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Purpose: Cushing’s syndrome is characterized by metabolic disturbances including insulin
resistance. Mitochondrial dysfunction is one pathogenic factor in the development of insulin
resistance in patients with obesity. We explored whether mitochondrial dysfunction correlates
with insulin resistance and other metabolic complications.

Patients and methods: We investigated the changes of mRNA expression of genes encoding
selected subunits of oxidative phosphorylation system (OXPHOS), pyruvate dehydrogenase
(PDH) and citrate synthase (CS) in subcutaneous adipose tissue (SCAT) and peripheral mono-
cytes (PM) and mitochondrial enzyme activity in platelets of 24 patients with active Cushing’s
syndrome and in 9 of them after successful treatment and 22 healthy control subjects.

Results: Patients with active Cushing’s syndrome had significantly increased body mass
index (BMI), homeostasis model assessment of insulin resistance (HOMA-IR) and serum
lipids relative to the control group. The expression of all investigated genes for selected
mitochondrial proteins was decreased in SCAT in patients with active Cushing’s syndrome
and remained decreased after successful treatment. The expression of most tested genes in
SCAT correlated inversely with BMI and HOMA-IR. The expression of genes encoding
selected OXPHOS subunits and CS was increased in PM in patients with active Cushing’s
syndrome with a tendency to decrease toward normal levels after cure. Patients with active
Cushing’s syndrome showed increased enzyme activity of complex I (NQR) in platelets.
Conclusion: Mitochondrial function in SCAT in patients with Cushing’s syndrome is
impaired and only slightly affected by its treatment which may reflect ongoing metabolic
disturbances even after successful treatment of Cushing’s syndrome.

Keywords: Cushing’s syndrome, insulin resistance, mitochondrial enzyme activity, gene

expression

Introduction

Cushing’s syndrome, induced by chronic glucocorticoid excess, is a rare disorder
with an estimated annual incidence of 2.4 cases per one million inhabitants and a
prevalence of 39.1 cases per million.'” Although rare, Cushing’s syndrome is a
serious disorder significantly increasing patients’ morbidity and mortality, mainly
due to cardiovascular diseases and complications thereof. Insulin resistance is a
prominent feature of Cushing’s syndrome.*”* Glucocorticoid excess influences
glucose homeostasis and insulin sensitivity both directly, by interfering with the
insulin receptor signaling pathway, and indirectly, by altering fatty acid and amino

acid metabolism which contribute to the development of insulin resistance.>
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Moreover, glucocorticoid excess may have direct effects
on pancreatic beta cells.” Finally, the truncal obesity that
often accompanies Cushing’s syndrome contributes to the
development of insulin resistance, impaired glucose toler-
ance and type 2 diabetes.®

Glucocorticoids are known for the anti-inflammatory activ-
ity which is attributed to the repression of pro-inflammatory
genes at the transcriptional level or through posttranscriptional
mechanism via interactions with anti-inflammatory proteins.”
However, chronic hypercortisolism, regardless of its exogen-
ous or endogenous etiology, is associated with cardiovascular,
thrombotic and metabolic complications. Chronic hypercorti-
solism determines a redistribution of body fat deposition lead-
ing to increased abdominal adiposity which is characterized by
the increase in the abdominal visceral to subcutaneous fat ratio
(V/S) in both male and female patients.'®!" In Cushing’s
syndrome, visceral adiposity is associated with the altered
production of adipokines. Several studies showed elevated
leptin levels in patients with active Cushing’s syndrome com-
pared with normal-weight and BMI-matched controls.'*'* The
decrease in leptin secretion has been found after long-term
remission and reflected changes in body fat.*'* The elevation
of resistin levels was described in female Cushing’s syndrome
patients and did not significantly change after cure.* Specific
profile of monocytes, namely higher levels of circulating inter-
mediate CD 14", CD16" and nonclassical CD 14%, CD16"
monocytes were found in Cushing’s syndrome patients.'> Both
groups of monocytes produce inflammatory cytokines such as
TNF-a and IL-1B."*""® Some studies reported normal levels of
circulating tumor necrosis factor — o (TNF-a) and higher levels
of soluble TNF-a receptor in patients with active Cushing’s
syndrome and after long-term remission.?>' Similarly, circu-
lating levels of interleukin 1B (IL-1p) and interleukin 6 (IL-6)
remained elevated despite long-term remission of Cushing’s
syndrome.>**? Impairment of adipokine secretion, as well as
the release of pro-inflammatory cytokines, contributes to a
persistent state of chronic low-grade inflammation in patients
with active Cushing’s syndrome and after successful
treatment.”%*

