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Abstract

Objective—Our main objective was to compare the regulation of cortisol production within 

omental (Om) and abdominal subcutaneous (Abd sc) human adipose tissue.

Methods and Procedures—Om and Abd sc adipose tissue were obtained at surgery from 

subjects with a wide range of BMI. Hydroxysteroid dehydrogenase (HSD) activity (3H-cortisone 

and 3H-cortisol interconversion) and expression were measured before and after organ culture 

with insulin and/or dexamethasone.

Results—Type 1 HSD (HSD1) mRNA and reductase activity were mainly expressed within 

adipocytes and tightly correlated with adipocyte size within both depots. There was no depot 

difference in HSD1 expression or reductase activity, while cortisol inactivation and HSD2 mRNA 

expression (expressed in stromal cells) were higher in Om suggesting higher cortisol turnover in 

this depot. Culture with insulin decreased HSD reductase activity in both depots. Culture with 

dexamethasone plus insulin compared to insulin alone increased HSD reductase activity only in 

the Om depot. This depot-specific increase in reductase activity could not be explained by an 

alteration in HSD1 mRNA or protein, which was paradoxically decreased. However, in Om only, 

hexose-6-phosphate dehydrogenase (H6PDH) mRNA levels were increased by culture with 

dexamethasone plus insulin compared to insulin alone, suggesting that higher nicotinamide 

adenine dinucleotide phosphate-oxidase (NADPH) production within the endoplasmic reticulum 

(ER) contributed to the higher HSD reductase activity.
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Discussion—We conclude that in the presence of insulin, glucocorticoids cause a depot-specific 

increase in the activation of cortisone within Om adipose tissue, and that this mechanism may 

contribute to adipocyte hypertrophy and visceral obesity.

INTRODUCTION

Evidence from clinical and animal model studies implicate glucocorticoids in the 

pathogenesis of obesity, especially visceral obesity (1–3). The prereceptor metabolism of 

glucocorticoids is catalyzed by 11β-hydroxysteroid dehydrogenases (HSDs). Type 1 HSD 

(HSD1) is highly expressed in human adipose tissue and acts in vivo as a reductase, 

converting inactive cortisone to active cortisol (4,5) thereby amplifying glucocorticoid 

action. Most studies show that HSD1 mRNA expression and reductase activity measured in 

tissue homogenates are higher in the abdominal subcutaneous (Abd sc) adipose tissue of 

obese compared to nonobese subjects (3,4,6,7). Measurement of HSD activity in intact 

tissue, as opposed to tissue homogenates, is important because the direction of the HSD 

reaction depends on the production of its cofactor, nicotinamide adenine dinucleotide 

phosphate-oxidase (NADPH), by hexose-6-phosphate dehydrogenase (H6PDH) within the 

lumen of the endoplasmic reticulum (ER) where it acts (8). Cortisol inactivation can also be 

catalyzed by HSD2, which is reportedly expressed at low levels in human adipose tissue (7). 

This study therefore examined the interconversion of cortisone and cortisol as well as the 

expression of HSD1 and 2 in human adipose tissues as a function of obesity.

It is logical to postulate that higher cortisol synthesis in visceral fat depots contributes to the 

preferential expansion of this depot. Consistent with this idea, HSD reductase activity was 

higher in stromal cultures derived from human omental (Om) compared to Abd sc adipose 

tissue (9,10). However, no difference was detected in studies of fresh tissue (4,11). An in 

situ hybridization study (12) and our own data reported herein show that adipocytes are the 

main site of adipose tissue expression of HSD1 mRNA. Thus, it is logical to express data on 

HSD activity in adipose tissue on a per adipocyte basis and assess its activity in relation to 

adipocyte size (13), and this was a goal of this study.

Little is known with regard to mechanisms regulating HSD activity and expression in human 

adipose tissues. Limited evidence suggests a role for insulin and glucocorticoid (7). Cultured 

preadipocytes derived from Om compared to Abd sc studied prior to differentiation were 

more responsive to the effect of cortisol plus insulin to increase in HSD reductase activity; 

however, the relevance to mature adipose tissue is unclear. In this study, we tested the 

hypothesis that intact fragments of Om were more responsive to the glucocorticoid 

regulation of HSD1 mRNA expression and reductase activity. Glucocorticoid effects were 

studied in the absence and presence of insulin, because these hormones act synergistically to 

regulate adipocyte function (14–17), and insulin decreases HSD reductase activity in in vivo 

studies (18).
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METHODS AND PROCEDURES

Subjects

Adipose tissue was obtained during intraabdominal surgeries for morbid obesity or 

gynecological abnormalities. By medical history, all patients were free of diabetes, and 

endocrine or inflammatory diseases. Three individuals had lost substantial weight as a result 

of prior obesity surgeries but were weight stable for at least 1 month prior to surgery. 

