p-value  Adjusted R2 AIC 

Plasma cortisone SAT adipocyte cell 

diameter  

0.31 0.11 0.01 0.20 202.30 0.31 0.11 0.009 0.29 201.52 

SAT cortisone  SAT pericellular 

fibrosis  

4.0E -05 1.2 E -05 0.002 0.34 79.34 4.1 E -05 1.3 E -05 0.005 0.24 84.98 

SAT estradiol  SAT pericellular 

fibrosis  

4.9 E -04 1.1 E -05 0.0002 0.44 88.86 5.6 E -04 1.4E -04 0.0006 0.42 92.41 

SAT estrone  SAT pericellular 

fibrosis  

2.5 E -04 7.9 E -05 0.001 0.31 100.37 2.7 E -04 7.8 E -05 0.002 0.29 103.37 

VAT E1: A4 VAT adipocyte 

diameter  

84.97 32.38 0.01 0.19 210.67 89.80 32.12 0.01 0.35 207.10 

VAT E1: A4 HDL-c  -1.86 0.71 0.01 0.16 14.84 -1.94 0.64 0.005 0.44 5.10 

SAT E1: A4 Triglycerides  3.95 1.3 0.005 0.21 62.66 3.54 1.46 0.02 0.16 67.29 

SAT E1: A4 HDL-c -2.06 0.54 0.0006 0.31 8.29 -1.53 0.55 0.009 0.40 6.25 

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/advance-article/doi/10.1210/clinem
/dgac261/6578692 by U

niversity of Edinburgh user on 06 M
ay 2022



Acc
ep

ted
 M

an
us

cri
pt

  

 

Figure 1 
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Figure 2 
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