Mitochondria plays an important role in cell metabo-
lism by metabolizing nutrients and producing adenosine
triphosphate (ATP) and heat. The main source of energy
for the functional activity of cells is ATP, which is pro-
duced by oxidative phosphorylation (OXPHOS) in mito-
chondria. The adequate oxidative capacity of mitochondria
is determined by expression levels of enzymatic com-
plexes involved in oxidative phosphorylation, although
the number and size of mitochondria are also important.*

Mitochondria also constantly produces a small amount of
superoxide anion radicals. Imbalance between the produc-
tion and the removal of the superoxide radicals may cause
mitochondrial damage.”*** Mitochondrial dysfunction is
considered as one of the important mechanisms in the
pathogenesis of insulin resistance and is associated with
insulin resistance in skeletal muscle, as well as in other
tissues, including fat, blood vessels and the liver, heart and
pancreas.%28

Glucocorticoid hormones are important mediators of the
hypermetabolic state, which is seen during stress and after
traumatic events. Nevertheless, there may be great differ-
ences between the short-term (days) and the long-term
(weeks) effects of high levels of glucocorticoids on the
mitochondrial metabolism in various tissues.”>' It was
reported that three days of dexamethasone injections
increase cytochrome ¢ oxidase activity in rat skeletal mus-
cles, but not in other tissues.>® Conversely, one-day admin-
istration of high doses of glucocorticoids stimulated
mitochondrial oxidation in cortical neurons, but long-term
treatment significantly reduced mitochondrial oxidation.>!

We hypothesized that chronic excess of glucocorticoid
hormones in patients with Cushing’s syndrome could induce
mitochondrial dysfunction which in turn contributes to the
development of insulin resistance. The aim of the present
study was to explore mitochondrial function in patients with
Cushing’s syndrome, both in an active state with glucocorti-
coid excess and after successful treatment, and its possible
implications in the development of insulin resistance.

Materials and methods

Subjects

Twenty-four patients with active Cushing’s syndrome and 22
control subjects participated in the study. Cushing’s syn-
drome was defined by typical clinical presentation, increased
excretion of urinary free cortisol above 500 nmol/24 hrs,
increased plasma midnight cortisol levels above 150 nmol/
L and a lack of suppression of plasma cortisol levels in low-
dose dexamethasone suppression test with cortisol levels
remaining above 50 nmol/L. There were 18 patients with
ACTH-producing pituitary adenoma and 6 patients with
adrenal adenoma in the group of patients with Cushing’s
In all with  ACTH-independent
Cushing’s syndrome, ACTH levels were below 5 ng/L.
Baseline plasma ACTH levels were between 37.4 and 377
ng/L in patients with ACTH-producing pituitary adenoma.

syndrome. patients

Seven patients (five with ACTH-producing pituitary
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adenoma, two with adrenal adenoma) were treated with
inhibitors,
patients) and metyrapone (one patient), before operation, ie,

steroidogenesis namely ketoconazole (six
neurosurgery or unilateral adrenalectomy. Blood and adipose
tissue sampling were performed before the initiation of med-
ical treatment with steroidogenesis inhibitors. Nine of the
patients with Cushing’s syndrome were also examined within
a period of 24-30 months after successful treatment of
Cushing’s syndrome. Out of those nine patients, five patients
suffered from ACTH-independent Cushing’s syndrome and
four from Cushing’s disease. Five patients with adrenal ade-
noma underwent unilateral adrenalectomy and two of them
were treated with ketoconazole preoperatively. Four patients
with ACTH-producing pituitary adenoma underwent neuro-
surgery and one was treated with ketoconazole preopera-
tively. In all four patients, morning cortisol level was less
than 50 nmol/L postoperatively. At the time of blood and
adipose tissue analysis after successful treatment, in six
patients, the function of hypothalamic—pituitary—adrenal
axis was recovered, in three patients, post-operative hypo-
cortisolism persisted and was treated by replacement therapy
(Hydrocortisone in doses ranging from 15 to 25 mg daily).
Patients with adrenal cancer and ectopic Cushing’s syndrome
were excluded from the study. The characteristics of the
studied groups are summarized in Table 1.

The study was approved by the Human Ethics Review
Board, First Faculty of Medicine and General University
Hospital, Prague, Czech Republic, and was performed in
with  the the
Declaration of Helsinki. Written informed consent was

accordance guidelines proposed in

requested and obtained from all participants of the study.

Methods
Anthropometric examination, blood and adipose
tissue sampling
All subjects were measured, weighed and their body mass
index (BMI) was calculated. Blood samples for C-reactive
protein (CRP), insulin, morning basal cortisol, cortisol
after oral dexamethasone 1 mg taken at 11 p.m., ACTH,
C-peptide and biochemical parameters measurement were
taken between 7.00 a.m. and 8.00 a.m. after 12 hrs of
overnight fasting. Blood sample for late-night cortisol
was taken at 00 a.m. Blood samples were separated by
centrifugation for 10 mins at 1000 x g within 30 mins from
blood collection. Serum was subsequently stored in ali-
quots at —80°C until further analysis.