Subjects taking β-blockers, but not other antihypertensives, were excluded. Surgeries took 

place at the St. Peters Medical Center (New Brunswick, NJ) and the University of Maryland 

Medical Center (Baltimore, MD). All subjects gave informed consent as approved by 

Institutional Review Board of Rutgers University, St. Peters Hospital, and/or the University 

of Maryland at Baltimore. Subject characteristics are listed in Table 1.

Adipose tissue handling and culture

Adipose tissue was obtained and processed for incubations, organ culture, and preparation of 

cell fractions as previously described (19).

Measurement of cortisol and cortisone interconversion

Adipose tissue fragments (totaling 50–100 mg) were incubated with 20 nmol/l 3H-cortisol 

or 3H-cortisone for 90 min in 1 ml of M199 buffered with bicarbonate and 4-(2-

hydroxyethyl)-1-piperazineethansulfonic acid under an atmosphere of 95% O2:5% CO2. The 

media were extracted with ethyl acetate and counts in cortisol and cortisone were 

determined by high-performance liquid chromatography (20). The data were calculated as % 

conversion per 50 mg tissue or per 105 adipocytes. Preliminary experiments showed that the 

conversion of 3H-cortisone to 3H-cortisol was linear with time up to 3 h of incubation (up to 

a conversion rate of ~30%), and the % conversion was similar at concentrations of 20 and 

200 nmol/l cortisone or cortisol. Our preliminary experiments also showed that % 

conversion of 3H-cortisone to 3H-cortisol was proportional to tissue weight between 25 and 

100 mg tissue.

Adipocyte size and number

Mean adipocyte size (lipid weight) was determined using photomicrographs or by Coulter 

counting (21,22). These methods provided comparable results (23), so all data were pooled.

HSD1 and 2, and H6PDH mRNA expression

Total RNA was extracted from adipose tissue, fractionated adipocytes, or stromal vascular 

cells using modified method of Chomczynski and Sacchi (24). Expression of HSD1, 2, and 

H6PDH mRNAs was measured with quantitative real-time PCR. Applied Biosystems (ABI, 

Foster City, CA) Taqman PCR kits with commercially available assay-on- demand primers 

were used on an ABI PRISM HT-7900 Sequence Detection System. Cyclophilin A mRNA 

was used as an internal standard, as it did not vary with level of obesity or fat cell size 

relative to 18S ribosomal RNA levels (25). Threshold cycle (Ct) values were obtained and 

relative gene expression was calculated using the formula 

(1/2)Ct target gene-Ct cyclophilin A×100. For the absolute quantitation of HSD1 and 2 in each 
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depot in a subset of Om and sc samples, copy numbers of HSD1, 2, and 18S mRNAs were 

obtained using a standard curve generated with HSD1 and HSD2 cDNA templates (cloned 

into pcDNA3.1).

Western blotting

Adipose tissue lysates (before and after culture) were prepared as described previously (26). 

Approximately 50–80 μg of total protein was subjected to 10% sodium dodecyl sulfate-

polyacrylamide gel electrophoresis and transferred to poly vinyledene fluoride followed by 

immunoblot analysis with rabbit anti-human 11β-HSD1 antibody and mouse anti-human a-

tubulin antibody (Sigma, St. Louis, MO) as a loading control.

Statistics

The effects of depot and hormones were determined by analysis of variance with repeated 

measures using SPSS v13 (SPSS, Chicago, IL). Post-hoc paired t-tests were used to compare 

individual means when overall F values or interactions were statistically significant. 

Pearson’s regression coefficients were analyzed using Prism software (GraphPad software, 

San Diego, CA) and slopes of regression lines were compared using a paired t-test. The 

effects of race, sex, and BMI on the comparison of HSD expression in Om and Abd sc were 

analyzed using a linear model with SPSS v13 (SPSS).

