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Context: The role of 11�-hydroxysteroid dehydrogenase types 1 (11�-HSD-1) and 2 (11�-HSD-2)
enzymes in sc adipose tissue is controversial.

Objective: The objective of the study was to determine the activity of 11�-HSD-1 and -2 enzymes
in the abdominal and leg sc adipose tissue in obesity and diabetes.

Design: 11�-HSD-1 and -2 enzyme activities in abdominal and leg sc adipose tissue were measured
by infusing [2,2,4,6,6,12,12-2H7] cortisone (D7 cortisone) and [9,12,12-2H3] cortisol (D3 cortisol) via
microdialysis catheters placed in sc fat depots.

Setting: The study was conducted at the Mayo Clinic Clinical Research Unit.

Participants: Lean nondiabetic (n � 13), overweight/obese nondiabetic (n � 15), and overweight/
obese participants with type 2 diabetes mellitus (n � 15) participated in the study.

Main Outcome Measures: The conversion of infused D7 cortisone to D7 cortisol (via 11�-HSD
reductase activity) and D3 cortisol to D3 cortisone (via 11�-HSD dehydrogenase activity) in sc
adipose tissue.

Results: Enrichment of D7 cortisone and D3 cortisol were similar in the effluents from both sites in
all groups. D3 cortisone enrichment did not differ in the three cohorts, indicating that 11�-HSD-2
enzyme activity (conversion of cortisol to cortisone) occurs equally in all groups. However, D7
cortisol enrichment was detectable in abdominal sc fat of overweight/obese participants with type
2 diabetes mellitus only, implying 11�-HSD-1 reductase activity (conversion of cortisone to cortisol)
occurs in obese subjects with type 2 diabetes.

Conclusions: There is conversion of cortisone to cortisol via the 11�-HSD-1 enzyme pathway in
abdominal sc fat depots in overweight/obese participants with type 2 diabetes mellitus. This ob-
servation has significant implications for developing tissue-specific 11�-HSD-1 inhibitors in type 2
diabetes mellitus. (J Clin Endocrinol Metab 100: E70–E76, 2015)

Tissue specific conversion of cortisone to cortisol via the
11�-hydroxysteroid dehydrogenase type 1 enzyme

pathway (11�-HSD-1) results in high local cortisol con-
centrations (1). 11�-HSD-1 is present in multiple tissues
including the liver and adipose tissue (2–6). The 11�-

HSD-1 pathway has attracted considerable attention both
as a therapeutic target and a potential contributor to the
pathogenesis of diabetes, obesity, and the so-called met-
abolic syndrome (1, 7, 8). 11�-hydroxysteroid dehydro-
genase type 2 (11�-HSD-2) enzyme is mostly present in the
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kidneys, adipose tissue and intestine and primarily con-
verts cortisol to metabolically inactive cortisone (6). Evi-
dence from animal studies shows that the knockout of
11�-HSD-1 enzyme activity prevents, whereas overex-
pression induces obesity and diabetes mellitus in mice (9).
Transgenic mice selectively overexpressing 11�-HSD-1 in
adipose tissue develop hyperglycemia and visceral obesity.
In vitro studies measuring 11�-HSD-1 enzyme activity in
the dehydrogenase direction (ie, cortisol to cortisone) in
human abdominal sc fat have provided indirect evidence
that increased reactivation of cortisone to cortisol could
contribute to obesity in individuals with metabolic syn-
drome (10, 11). Previous studies have shown that expres-
sion of the mRNA encoding 11�-HSD-1 is increased in the
adipose tissue of obese individuals (4, 12–16). Valsamakis
et al (17) have shown that whole-body 11�-HSD-1 activ-
ity measured by urinary metabolites of cortisol and cor-
tisone are unchanged in obese men with type 2 diabetes in
comparison with obese men without diabetes.