For the assessment of urinary free cortisol, patients
provided a complete 24-hr urine collection.

Blood samples for monocyte isolation were collected
in Na-EDTA anticoagulant and processed within 1-2 hrs.

Samples of SCAT were obtained by needle biopsy from
the abdominal region as described previously.*?

The percentage of total-body fat was assessed by body
composition measurement using Dual-Energy X-Ray
Absorptiometry (DEXA, Hologic Discovery, USA).

Hormonal and biochemical assays

Biochemical parameters (glucose, total and HDL-cholesterol
and triglycerides, hemoglobin Alc) were measured in the
Department of Biochemistry at the General University
Hospital by standard laboratory methods. Serum insulin con-
centrations were measured by the RIA kit (Cis Bio
International, Gif-sur-Yvette Cedex, France). Sensitivity was
2.0 mIU/mL. Serum CRP levels were measured by a highly
sensitive ELISA (Bender Medsystems, Vienna, Austria) with
a sensitivity of 3 mg/L. Plasma levels of cortisol were mea-
sured by the RIA kit (Immunotech, Prague, Czech Republic).
Sensitivity was 10 nmol/L. Urinary free cortisol levels were
determined by the RIA kit (Immunotech, Marseille, France).
Sensitivity was 5 nmol/L. ACTH was determined by the
IRMA kit (Immunotech, Marseille, France). C-peptide con-
centrations were determined by IRMA kits (Immunotech,
Czech Republic). Sensitivity was 5 pmol/L. The intra- and
inter-assay variabilities of the kits were less than 5% and less
than 10%, respectively. The homeostasis model assessment of
the insulin resistance index (HOMA-IR) was calculated using
the following formula: fasting serum insulin (mIU/L)x fasting
serum glucose (mmol/L)/22.5.

Mitochondrial enzyme activity assays

Determination of mitochondrial enzymes activity was per-
formed as described previously.>® Shortly, platelets were iso-
lated from 9 mL of blood with citrate by differential
centrifugation without the addition of prostacyclin. Platelet
protein was determined by Lowry. The enzyme activities of
respiratory chain complexes NADH-coenzyme Q;q oxidore-
ductase (NQR, complex I), succinate-coenzyme Q;, oxidore-
ductase (SQR, complex II), cytochrome c¢ oxidase (COX,
complex IV) and the activity of citrate synthase (CS) were
measured spectrophotometrically. All spectrophotometric
measurements were performed in 1 mL cuvettes (1 cm,
37°C) using a double beam spectrophotometer Shimadzu
UV-160. A total of 100 pg of platelet protein was used for
each enzyme assay. Each value represents the mean of two
assays on each control or patient platelet sample. Pyruvate
dehydrogenase complex (PDH) activity was determined in
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Table 1 Anthropometric, biochemical and hormonal characteristics of control subjects and patients with active Cushing’s syndrome

and after successful treatment

Control subjects Active Cushing’s syndrome
n=22 Cushing’s syndrome after treatment
n=24 n=9

Sex (men/women) 6/16 6/18 1/8
Age (years) 46.6+2.2 48.9+2.4 55.2+3.6
Body mass index (kg/m?) 23.5+0.5 34.5+2.1* 31.942.1%°
Weight (kg) 69.6x1.7 86.2+3.1% 82.0+5.9°
Waist circumference (cm) 81.7+2.0 109.2+2.7* 114.3+4.4*
% of total body fat 28.0+1.7 41.6x1.1% 43.3+1.5%
Fasting insulin (mIU/L) 7.1x0.6 35.0+4.2* 17.343.1*°
Fasting glucose (mmol/L) 4.82+0.10 6.65+0.65* 4.92+0.36
HOMA-IR 1.5£0.2 I11.5£2.1% 4.0£1.0°
HbAIc (%) 3.49+0.09 5.36+0.40* 4.4140.27*
Cholesterol total (mmol/L) 4.80+0.19 5.78+0.25* 4.75+0.34
HDL cholesterol (mmol/L) 1.58+0.09 1.23+0.06* 1.25£0.15%
LDL cholesterol (mmol/L) 2.72+0.16 3.72+0.23* 2.78+0.31
Triacylglycerides (mmol/L) 1.10£0.10 2.37+0.25* 2.00+0.32*
CRP (mg/L) 0.17+0.06 0.55+0.17* Not assessed
C-peptide (nmol/L) 0.61+0.04 1.42+0.13* 1.33+0.17*
Plasma cortisol at 08:00 hrs (nmol/L) 527+51 822+80* 286+71°
Urinary cortisol/24 hrs (nmol/L) Not assessed 1143+306 108+21°
Plasma cortisol after | mg dexamethasone (nmol/L) Not assessed 535478 85+38°