RESULTS

Similar HSD1 expression and conversion of cortisone to cortisol in Om and Abd sc 
adipose tissue, but higher HSD2 and inactivation of cortisol in Om

Contrary to expectation, HSD1 mRNA levels trended higher in Abd sc than Om (Figure 1a) 

(P = 0.06 in a linear model that included race, BMI, and sex). Relative expression of HSD2 

mRNA was about 2.7-fold higher in Om than Abd sc (P < 0.025), independent of race, BMI, 

or sex. To rule out the possibility that a difference in the efficiency of the real-time PCR for 

HSD1 and 2 contributed to our finding of relatively high HSD2 relative to HSD1, in subset 

of 13 Om and Abd sc samples (6 men and 7 women, BMI; 47 ± 4.3 (23–64), age; 39 ± 3.1 

(19–59)), we quantitated the absolute amount of HSD1 and HSD2 mRNA levels using 

standard curves prepared from HSD1 and 2 cDNA plasmids. This analysis verified that there 

was ~2.4- and 2.9-fold more HSD1 than HSD2 in Abd sc and Om, respectively (each P < 

0.01, data not shown). Consistent with higher expression of HSD1 than HSD2, the reductase 

activity (3H-cortisone to 3H-cortisol) was greater than the dehydrogenase activity (3H-

cortisol to 3H-cortsone) (two-way ANOVA, P < 0.001; Figure 1b, normalized to tissue 

weight and Figure 1c, normalized to cell number).

Intact fragments of Om and Abd sc adipose tissue converted nearly identical amounts of 3H-

cortisone to 3H-cortisol during a 90-min incubation, regardless of whether data were 

expressed per gram of tissue (Figure 1b) or per adipocyte (Figure 1c). Consistent with the 

finding of higher HSD2 mRNA levels in Om than Abd sc, the rate of inactivation of cortisol 

to cortisone was significantly higher in Om. Additionally, as shown in Figure 1d, HSD1 

mRNA levels and the conversion of cortisone to cortisol were highly correlated within both 

depots. The slopes of the relationship significantly differed between depots, such that there 
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was higher HSD reductase activity for a given level of HSD1 mRNA in Om than Abd sc 

(Om; 4.55 ± 1.67 vs. Abd sc; 1.26 ± 0.38, P < 0.05, n = 15). HSD2 mRNA levels did not 

correlate with HSD dehydrogenase activity in either depot (data not shown).

HSD1 mRNA was expressed almost exclusively in the adipocytes, while HSD2 mRNA was 
expressed in the stromal fraction

Adipose tissue is composed of adipocytes and stromal cells. To determine the site of HSD 

expression, adipose cell fractions were separated by collagenase digestion. HSD1 mRNA 

expression was found almost exclusively in the adipocyte fraction of both Om and Abd sc, 

while the HSD2 mRNA was found predominately in the stromal fraction (Figure 2a,b). 

Consistent with these data, virtually all of the cortisone reductase activity was recovered in 

the adipocyte fraction (Figure 2c).

HSD1 expression levels and reductase activity in tissue fragments were proportional to 
adipocyte size

HSD1 mRNA levels were tightly correlated with adipocyte size within both Om and Abd sc 

(Figure 3a), and there was no significant difference in the slopes of the relationship. 

Similarly, the rate of conversion of cortisone to cortisol (HSD reductase activity) was tightly 

correlated with adipocyte size in both depots (Figure 3b). When HSD reductase activity was 

expressed relative to tissue weight the correlation became weaker, but remained significant 

in Om, with a similar trend in Abd sc (Figure 3c). BMI did not significantly correlate with 

HSD1 mRNA levels (data not shown), but it did correlate with HSD reductase activity per 

adipocyte (Figure 3d). The cortisol inactivation to cortisone or the HSD2 mRNA level was 

not related to adipocyte size in Om or Abd sc (data not shown).

Culture with insulin plus dexamethasone results in a depot difference in HSD activity

Organ culture of Om fat for 7 days under basal conditions (no hormones) leads to a 

spontaneous increase in HSD reductase activity (Figure 4) and HSD1 mRNA levels (Figure 

5) compared to the initial values. In contrast, culture under basal conditions did not increase 

HSD reductase activity in Abd sc. In both depots, culture with insulin, compared to basal 

conditions, decreased both HSD reductase activity and HSD1 mRNA levels. Culture of Om 

with dex alone did not alter cortisone conversion to cortisol compared to the high levels 

observed under basal conditions, but the activity was higher than initial (fresh values, 03) or 

after culture with insulin. Insulin did not alter dex-stimulated HSD reductase activity in Om 

or Abd sc. Importantly, culture with the combination of dex and insulin compared to insulin 

alone led to a significant twofold increase in HSD reductase activity in Om, but not in Abd 

sc, resulting in significant depot difference (P < 0.01, paired t-test) under this 

physiologically relevant condition. HSD reductase activity in the Om depot was also 

significantly higher than that in Abd sc after culture in basal and dex alone conditions (each 

P < 0.01 by paired t-tests).