The present study was undertaken to examine the tis-
sue-specific interconversion of cortisone to cortisol via
11�-reductase and 11�-dehydrogenase activity of HSD-1
enzyme and cortisol to cortisone via 11�-HSD-2 enzyme
pathways in the sc adipose tissue of the abdomen and leg
in lean nondiabetic, obese nondiabetic, and obese subjects
with type 2 diabetes. We did so by using sophisticated
tracer methods coupled with the microdialysis technique.

Our previous studies have shown that the liver is the
major source of extraadrenal cortisol production, with
minimal contribution from visceral fat (6). However, the
contribution from sc adipose tissue to extraadrenal cor-
tisol production remains uncertain. Cortisol-cortisone in-
terconversion in sc adipose tissue has not been measured
using independent isotopes to concurrently estimate 11�-
HSD-1 and 11�-HSD-2 enzyme activity.

Previous studies have focused only on abdominal sc fat
and concluded perhaps incorrectly that sc fat depots at
other sites (eg, leg) may have similar activity as in the
abdominal sc fat. To our knowledge, this study is the first
to provide novel insight with respect to the depot-specific
(abdominal sc fat vs sc leg fat) activity of 11�-HSD-1 (both
dehydrogenase and reductase) and 11�-HSD-2 in healthy
and type 2 diabetic humans, which has previously not been
studied.

Development of drugs for treatment of metabolic syn-
drome is an active area of investigation by several phar-
maceutical companies. A comprehensive review by Anag-
nostis et al (8) and Stomby et al (18) have provided
evidence of a need to develop tissue specific inhibitors of
11�-HSD-1 for treatment of metabolic syndrome. Our
study further strengthens the requirement for develop-

mentof site-specific inhibitorsof11�-HSD-1aspromising
targets for treatment of type 2 diabetes.

Research Design and Methods

Participants
After receiving approval from the Mayo Clinic Institu-

tional Review Board, we recruited 13 lean nondiabetic
(LND) [body mass index (BMI) 19–24 kg/m2], 15 over-
weight/obese nondiabetic (OND) (BMI 27–40 kg/m2),
and 15 overweight/obese individuals (ODM) with type 2
diabetes mellitus (BMI 27–40 kg/m2) and obtained in-
formed written consent to participate in the study. All
participants were in good health and at a stable weight.
None regularly engaged in vigorous physical exercise.
None of the first-degree relatives of the nondiabetic par-
ticipants had a history of diabetes mellitus. Individuals
with history of smoking or alcohol intake over and above
American Diabetes Association guidelines, ie, two drinks
per day for men and one drink per day for females, were
excluded from participation in the study. At the time of the
screening, two participants with type 2 diabetes were be-
ing treated with lifestyle modifications alone, seven with
metformin alone, and the remaining six with a combina-
tion of a sulfonylurea and metformin. Individuals with
diabetes who were taking thiazolidinediones were ex-
cluded because these agents have been reported to de-
crease 11�-HSD-1 activity in vitro (19).

All participants were instructed to maintain a constant
body weight and follow a weight-maintenance diet (55%
carbohydrate, 30% fat, and 15% protein) for at least 2
weeks before the study. Oral antihyperglycemic medica-
tions were discontinued 10 days before the study visit to
prevent confounding effects of medications (metformin
and sulfonylurea) on study outcomes. Body composition
(total body fat and lean body mass) was measured before
the study visit in the Center for Clinical and Translational
Science body composition core using Lunar iDXA, soft-
ware version 6.10 (GE Healthcare Technologies). De-
tailed baseline characteristics of participants are provided
in Table 1. We did not exclude women of child-bearing
potential; however, a negative pregnancy test was con-
firmed prior to study. Four of nine women in the LND, one
of eight in OND, and none of four in ODM were younger
than 50 years. This is a substudy of a larger previously
published study (20). Because this was an optional sub-
study, subjects decided whether they wished to allow the
insertion of microdialysis catheters and infusions at the
time of the informed consent process, thereby preventing
any selection bias by the study team.

doi: 10.1210/jc.2014-3017 jcem.endojournals.org E71

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article/100/1/E70/2812862 by guest on 25 April 2024



Experimental design
Participants were admitted to the Mayo Clinic Clinical

Research Unit at 5:00 PM on the evening before the study.
A standard 42-kJ/kg (10 kcal/kg) meal (55% carbohy-
drate, 30% fat, 15% protein) was eaten between 5:30 and
6:00 PM. Thereafter participants remained fasting until the
end of the study. Sips of water were permitted ad libitum.