Notes: Values are means+SEM. Statistical significance is from one-way ANOVA or ANOVA on Ranks. *p<0.05 vs control subjects, *p<0.05 vs active Cushing’s syndrome.
Abbreviations: HOMA-IR, homeostatic model assessment of insulin resistance; LDL, low-density lipoprotein; HDL, high-density lipoprotein; HbAlc, Glycated hemoglobin

Alc; CRP, C-reactive protein.

isolated peripheral blood mononuclear cells (PBMCs) as dec-
arboxylation of [1-'*C] pyruvate. PBMCs from peripheral
blood were isolated by differential centrifugation on Ficoll
gradient.

Peripheral monocyte separation and total RNA
isolation from monocytes and adipose tissue
Peripheral monocyte separation and total RNA isolation from
monocytes and adipose tissue were described in detail
previously.*

In brief, peripheral blood leukocytes were obtained from
the blood sample using Ficoll-PaqueTM Plus. After centrifu-
gation, leukocyte agglomerate was discharged and the pellet
was dissolved in phosphate buffer pH 7.4 containing EDTA
and BSA. Monocytes were isolated from cell pellet with mag-
netic-activated cell sorting technique (MiniMACS, Miltenyi
Biotec, Bergisch Gladbach, Germany) using microbeads
coated with CDI14 antibody (MACS CDI14 MicroBeads;
Miltenyi Biotec). Total RNA was extracted from CDI14+
monocyte samples on MagNA Pure instrument using
MagNAPure Compact RNA Isolation kit (Roche Diagnostics
GmbH, Germany).

Samples of SCAT were homogenized on a MagNALyser
Instrument using MagNALyser Green Beads (Roche
Diagnostics GmbH). Total RNA was extracted from the homo-
genized sample using RNeasy Lipid Tissue Mini Kit (Qiagen
GmbH, Hilden, Germany). The RNA concentration was deter-
mined from the absorbance at 260 nm (BioPhotometer,
Eppendorf AG, Hamburg, Germany). The integrity of the
RNA was checked by visualization of the 18S and 28S ribo-
somal bands on 1% agarose gels with a GelRed™ Nucleic
Acid GelStain.

cDNA sample preparation

Reverse transcription was performed in 20 pL reaction
volume with 0.25 pg of total RNA using the High-
Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Foster City, CA, USA) according to the man-
ufacturer’s protocol. Synthesized cDNA was stored at
—20°C until quantitative real-time PCR.

Quantitative real-time PCR
mRNA expression of selected genes was determined in
detail elsewhere.*?
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In brief, the determination of the mRNA expression
of genes of interest M7T-ND5 (gene encoding ND-5 sub-
unit of mitochondrial enzyme complex-1, ie, NADH
dehydrogenase 5); NDUFA 12 (gene encoding subunit
12 of NADH:ubiquinone oxidoreductase), SDHA (gene
encoding flavoprotein subunit A of the complex of suc-
cinate dehydrogenase), CYC! (gene encoding cyto-
chrome cl), COX4Il (gene encoding COX4I1 subunit
of cytochrome c oxidase), ATP50 (gene encoding ATP50
subunit of ATP synthase), DLAT (gene encoding dihy-
drolipoamide-S-acetyltransferase, E2 subunit of PDH)
and CS (gene encoding citrate synthase) was performed
using an ABI PRISM 7500 instrument (Applied
Biosystems, Foster City, CA, USA) with TaqMan®
Universal PCR Master Mix, NO AmpErase® UNG and
specific TagMan® Gene Expression Assays (Applied
Biosystems, Foster City, CA, USA). PCR amplifications
were performed at least in duplicate in a total reaction
volume of 20 pL. The expression of beta-2-microglobu-
lin (B2M) was used to compensate for variations in
input RNA amounts and the efficiency of reverse tran-
scription. The modified formula 274" was used to cal-
culate relative gene expression.

Statistical analysis

Statistical analysis was performed on SigmaStat soft-
ware (Systat Software, Inc., San Jose, CA, USA). All
data are presented as mean+SEM (the standard error of
the mean). Prior to analysis, all continuous variables
were assessed for normality using the Kolmogorov—
Smirnov test. Differences of relative gene expression,
mitochondrial activity and serum biochemical para-
meters between patients with active Cushing’s syndrome
and after successful treatment versus healthy subjects
were evaluated using one-way ANOVA followed by
Holm-Sidak method or ANOVA on Ranks followed by
Dunn'’s test as appropriate. Differences between patients
with active Cushing’s syndrome versus after successful
treatment were evaluated using paired #-test or Wilcoxon
signed-rank test as appropriate. Statistical significance
was assigned to p<0.05.