A subgroup analysis of the data on cultured adipose tissue indicated that the stimulatory 

effect of dex plus insulin (compared to insulin alone) on HSD reductase activity in Om was 

highly significant in the six severely obese premenopausal women (P < 0.05) and seven 

severely obese men (P < 0.05) and, therefore, the response is not modulated by sex. 
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However, the stimulatory effect of dex (in the presence of insulin) was not consistent in the 

seven nonobese subjects (women with a mean BMI of 28 ± 1, two premenopausal, five 

postmenopausal) studied (data not shown). Additional Om adipose samples from nonobese 

pre-menopausal women will be needed to determine whether the lack of effect of dex in 

these subjects is a function of menopause, hormone replacement therapy, or level of obesity.

In both Om and Abd sc, chronic dex treatment in the presence of insulin decreased the 

inactivation of cortisol to cortisone by half compared to the insulin alone or zero time (prior 

to culture) values (all comparisons P < 0.02), in parallel to a decrease in HSD2 mRNA (P < 

0.01). In Abd sc but not Om, culture with insulin significantly increased HSD 

dehydrogenase activity (cortisol to cortisone conversion). Thus in Abd sc, insulin suppressed 

cortisol synthesis from cortisone while increasing its inactivation.

Alterations in HSD1 expression after culture are due to changes at the level of the 
adipocyte

To determine whether the increase in HSD reductase activity after organ culture was 

associated with the adipocyte or stromal fraction of adipose tissue, cultured adipose tissue 

was subjected to collagenase digestion. After culture with the combination of insulin and 

dex, HSD1 mRNA (n = 3) and reductase activity (n = 2) remained predominantly associated 

with the adipocyte fraction (>90%) as it was prior to culture (data not shown). HSD2 mRNA 

and dehydrogenase activity were also associated with the stromal cell fraction after culture. 

Thus, the changes in HSD reductase activity in adipose tissue after culture were due to 

changes at the level of mature, floating adipocytes.

Dex-induced alterations in HSD reductase activity are due to post-translational events

The changes in HSD reductase activity in Om were not always paralleled by alterations in 

HSD1 mRNA. Culture under basal conditions increased HSD1 mRNA expression in Om 

(approximately fourfold) and Abd sc (approximately twofold) (Figure 5), while it increased 

HSD reductase activity in Om to a lesser extent (~30%) and had no effect in Abd sc (Figure 

4). In both depots, the expression level of HSD1 mRNA was similar after culture with 

insulin plus dex compared to that observed in fresh tissue. Further, in Om, HSD1 mRNA 

levels were decreased by culture with dex plus insulin compared to insulin alone, while the 

reductase activity was paradoxically doubled. These data suggest that a post-transcriptional 

mechanism exists in Om, but not in Abd sc, to increase HSD reductase activity after chronic 

exposure to glucocorticoids in the presence of insulin.

To uncover mechanisms regulating the depot-specific response of HSD activity to 

glucocorticoids, changes in HSD1 protein expression were also assessed. Changes in HSD1 

protein expression determined by western blotting generally reflected changes in HSD1 

mRNA levels. In both depots, culture with dex decreased HSD protein levels as expected 

from the decline in HSD1 mRNA expression (Figure 6). The difference was also significant 

in both depots when dex was added in the presence of insulin. In addition, insulin added in 

the absence of dex suppressed HSD1 protein levels in both depots, in parallel to declines in 

mRNA and reductase activity. Further, insulin added in the presence of dex also decreased 

HSD1 protein levels by ~50% compared to dex alone. The higher HSD1 reductase activity 
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in Om after culture with insulin plus dex compared to insulin alone despite the lower mass 

of HSD1 protein could be due to higher NAPDH generation within the ER. Consistent with 

this hypothesis, we found that culture with insulin plus dex compared to insulin alone 

increased H6PDH mRNA levels (Figure 7). In contrast, this upregulation of H6PDH 

expression by dex (in the presence of insulin) did not occur in Abd sc.