The following morning (�6:00 AM), 2 microdialysis
catheters were placed, one in the abdominal sc adipose
tissue and the other in the leg sc adipose tissue, for tracer
infusion. After a 60-minute stabilization period, infusions
of [2,2,4,6,6,12,12-2H7]cortisone (D7 cortisone) and
[9,12,12-2H3]cortisol (D3 cortisol) were started via the
microdialysis catheter at 2759 nmol/L (1 �g/mL; 1 �L/
min) and continued for 4 hours. In preliminary in vitro
studies at different microdialysis pump infusion rates, we
had observed that the recovery of the cortisol tracer/s were
optimal at a pump infusion rate of 1 �L/min. Microdia-
lysate samples were collected to measure isotopic enrich-
ment before and after 4 hours of infusion as well as re-
covery of isotopes in the effluent.

Analytical method
Enrichments of D3 cortisol, D3 cortisone, D7 corti-

sone, and D7 cortisol in the microdialysate effluent sam-
ples were analyzed using liquid chromatography-tandem
mass spectrometry as previously described (14, 20–22).

Statistical analyses
Data in the text and figures are expressed as mean � SD.

One-way ANOVA models and Kruskal-Wallis tests were
used to test the hypothesis that the conversion of cortisone
to cortisol in sc adipose tissue differed among the LND,
OND, and ODM participants. Values of P � .05 were
considered statistically significant. A statistical analysis
was conducted using the SAS system (version 9.3; SAS
Institute Inc). Post hoc comparisons were done to test the

effect of obesity (LND vs OND) and diabetes (OND vs
ODM) using Wilcoxon rank sum testing.

Results

Enrichment of D7 cortisone and D7 cortisol in
abdominal and leg sc adipose tissue

D7 cortisone recovered in effluent (Figure 1, A and B)
from abdominal and leg sc adipose tissues were not dif-
ferent from infused D7 cortisone (Table 2) in LND, OND,
and ODM participants. Concordance between infused
and recovered isotope suggests that equilibration time
provided was appropriate and adequate for the measure-
ment of isotopic enrichment. The D7 cortisol enrichment
in abdominal sc adipose tissue was significantly higher
(P � .001) in ODM as compared with LND and OND
participants. D7 cortisol enrichment did not differ from
zero in LND and OND participants but was significantly
higher (P � .001 vs zero) in ODM participants, suggesting
that substantial 11�-HSD-1 enzyme activity occurs in ab-
dominal sc adipose tissue of people with type 2 diabetes
(Table 2 and Figure 1C). The D7 cortisol enrichment in
effluent from leg sc adipose tissue was not different from
zero (P � .23) in all 3 study groups, implying a lack of
detectable 11�-HSD-1 enzyme activity in leg adipose tis-
sue (Table 2 and Figure 1D).

Enrichment of D3 cortisol and D3 cortisone in
abdominal and leg sc adipose tissue

The D3 cortisol recovered in effluent (Figure 2, A and
B) from abdominal and leg sc adipose tissues was not dif-
ferent from infused D3 cortisol (Table 2) in LND, OND,
and ODM participants. The concordance between infused
and recovered isotope suggests that the equilibration time
provided was appropriate and adequate for the measure-
ment of isotopic enrichment. D3 cortisol enrichment re-

Table 1. Participant Characteristics

Participant Characteristics
LND
(n � 13)

OND
(n � 15)

ODM
(n � 15)