The Spearman correlation test was used to calculate the
relationships between the relative expression of selected
mitochondrial genes in adipose tissue or in peripheral
monocyte to other parameters.

Results

Anthropometric, biochemical and
hormonal characteristics of study
groups

Patients with active Cushing’s syndrome were compar-
able to the control group in age and gender distribution.
As anticipated, the patients with active Cushing’s syn-
drome had significantly increased weight, BMI, % of
total body fat, waist circumference, fasting glucose
levels, insulin serum levels, HOMA-IR, glycated hemo-
globin, C-peptide, serum lipids, CRP levels and morning
basal cortisol levels (p<0.05). Significantly increased
BMI, % of total body fat, waist circumference, glycated
hemoglobin, C-peptide and serum lipid levels persisted
after successful treatment of Cushing’s
(»<0.05). Data are presented in Table 1.

syndrome

mRNA expression of genes for
selected mitochondrial proteins in

abdominal subcutaneous adipose tissue
mRNA expression of selected genes for mitochondrial
proteins was analyzed in subcutaneous adipose tissue
(SCAT). The gene expression of MT-ND5, NDUFAI2,
SDHA, CYCI, COX41l, DLAT and CS was significantly
(p<0.05) decreased in active Cushing’s syndrome as
compared to control group except for ATP50 which
only tended to decrease, but the difference did not
reach statistical significance. The gene expression of
SDHA, CYCI, DLAT and CS persisted significantly
(<0.05) decreased even after successful treatment of
Cushing’s syndrome while the expression of other
genes (MT-ND5, NDUFA 12, COX411, ATP50) was
decreased insignificantly (Figure 1). When studying the
relationship between the expression of mitochondrial
genes in SCAT and selected anthropometric, hormonal
and biochemical parameters in the combined population
of patients with Cushing’s syndrome both active and
after successful treatment and control subjects, the
expression of most mitochondrial genes in SCAT corre-
lated inversely with anthropometric parameters (weight,
BMI, waist circumference, % of total body fat) and
surrogate measures of insulin resistance (fasting insulin,
HOMA-IR) (Table 2).
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Figure | mRNA expression of genes for selected mitochondrial proteins in abdominal subcutaneous adipose tissue (SCAT) of control group (I, black bar), patients with
active Cushing’s syndrome (2, dark gray bar) and Cushing’s syndrome after successful treatment (3, light gray bar). *p<0.05 vs control group. °p<0.05 vs active Cushing’s

syndrome.

Abbreviations: MT-ND5, mitochondrially encoded NADH dehydrogenase 5; NDUFAI2, NADH:ubiquinone oxidoreductase subunit A 12; SDHA, succinate dehydrogenase
subunit A; CYCI, cytochrome cl; COX4ll, cytochrome c oxidase subunit IV isoform |; ATP50, ATP synthase peripheral stalk subunit OSCP; DLAT, dihydrolipoate-S-
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Table 2 Relationships of mMRNA expression of selected genes for mitochondrial proteins in subcutaneous adipose tissue with other

anthropometric, hormonal and biochemical parameters calculated in a combined population of the group of patients with Cushing’s

syndrome and the control group (n=46)

MT-ND 5 NDUFAI2 SDHA CYCl COX4l1 ATP50 DLAT cs
BMI R —0.26 —0.47 —0.605 —0.66 —0.495 —0.331 —0.409 —0.744
p 0. 136 0.004 <0.001 <0.001 0.003 0.052 0.015 <0.001
wcC R —0.428 —0.43 —0.622 —0.66 —0.447 —0.407 —0.454 —0.761
p 0.012 0.009 <0.001 <0.001 0.008 0.016 0.006 <0.001
Weight R —0.361 —0.279 —0.464 —0.612 —0.321 —0.429 —0.484 —0.658
p 0.036 0.098 0.005 <0.001 0.064 0.01 0.003 <0.001
TF R —0.169 —0.49 —0.533 —0.444 —0.458 —0.06 —0.164 —0.537
p 0.344 0.003 0.001 0.008 0.008 0.733 0.353 0.001
INS R —0.168 —0.438 —0.551 —0.511 —0.377 —0.209 —0.315 —0.691
p 0.388 0.016 0.002 0.004 0.048 0.265 0.095 <0.001
Gluc R —0.023 —-0.17 —0.169 —0.304 —0.257 —0.133 —0.237 —0.318
p 0.897 0.32 0.321 0.071 0.14 0.444 0.169 0.066
HOMA-IR R —0.122 —0.464 —0.519 —0.523 —0.396 —0.161 —0.313 —0.697
p 0.531 0.01 0.003 0.003 0.036 0.401 0.097 <0.001

Note: Bold text indicates statistical significance, p<0.05.