DISCUSSION

We found that HSD1 mRNA levels and its reductase activity in intact fragments of Om and 

Abd sc human adipose tissue were proportional to adipocyte size, but did not differ between 

the depots. Organ-culture studies suggested that in response to systemic hypercortisolemia 

plus hyperinsulinemia, the depot-specific upregulation of HSD reductase activity in Om may 

enhance cortisol synthesis within this depot, and this mechanism may contribute to the 

development of visceral obesity in response to stress. Furthermore, our data show that post-

translational mechanisms contribute to the higher activity of HSD reductase in Om adipose 

tissue cultured with insulin and dexamethasone (compare to insulin alone) and may be 

related to a higher expression of H6PDH mRNA.

HSD activity is proportional to adipocyte size

Our results support the conclusion that adipose HSD reductase activity was increased in 

obesity, independent of using tissue weight or adipocyte number in the denominator, 

although the correlation was much stronger on a per adipocyte basis. Thus, our data suggest 

that higher HSD reductase activity in enlarged adipocytes of obese humans may contribute 

to the higher synthesis of cortisol in adipose tissue of obese subjects in vivo (27). Previous 

studies on the relationship of obesity to adipose HSD1 reductase activity are conflicting 

(3,4,7,28), and our data suggest that this could be due to the homogenate assay used in prior 

studies or the denominator used for expression of the results (relative to tissue protein). In 

agreement with our results, Michailidou et al. (29) recently reported a strong positive 

correlation between HSD1 mRNA levels and adipocyte size in Om adipose tissue. However, 

they did not detect this correlation in Abd sc adipocytes from another group of subjects, 

perhaps due to a small sample size.

Cortisol inactivation was higher in Om

Although HSD2 expression in adipose tissue was thought to be minor (7), we found 

significantly higher expression of HSD2 mRNA levels in Om than Abd sc. Rates of cortisol 

inactivation in Om were also higher than Abd sc, suggesting a functional role for HSD2 in 

Om. Interestingly, in contrast to HSD1, HSD2 mRNA and dehydrogenase activity were 

found in stromal cells of adipose tissue, suggesting that the turnover of cortisol is increased 

within Om adipose tissue and this may limit its concentration within its local paracrine 

environment. Alternatively, or in addition, higher HSD2 activity in the vasculature may 

prevent excessive spillover of cortisol into the circulation. It will be important to determine 

the stromal cell type that expresses HSD2 to understand fully the physiological implications 

of this finding.

Lee et al. Page 7

Obesity (Silver Spring). Author manuscript; available in PMC 2015 February 22.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Although we found in preliminary experiments that the conversion of 3H-cortisone to 3H-

cortisol was linear with time, it is possible that the higher rate of cortisol inactivation (via 

the higher HSD2 activity) in Om may have contributed to our finding that net conversion 

of 3H-cortisone to 3H-cortisol did not differ between Om and Abd sc. Nevertheless, the 

similar net conversion of cortisone to cortisol in intact tissue fragments from both depots is 

likely to be physiologically relevant in the control of cortisol availability to the 

glucocorticoid receptor.

Culture with glucocorticoids elicits a depot difference in cortisone conversion to cortisol 
in adipose tissue of obese humans

Although there was no difference at baseline HSD reductase activity or HSD1 expression, in 

agreement with prior reports (4,11), culture with dex plus insulin, compared to insulin alone, 

increased activity only in Om. This increase in cortisol production in Om could be 

considered a feed-forward regulation, as a glucocorticoid analog (dex) increases production 

of more glucocorticoid (cortisol).

The “stimulatory effect of dex” compared to insulin alone on HSD reductase activity was 

consistently observed only in Om adipose tissue of severely obese men and women (13/13). 

This response was not consistently observed in Om from overweight to obese 

postmenopausal women. Although it is not possible to determine from these data whether 

the lack of responsiveness to dexamethasone is due to the lower BMI or postmenopausal 

status of this group, these data suggest that Om adipose tissue of the severely obese are 

particularly responsive to glucocorticoids, and that this may contribute to the development 

or maintenance of their visceral fat stores. Further studies are needed to investigate cortisol 

and cortisone metabolism in adipose tissue of subjects characterized with respect to level of 

visceral adiposity and in relation to timing of fat redistribution during menopause or other 

stressors that result in transient hypercortisolemia.