Age, y 56 � 14 56 � 11 60 � 10
Sex, male/female 4/9 7/8 11/4
BMI, kg/m2 23 � 1a 32 � 3 32 � 4
Waist circumference 82 � 7a 97 � 12 106 � 9
Lean body mass, kg 45 � 8a 51 � 12 55 � 10
Total body fat, % 30 � 5a 39 � 10 38 � 6
Fasting plasma glucose, mmol/L 4.9 � 0.3 4.9 � 0.3 7.8 � 2.3b

HbA1c, %, mmol/mol 5.4 � .4
(36 � 4)

5.5 � .3
(37 � 3)

7.1 � .8b

(54 � 8)

Abbreviation: HbA1c, glycated hemoglobin. Data are mean � SD.
a P � .05 vs OND and ODM.
b P � .001 vs LND and OND.
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covered in the microdialysis effluent was not different in
LND, OND, and ODM participants in both abdominal
(P � .32) and leg sc adipose tissue (P � .96) (Table 2 and
Figure2,AandB).TheD3cortisone enrichmentsobtained
in microdialysis effluent from the abdominal and leg sc
adipose tissue was significantly greater than zero (P �

.01), suggesting the presence of de-
tectable dehydrogenase activity of
11�-HSD enzyme in the sc adipose
tissues of abdomen as well as the leg
in LND, OND, and ODM partici-
pants (Table 2 and Figure 2, C and
D). Additionally, the absolute mole
percentage enrichment of D3 corti-
sone in the abdominal sc adipose tis-
sue was high in all 3 groups, indicat-
ing substantial dehydrogenase
activity compared with the reductase
activity of 11�-HSD enzyme in the sc
adipose tissues of humans. The D3
cortisone enrichments obtained in
the abdominal and leg sc adipose tis-
sue did not differ (P � .14 and P �
.62) among study groups, respec-
tively (Table 2).

Discussion

The present study used a combination of cortisol and cor-
tisone tracers infused via microdialysis catheters to exam-

Figure 1. Enrichments of D7 cortisone (A and B) and D7 cortisol (C and D) observed in
microdialysis effluent of abdominal (left panel) and leg (right panel) sc adipose tissue.
Microdialysate samples were collected over 4 hours of D7 cortisone infusion in LND (white bar),
OND (shaded bar), and ODM (black bar). *, P � .001 vs 0; †, P � .001 vs LND and OND. MPE,
mole percent excess.

Table 2. MPE of D7 cortisone, D7 cortisol, D3 cortisol, and D3 cortisone observed during the study

Tracer Hormone

Mole Percent Excess

Kruskal-Wallis P Value
(Post Hoc Comparison With
P < .05)

LND
(n � 13)
(P Valuea)

OND
(n � 15)
(P Valuea)

ODM
(n � 15)
(P Valuea)

Abdomen
D7 cortisone

(infused)
98 � 3 99 � 3 100 � 0 .10

D7 cortisone
(recovered)

97 � 2 97 � 4 98 � 1 .31

D7 cortisol 0.15 � 0.56 (P � 1.0) 0.98 � 2.32 (P � .13) 4.4 � 5.58 (P � .001) �.001 (LND, OND � ODM)
D3 cortisol

(infused)
95 � 3 95 � 3 96 � 2 .83

D3 cortisol
(recovered)

86 � 23 89 � 13 95 � 2 .32

D3 cortisone 20 � 16 (P � .002) 20 � 19 (P � .002) 33 � 21 (P � .001) .14
Leg
D7 cortisone

(infused)
100 � 0 100 � 1 100 � 0 .45

D7 cortisone
(recovered)

95 � 5 97 � 2 95 � 2 .67

D7 cortisol 0 � 0 (P � NAb) 0.32 � 0.70 (P � .25) 0.34 � 0.75 (P � .25) .23
D3 cortisol

(infused)
94 � 3 96 � 2 95 � 2 .13

D3 cortisol
(recovered)