Abbreviations: BMI, body mass index, WC, waist circumference (cm), TF, % of total body fat, INS, insulin, Gluc, glucose, HOMA-IR, homeostatic model assessment of
insulin resistance; MT-ND5, mitochondrially encoded NADH dehydrogenase 5; NDUFA |2, NADH:ubiquinone oxidoreductase, subunit A 12; SDHA, succinate dehydrogenase
subunit A; CYCI, cytochrome cl; COX4ll, cytochrome c oxidase subunit IV isoform |; ATP50, ATP synthase peripheral stalk subunit OSCP; DLAT, dihydrolipoate-S-

acetyltransferase; CS, citrate synthase.

mRNA expression of genes for selected
mitochondrial proteins in peripheral

monocytes

The expression of selected respiratory chain enzymes was
analyzed in peripheral monocytes. The gene expression of
SDHA, CYCI, COX4I1, ATP50 and CS was significantly
(»<0.05) increased in patients with active Cushing’s syndrome.
The expression of these genes, except CS, decreased towards
normal levels after successful treatment. On the contrary, the
gene expression of MT-ND5 and NDUFA 12 tended to be lower
in PM of patients with active Cushing’s syndrome and showed
further decrease in patients with Cushing’s syndrome after
successful treatment. The gene expression of NDUFA 12 and
CS was decreased in patients with Cushing’s syndrome after
successful treatment compared to patients with active
Cushing’s syndrome (p<0.05). The data are shown in
Figure 2. When studying the relationship between the expres-
sion of mitochondrial genes in peripheral monocytes and
selected anthropometric, hormonal and biochemical para-
meters in the combined population of patients with Cushing’s
syndrome both active and after successful treatment and con-
trol subjects, the gene expression of SDHA, COX411, ATP 50,

DLAT, and CS positively correlated with BMI, waist circum-
ference, percentage of total body fat, insulin levels and
HOMA-IR (Table 3).

Activity of mitochondrial enzymatic

complexes

In addition to mRNA expression, the activity of enzymes and
enzymatic complexes involved in the mitochondrial respira-
tory chain in platelets was measured. Only the activity of
enzymatic complex 1 (NQR) was increased in patients with
active Cushing’s syndrome when compared to the control
group (p<0.05). The enzyme activity of complex 1 (NQR)
normalized after successful treatment. The enzyme activity of
SQR (complex II) was lower in patients with Cushing’s syn-
drome after successful treatment compared to the control
group (Figure 3). When studying the relationship between
enzyme activity and selected anthropometric, hormonal and
biochemical parameters in the combined population of patients
with Cushing’s syndrome both active and after successful
treatment and control subjects, the only significant relationship
found was the inverse relationship between COX activity and
both body weight (p<0.05) and fasting glucose (p<0.05).
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Figure 2 mRNA expression of genes for selected mitochondrial proteins in peripheral monocytes (PM) of control group (I, black bar), patients with active Cushing’s
syndrome (2, dark gray bar) and Cushing’s syndrome after successful treatment (3, light gray bar). *<0.05 vs control group °p<0.05 vs active Cushing’s syndrome.
Abbreviations: MT-ND5, mitochondrially encoded NADH dehydrogenase 5; NDUFA2, NADH:ubiquinone oxidoreductase subunit Al12; SDHA, succinate dehydrogenase
subunit A; CYCI, cytochrome cl; COX4ll, cytochrome c oxidase subunit IV isoform |; ATP50, ATP synthase peripheral stalk subunit OSCP; DLAT, dihydrolipoate-S-
acetyltransferase; CS, citrate synthase; arb. unit, arbitrary unit.
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Table 3 Relationships of mMRNA expression of selected genes for mitochondrial proteins in peripheral monocytes with other

anthropometric, hormonal, and biochemical parameters calculated in a combined population of the group of patients with

Cushing’s syndrome and the control group (n=46)

MT-ND 5 NDUFAI2 SDHA CcYcCl COX4l1 ATP50 DLAT cs
BMI R 0.225 0.053 0.341 0.248 0.356 0.355 0.23 0.439
p 0.147 0.729 0.026 0.108 0.024 0.021 0.132 0.003
wcC R 0.067 —0.06 0.386 0.26 0.354 0.293 0.264 0.298
p 0.669 0.7 0.012 0.097 0.025 0.059 0.087 0.052
Weight R 0.051 —0.085 0.296 0.229 0.223 0.212 0.19 0.228
p 0.749 0.586 0.057 0.144 0.166 0.177 0.222 0.141
TF R 0.067 —0.06 0.386 0.26 0.354 0.293 0.264 0.298
) 0.669 0.7 0.012 0.097 0.025 0.059 0.087 0.052
INS R 0.157 0.253 0.4 0.277 0.325 0.348 0.389 0.478
) 0.352 0.124 0.014 0.097 0.057 0.035 0.016 0.003
Gluc R —0.093 —0.287 0.258 0.256 0.32 0.164 0.24 —0.041
p 0.544 0.056 0.09 0.093 0.039 0.287 0.112 0.789
HOMA-IR R 0.093 0.146 0.422 0.297 0.386 0.356 0416 0.406
p 0.585 0.385 0.011 0.079 0.024 0.033 0.011 0.013

Notes: The bold text indicates statistical significance, p<0.05.