Dexamethasone-induced increases in HSD reductase activity in tissues fragments is due 
to post-transcriptional mechanisms

The increase in HSD reductase activity by dex (comparing insulin plus dex vs. insulin alone) 

in intact Om tissue fragments occurred despite a ~50% decrease in HSD1 mRNA and 

protein. In Abd sc adipose tissue, HSD1 reductase activity did not change with dex 

treatment, but HSD1 protein declined by 50%. Thus, in both depots, culture with dex plus 

insulin compared to insulin alone leads to higher HSD reductase specific activity, 

presumably due to post-translational mechanisms. Because our measurements of activity 

were made in intact tissue, the higher activity could reflect changes in either HSD1 enzyme 

specific activity or an alteration in NADPH availability within the ER lumen where HSD1 

acts (30,31). Consistent with the latter possibility, we found higher H6PDH mRNA 

expression in Om adipose tissue cultured with dex plus insulin compared to insulin alone. 

Assuming this increase in H6PDH mRNA translates into a similar increase in H6PDH 

activity, the higher NADPH availability within the ER likely contributes to the observed 

increase in HSD1 reductase activity. Similarly, Bujalska et al. observed a correlation 

between HSD reductase activity and H6PDH mRNA levels in cultures of newly 

differentiated human adipocytes (30). Some other means of regulation of HSD reductase 
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activity, such as multimerization of HSD1, is also possible (30,31). We also found that the 

slopes of the regression lines correlating HSD1 mRNA and reductase activity in Om and 

Abd sc differed significantly, such that in Om, activity was higher for a given level of HSD1 

mRNA, suggesting that HSD1 specific activity in situ may differ in Om and Abd sc. 

Additional studies of depot differences in H6PDH activity and HSD1 protein levels are 

needed to verify this hypothesis.

Insulin suppression of HSD activity is paralleled by alterations in HSD1 mRNA and protein

In the absence of dex, insulin suppressed HSD reductase activity measured in both Om and 

Abd sc adipose tissue in parallel to declines in HSD1 mRNA and protein content. In the 

presence of dex, insulin decreased HSD1 protein in both depots. In Abd sc, this 

downregulation of HSD1 protein expression by insulin may limit glucocorticoid-induced 

increases in HSD activity, and thereby contribute to depot differences in HSD reductase 

activity in response to hypercortisolemia.

Our data suggest that adipocytes from obese individuals are not resistant to insulin with 

respect to the ability of chronic exposure to downregulate HSD1 expression. This 

observation is consistent with in vivo studies (18,27). However, a recent study by Walker’s 

group (32) documented an acute rise in in vivo cortisol synthesis in adipose tissue after a 

meal. Further studies on the short- and long-term insulin regulation of depot-specific 

regulation of HSD activity are clearly needed.

Depot difference in HSD expression after basal culture

We also observed an increase in HSD reductase activity and HSD1 mRNA after the 

“unphysiological” condition of basal (no hormones) culture for 7 days that was most marked 

in Om. We speculate that the resulting depot difference in HSD expression after basal 

culture may result from greater quantities of inflammatory cytokines produced in Om 

cultures (33,34), as these are known to stimulate HSD1 expression (35). Further studies are 

needed to assess the role of inflammatory cytokines in the regulation of HSD expression, but 

it is interesting to note that unlike the depot difference elicited by culture with insulin plus 

dex, it is not associated with any alteration in enzyme specific activity.

In conclusion, we demonstrated that the expression of HSD1 mRNA and the ability of 

human adipose tissue to convert inactive cortisone to cortisol is proportional to adipocyte 

size in both Om and Abd sc human adipose tissue. However, on average, there was no depot 

difference. Our data also point out the potential importance of depot differences in cortisol 

inactivation and HSD2 expression in visceral adipose tissues in regulating the local adipose 

microenvironment and cell type specific availability of cortisol. The lack of a depot 

difference in HSD1 mRNA expression or reductase activity in subjects maintaining a stable 

body weight indicates that increased local production of cortisol is unlikely to contribute 

importantly to Om adipose tissue function under these steady state conditions. However, our 

organ-culture studies suggest that dynamic increases in systemic hypercortisolemia 

combined with hyperinsulinemia, e.g., as would occur in response to stress or overfeeding, 

may lead to depot-specific upregulation of HSD reductase activity which in turn may 