93 � 4 94 � 3 93 � 5 .96

D3 cortisone 7 � 6 (P � .008) 6 � 5 (P � .002) 8 � 7 (P � .001) .62

Abbreviation: NA, not available.
a P values are for a signed rank test for the hypothesis that the concentrations are equal to zero.
b P value for D7 cortisol was not computed for LND due to lack of variability (all measurements were zero).
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ine the interconversion of cortisone and cortisol by 11�-
HSD isoenzymes in the sc adipose tissues of the abdomen
and leg. Our results indicate that conversion of D7 corti-
sone to D7 cortisol (ie, 11�-reductase activity) is higher in
overweight/obese participants with type 2 diabetes melli-
tus as compared with lean and overweight/obese nondia-
betic participants and is limited to sc abdominal fat alone,
with no contribution from leg adipose tissue. In contrast,
conversion of D3 cortisol to D3 cortisone (ie, 11�-dehy-
drogenase activity) occurred equally in abdominal sc fat in
all 3 groups studied, with minimal contribution from leg
sc adipose tissue.

We had more female subjects in the LND cohort (9 of
13) and more male subjects in the ODM cohort (11 of 15),
whereas there was sex balance in the OND cohort (seven
males and eight females). However, we have found no
statistical differences in cortisone to cortisol conversion or
cortisol to cortisone conversion after accounting for sex in
the cohorts studied. Taken together, these results are in-
triguing because they imply differential activity (ie, reduc-
tase vs dehydrogenase) of the 11�-HSD-1 enzyme in the
abdominal and leg sc depots in overweight/obese partic-
ipants with type 2 diabetes compared with lean and over-
weight/obese nondiabetic participants. 11�-HSD-1 is an
intracellular enzyme. Infusion of D7 cortisone into the
interstitial space resulted in conversion to D7 cortisol, in-
dicating that D7 cortisone diffused into the cell and was
converted by 11�-HSD-1 to D7 cortisol, which diffused
back into the interstitial space. 11�-HSD-1 activity has
been previously measured in vitro using sc fat biopsy.
However, these studies have been limited to the measure-
ment of the dehydrogenase activity (ie, cortisol to corti-
sone) since after the release of the enzyme from the intra-

cellular compartment that is the
preferred direction of reaction (11).

Our results showing comparable
D3 cortisone enrichments in sc fat in
all three cohorts are somewhat con-
sistent with previous in vitro and in
vivo studies (10, 11, 23–25) that re-
ported enhanced 11�-HSD-2 en-
zyme activity in sc adipose tissue of
lean individuals with or without type
2 diabetes and obese nondiabetic
participants. However, these studies
did not include obese diabetic indi-
viduals. Previous studies have shown
increased expression of 11�-HSD-1
mRNA in sc abdominal adipose tis-
sue of obese nondiabetic men and
women (4, 12, 16, 26). Studies have
also shown increased activity of 11�-
HSD-2 (conversion of cortisol to

cortisone) in the sc fat of obese nondiabetic men and in-
directly suggested that increased reactivation of cortisone
to cortisol in adipose tissues by virtue of increased sub-
strate availability perhaps contributes to obesity and met-
abolic syndrome (10, 11, 24, 26). Walker and colleagues
(14) infused 3H-cortisone alone via microdialysis cathe-
ters in only abdominal sc fat depots and concluded that
11�-HSD-1 activity was perhaps higher in all sc fat depots
in obese individuals. Again it is important to emphasize
that all of the previous studies did not include obese in-
dividuals with type 2 diabetes that are commonly encoun-
tered in clinical practice.

To our knowledge, our study is the first to systemati-
cally evaluate the role of both 11�-reductase and dehy-
drogenase enzyme activities in abdominal and leg sc fat
using a combination of stable isotopes of cortisone and
cortisol tracers that has not been directly estimated in
obese individuals with or without type 2 diabetes. The
relative contribution of 11�-HSD-2 (ie, dehydrogenase
activity) appears to occur equally in all 3 cohorts, with
reductase activity occurring predominantly in ODM via
11�-HSD-1.

