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Introduction  Glucocorticoids are steroid hor-
mones that regulate multiple metabolic and in-
flammatory processes. Chronic glucocorticoid
excess, for instance in Cushing syndrome, re-
sembles metabolic syndrome, with central obe-
sity, hypertension, dyslipidemia, and glucose
intolerance.” However, in the general popula-
tion, associations between circulating corti-
sol and adiposity measures were reported to
be U-shaped.'

Tissue-specific cortisol availability is regulat-
ed by a local activity of 11B-hydroxysteroid de-
hydrogenase type 1 (HSD11B1), which converts
cortisone to cortisol, and 11f-hydroxysteroid de-
hydrogenase type 2 (HSD11B2), which oxidizes
cortisol to inactive cortisone. Glucocorticoids
exert their action through an intracellular glu-
cocorticoid receptor (GR), which is a transcrip-
tional activator. GR is encoded by the NR3CI
gene, and its predominant form is subunit o
(GRa), which is a functionally active receptor
generated via splicing of exon 8 to the proxi-
mal part of exon 9.2

In adipose tissue, glucocorticoid-enhanced li-
polysis occurs mainly in peripheral fat depots. In
abdominal fat, proadipogenic and prolipogenic
actions may prevail. In Chub-S7 cells, glucocor-
ticoids decreased lipogenesis, however, low-dose
dexamethasone pretreatment augmented insulin-
-mediated stimulation of lipogenesis.’

Glucocorticoids may decrease insulin sensi-
tivity.! Insulin-desensitizing glucocorticoid ef-
fects occur mainly in the skeletal muscle and liv-
er. Data about insulin-desensitizing glucocorti-
coid action in abdominal subcutaneous adipose

tissue (SAT) come mainly from rodent studies. In
human cultured subcutaneous adipocytes, gluco-
corticoids increased insulin signal transduction
pathway and insulin-stimulated glucose uptake.”
Overnight hydrocortisone infusion administered
to healthy volunteers induced systemic insulin
resistance, but failed to cause SAT insulin resis-
tance.® Given the differential effect of glucocor-
ticoids on lipogenesis,® it is possible that gluco-
corticoid action in SAT may depend on metabolic
conditions, such as insulin concentration.

Increased abdominal SAT HSDI11B1 expression
and/ or enzyme activity in obesity and insulin re-
sistance were demonstrated in humans.®’ There
are limited data on decreased abdominal SAT GRa
expression in obesity.?

Data on the potential effects of insulin and / or
free fatty acids (FFAs) on SAT HSD11B1 expression
are limited and equivocal.”® Data on a decrease
in abdominal SAT HSD11B1 expression and/ or
HSD11B1 activity after weight loss come mainly
from bariatric surgery reports,'’ whereas stud-
ies focused on the effects of dietary interven-
tions on SAT HSD11BI expression yielded con-
flicting results.!"2

Given the equivocal data on the role of glu-
cocorticoids in abdominal SAT, it seems rea-
sonable to study abdominal SAT expression of
the genes associated with glucocorticoid action
in relation to obesity and insulin sensitivity in
individuals without potential confounding fac-
tors, such as morbid obesity and hyperglycemia.
Such an approach may allow for the estimation
of early dysregulation of abdominal SAT gluco-
corticoid gene expression in relation to insulin
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resistance. Furthermore, to better understand
the relationship between glucocorticoids in ab-
dominal SAT and insulin resistance, we decid-
ed to assess the influence of hyperinsulinemia
and FFA-induced insulin resistance on abdomi-
nal SAT expression of the genes associated with
glucocorticoid action. We also analyzed SAT ex-
pression of these genes in the conditions of im-
proved insulin sensitivity, associated with diet-
-induced weight loss, which leads to health ben-
efits in patients with obesity."?

The aim of this study was to analyze the rela-
tionship between abdominal SAT expression of
the genes associated with glucocorticoid action
and insulin sensitivity and obesity, obesity regu-
lation by insulin, FFA-induced insulin resistance,
and weight-reducing dietary interventions.

Patients and methods  This study describes the re-
sults from 2 study protocols.

The study group 1 comprised 101 young indi-
viduals, 54 with normal weight (body mass in-
dex [BMI] <25 kg/m?; 39 men and 15 women;
mean [SD] age, 22.83 [2.24] years; mean BMI,
22.46 [1.53] kg/m?) and 47 with overweight or
obesity (39 men and 8 women; mean age, 24.51
[3.76] years; mean BMI, 28.5 [3.02] kg/m?). This
study group was a part of a previously described
group,'® where SAT was available for analyses.
All participants were nonsmokers, had no dis-
eases other than obesity, and were not taking
any drugs. Exclusion criteria included prediabe-
tes or diabetes and morbid obesity. Body weight
of the participants remained stable (+1 kg) for
at least 3 months prior to the study. All individ-
uals had no clinical or laboratory indicators of in-
flammation (high-sensitivity C-reactive protein,
white blood cell count, and fibrinogen were with-
in the normal range) and were not taking anti-
-inflammatory drugs within the last 3 months. All
participants underwent clinical examination, an-
thropometric measurements, and appropriate lab-
oratory tests. Oral glucose tolerance test (OGTT)
was performed and reveled normal glucose toler-
ance in all individuals. OGTT and clamp test were
performed after an overnight fast.