contribute to the development of visceral obesity.
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Figure 1. 
Comparison of HSD1 and 2 mRNA levels and interconversion of 3H-cortisol and 3H-

cortisone in omental (Om, open bars) and abdominal subcutaneous (sc, black bars) adipose 

tissues. (a) Paired Om and sc human adipose tissue samples from 26 subjects (7 men and 19 

women, BMI: 39.8 ± 2.6 (23–64). Age: 45.6 ± 2.5 (19–63)) were obtained and relative 

expression levels of HSD1 and 2 quantified relative to cyclophilin A with quantitative real-

time PCR. Data were analyzed by two-way ANOVA followed by paired t-test. *P < 0.05, 

depot effect. (b and c) HSD1 reductase activity was assessed in intact fragments of paired 

Om and sc adipose tissues by measuring the conversion of 3H-cortisone to cortisol during a 

90-min incubation in a subset of subjects (6 men, 15 women, BMI: 42.4 ± 3.1 (23–64), age: 

43.9 ± 3.1 (19–63)). Data were expressed per (b) 50 mg adipose tissue or (c) 105 cells and 

analyzed by two-way ANOVA followed by paired t-test. **P < 0.01 (depot effect). (d) 

Comparison of the correlation between HSD1 mRNA levels and 3H-cortisone to 3H-cortisol 

conversion in Om and sc human adipose tissue (age: 45.4 ± 3.6 (34–63), BMI: 39.8 ± 3.7 

(23–64), 4 men and 11 women). The slopes of the relationship were significantly greater in 

Om than sc (Om; 4.55 ± 1.67 (mean ± s.d.) vs. sc; 1.26 ± 0.38, P < 0.05, n = 15). HSD1, 

type 1 hydroxysteroid dehydrogenase; PPIA, cyclophilin A.
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Figure 2. 
Comparison of (a) HSD1 and (b) HSD 2 mRNA levels in adipose tissue, adipocytes (fat 

cells (FCs)) or stromal vascular cells (SVCs). Adipocytes and SVCs were prepared by 

collagenase digestion of human omental and subcutaneous adipose tissue (1 man and 6 

women, BMI = 35.3 ± 2.4 (25–41), age = 47.7 ± 6.3 (26–63)). Relative expression levels of 

(a) HSD1 and (b) HSD2 were quantified relative to the control cyclophilin A by quantitative 

real-time PCR. (c) HSD reductase activity in tissue fragments, adipocyte or SVCs. 

Reductase activity of HSD1 was assessed by measuring the conversion of 3H-cortisone 

to 3H-cortisol in tissue fragments and cell fractions (n = 2). Data for tissue and cell fractions 

were normalized to tissue or adipocyte lipid. HSD1, type 1 hydroxysteroid dehydrogenase.
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Figure 3. 
HSD1 expression and reductase activity are positively associated with adipocyte size and 

obesity (BMI). (a) Correlation between adipocytes size (FCS, expressed as average 

adipocyte weight (μg lipid/adipocyte)) and HSD1 mRNA levels in omental (Om) and 

abdominal subcutaneous (Abd sc) human adipose tissue. (b) Correlation between fat cell 

size (FCS) and % conversion of 3H-cortisone to 3H-cortisol expressed per 105 adipocytes in 

Om and Abd sc. (c) Correlation of adipocyte size and % conversion of 3H-cortisone to 3H-

cortisol per 50 mg of tissue in Om and Abd sc. (d) Correlation between BMI (kg/m2) 

and 3H-cortisone to 3H-cortisol per 105 adipocytes in Om and Abd sc. Data are from 22 

subjects (6 men and 16 women), BMI: 40.6 ± 2.8 (23–64), age: 46 ± 2.8 (19–63). Individual 

numbers (n) are given on each figure, because not all parameters were measured in all 

subjects. HSD1, type 1 hydroxysteroid dehydrogenase.
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Figure 4. 
Depot difference in the effect of culture with insulin and/or dexamethasone on type 1 

hydroxysteroid dehydrogenase reductase activity in omental and subcutaneous human 

adipose tissue. Adipose tissue from total 20 subjects (7 men, 13 women, BMI: 45.7 ± 3.4 