Type 2 diabetic participants were taken off all their
antihyperglycemic medications 10 days prior to the study
visit, thereby mitigating the confounding effects of drugs
such as metformin on study results. Livingstone et al (27)
have shown that in an animal model, metformin had no
effect on 11�-HSD-1 enzyme activity either in the fat or
liver. Additionally, Valsamakis et al (17) have elegantly
demonstrated that 11�-HSD-1 enzyme activity does not
differ in people with diabetes under conditions of hyper-
glycemia when compared with BMI-matched controls.

Figure 2. Enrichments of D3 cortisol (A and B) and D3 cortisone (C and D) observed in
microdialysis effluent of abdominal (left panel) and leg (right panel) sc adipose tissue.
Microdialysate samples were collected over 4 hours of D3 cortisol infusion in LND (white bar),
OND (shaded bar), and ODM (black bar). *, P � .01 vs 0. MPE, mole percent excess.
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Hence, we do not anticipate that hyperglycemia as a result
of stopping oral hypoglycemic agents would have nega-
tively impacted our study because we and others have used
this approach in numerous studies conducted over the
course of many years to avoid confounding effects of med-
ications on study results (17, 24, 28).

Our study suffers from certain limitations. We opted
not to measure blood flow by 133Xe washout as previously
done by others (29–32). Although there have been con-
flicting views about the xenon adipose-blood partition co-
efficient, most authors agree that the partition coefficient
is the same for lean and obese individuals. Additionally,
based on prior studies, we do not anticipate that blood
flow changes would occur during our experimental con-
ditions (33, 34). Because we were unable to measure blood
flow in this study, we were not able to calculate cortisol
production in the sc fat depots. However, we do not an-
ticipate that substantial cortisol production would occur
in the fasted state, and had we measured blood flow and
calculated cortisol production, our conclusions would
have likely remained unchanged. Additionally, because
we are comparing data for each subject with their baseline
in the fasted state, each subject serves as his or her own
control. Further studies are required to tease out differ-
ences, if any, in cortisol production in the fastedvs fed state
under conditions of variable hormonal milieu.

In our hands, the insertion of microdialysis catheters
results in very minimal trauma. Additionally, we provide
a 60-minute stabilization period before starting infusions
via the catheter. Measurements were taken after 4 hours of
infusion, and the concordant enrichments obtained in the
recovery of infused isotopes suggest that the study results
were unlikely to be affected by the minimal trauma in-
duced during insertion.

Furthermore, the molar enrichment of isotopes pre-
sented provides a reliable index of 11�-HSD-1 (reductase)
and 11�-HSD-2 (dehydrogenase) activities in vivo. We
conducted the experiment over 4 hours only. It is plausible
that the conversion of D7 cortisone to D7 cortisol and D3
cortisol to D3 cortisone might have been higher had we
extended the study period for a longer duration. It is note-
worthy that in a small subset of individuals (n � 12), ie,
four from each cohort, we continued the experiment for
another 6 hours and did not observe any differences in
molar enrichment of the isotopes at 4 vs 10 hours (data not
shown), thereby excluding the possibility of time-depen-
dent change in 11�-reductase and -dehydrogenase activ-
ities under these experimental conditions.

In conclusion, these data, collected by using tracer tech-
niques in combination with microdialysis, provide new
insight into 11�-HSD reductase activity in regional adi-
pose tissue depots in lean and overweight/obese nondia-

betic individuals and overweight/obese individuals with
type 2 diabetes mellitus. These results suggest that reduc-
tase activity of 11�-HSD-1 enzyme in abdominal adipose
tissue contributes to extraadrenal cortisol production in
obese people with diabetes and that selective inhibitors of
11�-HSD-1 enzyme may be beneficial as a novel targeted
therapy for type 2 diabetes mellitus. Further studies are
required to investigate the role of blocking this enzyme
pathway in adipose tissue.
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