Abbreviations: BMI|, body mass index; WC, waist circumference (cm), TF, % of total body fat; INS, insulin; Gluc, glucose; HOMA-IR, homeostatic model assessment of insulin
resistance; MT-ND5, mitochondrially encoded NADH dehydrogenase 5; NDUFA | 2, NADH:ubiquinone oxidoreductase, subunit A 12; SDHA, succinate dehydrogenase subunit A; CYCI,
cytochrome cl; COX4l1, cytochrome c oxidase subunit IV isoform |; ATP50, ATP synthase peripheral stalk subunit OSCP; DLAT, dihydrolipoate-S-acetyltransferase; CS, citrate synthase.

Discussion
The most important finding of our study is that patients
with active Cushing’s syndrome had decreased mRNA
expression of the genes MT-ND5, NDUFAI2, SDHA,
CYCl and COX4I1 coding subunits of mitochondrial
respiratory chain complexes, DLAT and citrate synthase
in SCAT and that the decreased gene expression persisted
even after successful treatment although the expression of
genes MT-NDS5, NDUFA12, and COX4l] was decreased
insignificantly. On the contrary, the changes of mitochon-
drial gene expression in circulating monocytes showed
different patterns suggesting differential modulation of
mitochondrial function and activity in different tissues.
Mitochondrial dysfunction is a typical feature of obe-
sity, type 2 diabetes and metabolic syndrome.>> The
changes in mitochondrial biogenesis significantly modu-
late adipocyte differentiation and function.*®*” During
differentiation, newly developed small adipocytes preserve
peak levels of metabolic activity and increased substrate
consumption along with a marked increase in the mito-
chondrial content and higher B-oxidation.*® Preadipocyte
differentiation is associated with an increase of mtDNA
copy number and related induction of factors important for
mitochondrial genome replication and transcription, such

as the nuclear-encoded mitochondrial transcription factor
A (TFAM).*®3? On the contrary, adipocyte hypertrophy
present in obesity and type 2 diabetes is associated with
reduction in mitochondrial mass and loss of metabolic
adaptability, as well as downregulation of the expression
of different components of the oxidative phosphorylation
(OXPHOS) system in white adipose tissue which correlate

with the level of obesity.**!

In our study, we proved that the expression of all ana-
lyzed genes coding selected OXPHOS subunits is reduced
in adipose tissue in patients with active Cushing’s syndrome
as well as CS, which is considered a marker of mitochon-
drial mass. The mRNA expression of most of the mitochon-
SCAT
anthropometric parameters (BMI, waist circumference, %
of total body fat, weight) and HOMA-IR. The results are
comparable to the results of our previously published work

drial genes in correlated inversely with

evaluating mitochondrial function in subjects with simple
obesity and type 2 diabetes mellitus.>® Therefore, the
impairment of mitochondrial function may be explained
by the obesity accompanying the Cushing’s syndrome.
Nevertheless, it is important to take into consideration the
possible impact of hypercortisolism. It is known that glu-
cocorticoids affect mitochondrial metabolism via both
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Figure 3 Activity of respiratory chain complexes, pyruvate dehydrogenase and citrate synthase in blood cells of control group (I, black bar), patients with active Cushing’s
syndrome (2, dark gray bar) and Cushing’s syndrome after successful treatment (3, light gray bar). *p<0.05 vs control group.
Abbreviations: NQR, NADH - coenzyme Qo reductase; SQR, succinate-coenzyme Qo reductase; COX, cytochrome c oxidase; PDH, pyruvate dehydrogenase complex;

CS, citrate synthase.

genomic and non-genomic mechanism and regulate energy
metabolism by inducing nuclear and mitochondrial
OXPHOS gene transcription and OXPHOS biosynthesis.-
4274 Moreover, depending on the type of the target cell,
glucocorticoids can act as survival or proapoptotic factors,
in part due to tissue specificity of the mitochondria.*>*® One
of the mechanisms in the regulation of mitochondrial func-
tions by glucocorticoids is GR-Bcl-2 complex formation
and/or translocation with Bcl-2 into mitochondria.*” In an
experimental study, long-term glucocorticoid treatment
resulted in decreased GR and Bcl-2 levels and a significant

reduction in mitochondrial oxidation in primary cortical
neurons.”!