(25–64), age: 43.5 ± 3.4 (19–63)) was placed in organ culture in the conditions of basal (B), 

without any hormones), 7 nmol/l insulin (I), 25 nmol/l dexamethasone (D), or the 

combination of insulin plus dexamethasone (ID) for 6–7 days. % conversion of 3H-cortisone 

to 3H-cortisol or 3H-cortisol to 3H-cortisone was determined before (fresh; 0′) and after 

culture during a 90-min incubation (in the absence of I and D). Data were analyzed by two-

way ANOVA followed by paired t-test. Bars with different letters are significantly different 

from each other (P < 0.05). #P < 0.05 basal vs. insulin alone by paired t-test. After culture, 

the depot differences in activity within hormonal condition were all significant by paired t-

tests, P < 0.01, except for the insulin alone condition.
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Figure 5. 
Effect of culture with insulin and dexamethasone on type 1 hydroxysteroid dehydrogenase 

(HSD1) and 2 mRNA levels in omental and abdominal subcutaneous adipose tissue. 

Adipose tissue from a subset of subjects described in Figure 4 (total 12 subjects (6 men, 6 

women, BMI averaged 42.9 ± 3.6; range 25.2–58, age averaged 46.7 ± 4.3, range 19–63)) 

was used to assess relative expression levels of HSD1 and 2 before (0′) and after culture 

with quantitative real-time PCR. Data were analyzed by two-way ANOVA followed by 

paired t-test. Bars with different letter are significantly different from each other (P < 0.05). 

B, basal; D, dexamethasone; I, insulin; ID, insulin plus dexamethasone.
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Figure 6. 
Effect of culture with insulin and dexamethasone on type 1 hydroxysteroid dehydrogenase 

(HSD1) protein expression in omental (Om) and abdominal subcutaneous (Abd sc) human 

adipose tissue. Adipose tissue homogenates were prepared from Om and Abd sc adipose 

tissue after culture with insulin and/or dexamethasone (as described in the legend to Figure 

4) and subjected to immunoblot analysis using rabbit anti-human 11β-HSD1 antibody and 

mouse anti-human α-tubulin antibody. Data are mean ± s.e.m. of five paired (Om and Abd 

sc) samples from severely obese subjects (a subset of subject described in Figure 4, 1 man, 4 

women). ANOVA revealed significant main effects of dexamethasone (P < 0.005) and depot 

(P < 0.005), and a trend toward an insulin effect, with no interactions. *Dex effect (B vs. D 

or I vs. ID) by post-hoc t-test, P ≤ 0.05; $insulin effect B vs. I, P < 0.1; †P < 0.05, insulin 

effect—D vs. ID). Depot differences were significant by post-hoc tests for B (P < 0.05), I (P 

< 0.02), and ID (P < 0.001) conditions. B, basal; D, dexamethasone; I, insulin; ID, insulin 

plus dexamethasone.
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Figure 7. 
Depot difference in the regulation of hexose-6-phosphate dehydrogenase (H6PDH) mRNA 

levels in omental and abdominal subcutaneous human adipose tissue. Relative expression 

levels of H6PDH mRNA levels were determined with quantitative real-time PCR after organ 

culture (basal (B), without any hormones), 7 nmol/l insulin (I), 25 nmol/l dexamethasone 

(D), or the combinations of insulin plus dexamethasone (ID)) in a subset of subjects 

described in Figure 4 (5 men, 3 women, BMI = 49 ± 3.7; 28–58, age = 40 ± 4.7; 19–59). *P 

< 0.05, paired t-test on log-transformed values, insulin alone vs. insulin plus dex.
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Table 1

Characteristics of subjects

Age (years) BMI (kg/m2)

Adipocyte weight (μg lipid/cell)

Om sc

Women (pre) n = 14 (9W, 5AA) 40 ± 1.3 (35–47) 39.6 ± 3.5 (23.0–61.0) 0.61 ± 0.10 (0.23–1.21) 0.76 ± 0.11* (0.30–1.34)

Women (post) n = 11(10W, 1AA) 57 ± 1.6 (49–63) 34.8 ± 3.2 (24.7–53.8) 0.38 ± 0.07 (0.09–0.63) 0.47 ± 0.08* (0.19–0.81)

Men n = 9 (9W) 35 ± 3.6 (19–47) 53.0 ± 3.8 (30.0–64.0) 0.68 ± 0.10 (0.21–1.17) 0.68 ± 0.11 (0.26–1.25)

AA, African American; Om, omental; sc, subcutaneous; W, white.

*
P < 0.05, depot difference.
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