The study group 2 comprised 38 individuals
recruited separately, with marked overweight or
obesity (BMI >28 kg/m? 18 men and 20 women;
mean [SD] age, 32.79 [7.38] years; mean [SD]
BMI, 32.8 [3.09] kg/m?). The inclusion and exclu-
sion criteria were identical as in the study group
1, with the exception of the upper age limit be-
ing 45 years. A detailed study protocol was de-
scribed previously.'®

Both study protocols were approved by the Eth-
ics Committee of the Medical University of
Bialystok. A written informed consent was ob-
tained from all volunteers before their partici-
pation in the study.

Dietary intervention program (study group 2) Over-
weight/ obese participants underwent a 12-week
dietary intervention program, in the form of an
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individually planned low-calorie diet (20 kcal
per kg of proper body weight), as described pre-
viously."® All analyses were performed before and
after the dietary intervention.

Data reported in this study cover 38 individ-
uals with overweight/ obesity who completed
the dietary intervention program and had in-
sulin sensitivity measured both before and af-
ter the program.

Measurement of insulin sensitivity and subcutaneous
adipose tissue biopsy In both study groups, in-
sulin sensitivity was measured with the 2-hour
hyperinsulinemic-euglycemic clamp technique, as
described previously.'® Before each clamp, SAT bi-
opsy from the umbilical region was performed in
local anesthesia, as described before.'*'®

In the study group 1, in a subgroup of 20 men
(9 normal-weight and 11 overweight/ obese),
with similar clinical characteristics as the respec-
tive BMI categories in the entire study group 1,
the clamp test was prolonged to 6 hours. After 1
week, another 6-hour clamp test, with concur-
rent intralipid / heparin infusion, was performed
as described before.'® Intralipid is a lipid emul-
sion for intravenous infusion. Heparin is given
as a stimulator of lipoprotein lipase to hydrolyze
triglycerides contained in intralipid and to rap-
idly rise the concentration of circulating FFAs.
SAT biopsies were performed before and after
the 6-hour clamps.

In the study group 2, clamp and SAT biopsy
were performed before and after the dietary in-
tervention as described before.'*

Serum cortisol was measured with Chemilumi-
nescent Microparticle Immunoassay with the Ar-
chitect analyzer (Abbott Diagnostics, Abbott Park,
Ilinois, United States).

Subcutaneous adipose tissue gene expression
analysis RNA purification and gene expres-
sion analyses were performed as previously de-
scribed.''® Gene expression was assessed by
quantitative polymerase chain reaction using
a LightCycler 480 II System (Roche Diagnos-
tics International AG, Rotkreuz, Switzerland).
The expression of HSD11B1, HSD11B2, and PGK1
mRNA was measured using validated PrimePCR
Probe Assays (Bio-Rad, Hercules, California,
United States): HSD11B1 (qHsaCIP0030952),
HSD11B2 (qHsaCEP0054433), and PGKI
(qHsaCEP0050174). For the measurement of
GRa expression, we used a TagMan probe 6
-FAMTGACTCTACCCTGCATGTACGAC-BH
Q1-1, and the following primers: forward,
5'-TGTTTTGCTCCTGATCTGA-3’, reverse,
5'-TCGGGGAATTCAATACTCA-3', as described
by Gola et al.? The reverse primer is specific for
GRa, located in exon 9a.? The probe and the
primers for GRa measurement were purchased
from the Institute of Biochemistry and Biophys-
ics, Polish Academy of Sciences, Warsaw, Po-
land. The samples were normalized to the refer-
ence PGK1 gene. Relative mRNA expression was



presented as fold-change using the AACt meth-
od. All reactions were performed in triplicate.

Statistical analysis Statistical analysis was per-
formed with the STATISTICA 12.5 software (Stat-
soft, Krakéw, Poland). Values of continuous vari-
ables are presented as arithmetic mean (SD) or
geometric mean (geometric SD factor) for vari-
ables without normal distribution (gene expres-
sion). The variables that did not follow normal dis-
tribution were log-transformed prior to the anal-
yses to achieve normal distribution. Differences
between the groups were estimated with the un-
paired t test. Differences in the variables before
and after each clamp test were assessed with
the paired t test (entire group) and with repeated-
-measures analysis of variance and the post hoc
Tukey test (subgroups of normal-weight and over-
weight/ obese individuals). Differences in the es-
timated parameters before and after the weight
loss program were assessed with the paired ¢ test.
The relationships between variables were studied
with the Pearson product moment correlation.
The Benjamini-Hochberg correction for multiple
comparison was used for all differences and cor-
relations. Multiple regression analysis was per-
formed with insulin sensitivity as a dependent
variable and with BMI and SAT HSD11BI and GRa
expression as independent variables. The level of
significance was assumed at a P value below 0.05.