Interestingly, the impaired gene expression of SDHA,
CYCI, DLAT and CS in SCAT in our study persisted even
after successful treatment of Cushing’s syndrome, as did
increased BMI, % of total body fat, waist circumference
and serum lipids. Persistence of obesity, low-grade inflam-
mation and higher risk of cardiovascular morbidity were
previously demonstrated in patients with Cushing’s syn-
drome after long-term remission.”****” Thus, obesity
inflammation  probably

associated with low-grade
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perpetuates mitochondrial dysfunction in patients after
successful treatment of Cushing’s syndrome.*®4%-48

An intriguing observation in our study was that the gene
expression of SDHA, CYC1, COX411, ATP50 and CS in per-
ipheral monocytes of patients with active Cushing’s syndrome
was increased with a tendency to decrease toward normal
levels after the successful treatment. The mRNA expression
of genes SDHA, COX411, ATP50 and CS positively correlated
with BMI and HOMA-IR index. The gene expression of com-
plex 1 subunits (M7-ND5 and NDUFAI2) in patients with
active Cushing’s syndrome was decreased, albeit insignifi-
cantly. Our previous study showed that simple obesity and
type 2 diabetes mellitus were associated with decreased gene
expression of complex I enzymes (MT-ND5 and NDUFA12) in
PM while other differences in mRNA expression were not
found.®® It has been reported that subunits COX I and
COXIV of respiratory chain complex IV are upregulated in
peripheral blood monocytes in chronic renal disease patients;
however, complex IV activity is decreased.*’ In mouse models
of atherosclerosis, mitochondrial DNA damage of monocytes
and decreased complex I and IV activity were identified.”
Mitochondrial dysfunction of peripheral monocytes was
demonstrated in patients with early stage heart failure.>!

In patients with Cushing’s syndrome after successful
treatment, mRNA expression of studied genes follows a
similar pattern as in patients with simple obesity and
T2DM, ie, the decreased gene expression of complex I
subunits (M7-ND5 and NDUFA 12) and CS. We can
conclude that chronic hypercortisolism affects the mito-
chondrial function of peripheral monocytes. When an
excess of glucocorticoids passes, the mitochondrial dys-
function of PM follows a similar pattern as in patients
with simple obesity and T2DM probably due to persisting
low grade-inflammation. However, even under the same
conditions, the mitochondrial function of PM and SCAT
is influenced differently. Similarly, a different pattern of
the expression of genes involved in inflammatory path-
ways has been found in SCAT and PM after laparoscopic
sleeve gastrectomy.’?

When assessing the activity of respiratory chain
enzymes in platelets of patients with active Cushing’s
syndrome, we have found an increased enzyme activity
of complex I (NQR), while the activity of the remaining
respiratory enzymes did not change. The enzyme activity
of SQR (complex II) was lower in patients with
Cushing’s syndrome after successful treatment compared
to the control group. Increased enzyme activity of
respiratory chain complexes I and II was observed in a

group of females with anorexia nervosa (AN) in compar-
ison with a healthy control group. The relative activity of
complex I was considerably increased.”® AN is accom-
panied by hypercortisolism and moreover, despite abnor-
mally low BMI, significantly elevated inflammatory
cytokines, especially TNF a, IL-1f and IL-6 were
demonstrated.”® The patients with active Cushing’s syn-
drome and AN have some similar laboratory and hormo-
nal features and the activity of respiratory chain enzymes
in platelets is affected in a similar fashion, ie, increased
enzyme activity of complex I (NQR). In our previous
study, we documented the increased enzyme activity of
complex I (NQR) and decreased enzyme activity of com-
plex IV in platelets of patients with simple obesity and
T2DM.** This finding was unexpected as mitochondrial
dysfunction in platelets has been documented in several

type 2
Alzheimer’s disease and Parkinson’s disease.

diabetes,
55-58

pathologies including sepsis,

The limitation of the study is that mRNA expression of
selected genes for mitochondrial proteins was only ana-
lyzed in SCAT and PM of patients with Cushing’s syn-
drome and healthy lean subjects matched according to sex
and age. mRNA expression of several genes in SCAT and
PM correlated to BMI; therefore, the correlation with
BMI-matched control subject would have been beneficial
in order to assess the impact of obesity on the mitochon-
drial function.

Conclusion

Our data suggest that mitochondrial biogenesis can be
modulated differently in different target tissues in patients
with Cushing’s syndrome. Mitochondrial function in sub-
cutaneous adipose tissue in patients with Cushing’s syn-
drome, both active and after successful treatment, is
impaired. These changes could contribute to the metabolic
abnormalities associated with this debilitating disorder.
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