Results Baseline characteristics (study group 1)
Overweight/ obese individuals had lower mean
(SD) insulin sensitivity in comparison with
normal-weight individuals (5.93 [2.55] vs 7.69
[2.73] mg/kg fat-free mass [FFM]/min; P = 0.001),
whereas morning serum cortisol did not differ
between the groups (overweight/obese, 13.78
[3.42] pg/dl vs normal-weight, 13.41 [3.86] pg/dD).

Baseline subcutaneous adipose tissue HSD11B1,
HSD11B2, and GRa expression in normal-weight
and overweight/obese individuals (study group 1)
Baseline SAT HSDI11B1 expression was high-
er in the overweight/ obese individuals than in
the normal-weight people (P <0.001), where-
as HSD11B2 expression did not differ between
the groups (FIGURE 14). SAT GRa expression was
lower in the overweight/ obese individuals than
in the normal-weight individuals (P = 0.003)
(FIGURE 1A).

SAT HSD11B1 expression correlated negatively
(r=-0.37; P <0.001), and GRa expression corre-
lated positively (r = 0.37; P <0.001) with insulin
sensitivity. Both correlations were independent
of BMI and of each other (HSD11B1, standardized
B =-0.23, P = 0.02; GRa, standardized p = 0.26,
P =0.006). SAT expression levels of HSD11B1 and
GRa were not related to each other (r = -0.15;
P=0.14).

The effect of insulin and free fatty acids on subcu-
taneous adipose tissue HSD11B1, HSD11B2, and GRa
expression (study group 1) Insulin decreased

SAT HSD11B1 (P = 0.003) and GRa expression
(P <0.001), and did not affect HSD11B2 expres-
sion (FIGURE 1B). The effect of insulin on HSD11B1
expression seemed to be present both in normal-
-weight individuals and in overweight / obese peo-
ple, although it did not reach the level of signif-
icance in the former case (post hoc Tukey test,
normal-weight, P = 0.08; overweight/ obese,
P =0.01). The effect of insulin on GRa expres-
sion was significant in both groups (post hoc
Tukey test, normal-weight, P = 0.003; over-
weight/obese, P = 0.01). Intralipid / heparin in-
fusion abolished insulin effect on SAT HSD11B1
and GRa expression and did not affect HSD11B2
expression (FIGURE 1B).

The effect of weight-reducing dietary intervention
on subcutaneous adipose tissue HSD11B1, HSD11B2,
and GRa expression in overweight/obese individu-
als (study group 2) The dietary intervention re-
sulted in a decrease in mean (SD) body weight
(-11.3 [3.91] kg; P <0.001) and an increase in
mean insulin sensitivity (1.76 [3.05] mg/kg
FFM/min; P = 0.001). Mean morning serum cor-
tisol level did not change after the intervention
(9.08 [2.4] pg/dl vs 9.2 [2.35] pg/dl; P = 0.75).

SAT gene expression in the overweight/ obese
people from the study group 2 was similar to gene
expression in the overweight/ obese individuals
from the study group 1. For the purpose of data
presentation, initial (before the dietary interven-
tion) mean gene expression values in the over-
weight/ obese individuals in the study group 2
were normalized as 1.

The dietary intervention resulted in an increase
in SAT HSD11BI expression by 41% (P <0.001) and
GRa expression by 34% (P = 0.001), but did not
affect HSD11B2 expression (FIGURE 1C).

Discussion In our study, we observed an increase
in abdominal SAT HSD11B1 expression and a de-
crease in GRa expression in the participants with
obesity. The expression of these genes was dif-
ferentially related to insulin sensitivity. We also
demonstrated that insulin decreased abdomi-
nal SAT expression of HSD11BI and GRa, where-
as FFA-induced insulin resistance abolished
this effect. Furthermore, we found an increase
in SAT HSD11B1 and GRa expression following
the weight-reducing dietary intervention.

Our data on the increased abdominal SAT
HSDI11B1 expression and on lowered SAT GRa
expression in the participants with obesity are
in agreement with the previously published find-
ings.”® In a study of young adult monozygotic
twins discordant for BMI, intrapair differences
in SAT HSD11BI expression were positively relat-
ed, whereas those in SAT GRa expression were in-
versely related to intrapair differences in BMIL."’
Our data indicate that although local abdominal
SAT cortisol production may be enhanced in obe-
sity, glucocorticoid action may be decreased, as
suggested by decreased GRa expression. We ob-
served a positive correlation between SAT GRa
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FIGURE 1 A - subcutaneous adipose tissue (SAT) expression of genes encoding 11B-hydroxysteroid dehydrogenase type 1 (HSD71B7),
11B-hydroxysteroid dehydrogenase type 2 (HSD11B2), and GRa (glucocorticoid receptor subunit a) in normal-weight (n = 54) and overweight/obese
individuals (n = 47) (study group 1); B — the effect of insulin and intralipid/heparin infusion on SAT expression of HSD11B1, HSD11B2, and GRa (study
group 1); C — the effect of a weight-reducing dietary intervention on SAT expression of HSD11B1, HSD11B2, and GRa in overweight/obese individuals
in the study group 2 (n = 38)

Data are presented as geometric mean (geometric SD factor)

a P <0.05 vs the normal-weight group b P <0.05 vs baseline

expression and insulin sensitivity, independently
of BML. It may reflect potential insulin-sensitizing
glucocorticoid action in SAT.* In the study by
Goedecke et al,'® lower SAT GRa expression was
associated with an increased proinflammatory
profile and decreased insulin sensitivity in black
women. However, in our study, SAT HSD11B1 ex-
pression was inversely related to insulin sensitiv-
ity. SAT HSD11BI expression may increase whole-
-body cortisol regeneration, as significant cortisol
release from SAT was observed in humans,"® po-
tentially contributing to liver and muscle insulin
resistance. Our results do not indicate any role of
SAT HSDI1B2 expression in obesity and insulin
resistance. It should be noted that we examined
young people with uncomplicated obesity, with-
out potential confounding factors. Differential re-
lationships of SAT HSD11B1 and GRa expression
with obesity and insulin sensitivity may be help-
ful in explaining the discrepancies in the results
regarding the possible glucocorticoid role in SAT.

The expression of both HSD11B1 and GRa in
SAT decreased similarly in response to insulin in
normal-weight and in overweight/ obese individ-
uals. Previously, it was demonstrated that insu-
lin decreased SAT HSD11B1 activity in normal-
-weight, but not in obese individuals.” Our data
are in line with the results of experimental
studies, which reported an inhibitory effect
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of insulin on HSD11B1 expression in adipose
cell cultures.?’

FFA-induced insulin resistance, obtained with
intralipid / heparin infusion, abolished insulin ef-
fects on SAT HSD11B1 and GRa expression, both
in normal-weight and overweight/ obese individ-
uals. In the study by Wake et al,® an intralipid in-
fusion increased SAT HSD11B1 activity. Our study
protocol was different, as we applied the intralip-
id infusion during hyperinsulinemic-euglycemic
clamp, and we used intralipid together with hepa-
rin. Apart from inducing insulin resistance, the in-
tralipid / heparin infusion completely abolished
insulin effect on SAT HSD11BI and GRa expres-
sion. This result may reflect FFA-induced insu-
lin resistance.

Taking into account the above data, a short-
-term insulin infusion negatively influences ab-
dominal SAT glucocorticoid action, which indi-
cates an acute insulin effect. In the context of
an increased SAT HSDI11BI expression in obesity,
this acute insulin effect on HSD11B1 expression
does not correspond to the long-term hyperinsu-
linemia observed in obesity and insulin resistance.

We noted an increase in SAT HSD11B1 expres-
sion after the weight-reducing dietary interven-
tion. It was accompanied by an increase in SAT
GRa expression, however, in this case, the change
in the gene expression may be perceived as



a reverse of the change present in obesity. Sim-
ilarly to our results, Tomlinson et al'? reported
an increase in subcutaneous adipocyte HSD11B1
expression after 10 weeks of a very low-calorie
diet in obese patients, however, in that study,
no baseline comparison with normal-weight in-
dividuals was performed.

We measured only mRNA expression, which
may be considered a limitation of our study. How-
ever, previous studies demonstrated that SAT
HSD11B1 mRNA expression was closely related
to the enzyme activity.®

Together, our data show that glucocorticoid
action in SAT is probably not the main cause of
insulin resistance, but rather an adaptation to
different metabolic conditions. Our results may
help explain why HSD11B1 inhibitors have not
emerged as effective drugs for type 2 diabetes
and metabolic syndrome.

SAT HSD11B1 and GRa are differentially asso-
ciated with obesity and insulin resistance. In obe-
sity, glucocorticoid action in abdominal SAT may
be decreased and may increase after weight loss.
During short-term regulation, FFA-induced insu-
lin resistance abolishes inhibitory effect of insu-
lin on SAT HSD11B1 and GRa expression.
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