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Background: Adrenal masses are the most common of all human tumors. The role of
nitrosative stress and inflammation in cancer development has already been demonstrated.
However, it is not known whether they are involved in the pathogenesis of adrenal tumors.
The aim of the study was to investigate a cross-talk between nitrosative stress, inflammation
and hypoxia-inducible factor (HIF-1a) in 75 patients with different types of adrenal masses
(non-functional incidentaloma, pheochromocytoma and Cushing’s/Conn’s adenoma).
Methods: The plasma concentrations of total nitric oxide (NO), S-nitrosothiols, peroxyni-
trite nitrotyrosine and the activity of serum myeloperoxidase (MPO) were measured spectro-
photometrically, whereas concentrations of interleukin 1 beta (IL-1B), tumor necrosis factor a
(TNF-a) and hypoxia-inducible factor 1 alpha (HIF-1a) were measured using commercial
ELISA kits. The control group consisted of 50 healthy people matched by age and sex to the
study group. The number of subjects was determined a priori based on our previous
experiment (power of the test = 0.9; a = 0.05).

Results: We found significantly higher nitrosative stress (fnitric oxide, fperoxynitrite,
1S-nitrosothiols and fnitrotyrosine) in the plasma of patients with adrenal tumors, which was
accompanied by increased inflammatory (fmyeloperoxidase, finterleukin 1 beta and ftumor
necrosis factor o) and hypoxia (HIF-1a) biomarkers. Peroxynitrite and nitrotyrosine were positively
correlated with aldosterone level. Nitrosative stress was also associated with inflammation and HIF-
la. Interestingly, plasma nitrotyrosine and serum MPO differentiated patients with adrenal tumor
from healthy individuals with high sensitivity and specificity. Moreover, using multivariate regres-
sion analysis, we showed that ONOO and IL-1p depended on cortisol level, while ONOO ,
nitrotyrosine and HIF-1a were associated with aldosterone. Unfortunately, none of the assessed
biomarkers differentiated between tumor types studied, suggesting that the severity of nitrosative
damage and inflammation are similar in patients with incidentaloma, pheochromocytoma, and
Cushing’s or Conn’s adenoma.

Conclusion: Adrenal tumors are associated with increased protein nitration/S-nitrosylation
and inflammation.

Keywords: adrenal tumors, nitrosative stress, nitric oxide, peroxynitrite, S-nitrosothiols,
nitrotyrosine, myeloperoxidase, interleukin 1 beta, tumor necrosis factor, a hypoxia-
inducible factor

Introduction

Adrenal masses are usually benign neoplastic lesions detected accidentally during the
diagnosis of other diseases.' They are the most common of all human tumors, and the
frequency of their detection continues to increase, especially with age.” Although
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most of adrenal masses are hormonally inactive, some of
them may contribute to the overproduction of cortisol, aldos-
terone or catecholamines.*> Even though, adrenocortical
carcinomas are very rare, the risk of adrenal masses becom-
ing malignant increases with tumor size. It is estimated that
25% of adrenal tumors larger than 6 cm may become
malignant.® An adrenal masses is associated not only with
the risk of malignancy, but also with the development of
metabolic disturbances.”” In patients with phacochromocy-
toma, excessive secretion of catecholamines (dopamine,
adrenaline and noradrenaline) may lead to the development
of obesity and disorders of lipid and glucose metabolism,
insulin resistance, diabetes and hypertension.” Cushing’s
syndrome also leads to weight gain and, consequently, to
the development of obesity and its metabolic complications,
while Conn’s syndrome is the cause of treatment-resistant
hypertension.'®'! Nevertheless, due to the variety of adrenal
tumors, their clinical symptoms are not specific and their
diagnosis is difficult. The pathogenesis of adrenal masses is
still not fully understood. Probably genetic factors have the
greatest impact on the development of adrenal tumors.'*"?
Indeed, the mutation of VHL/HIF axis is the risk factor of
pheochromocytoma development.'* Hypoxia-induced factor
(HIF-1) has various effects on tumor growth and metabolism,
as well as metastasis, especially in cancer secreting
catecholamines. '

Recent studies emphasize the crucial role of oxidative
stress (OS) in the development of cancer.'®'® The produc-
tion of reactive oxygen (ROS) and nitrogen (RNS) species
is an inherent process of the oxygen metabolism of cells
associated with many physiological and pathological pro-
cesses in the human body.'” OS is closely associated to
nitrosative stress.’ Nitric oxide (NO) reacts with molecular
oxygen, superoxide anion and metal cations, causing the
formation of further reactive oxygen species.”'** The
excessive formation of ROS and RNS leads to oxidative
and nitrosative damage to lipids, proteins and DNA.'%*
Proteins are particularly sensitive to the action of ROS and
RNS because oxidation or nitrosylation of amino acid resi-
dues can lead to their denaturation, fragmentation and
aggregation, resulting in impairment of their (proteins’)
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function or even cell apoptosis. Peroxynitrite

(ONOO") is one of the most cytotoxic reactive forms of
nitrogen and the factor with the greatest potential for protein
oxidation. It is formed in the reaction of NO with O, .2%%’
Interestingly, its formation is promoted by an increase in
inducible NOS isoform (iNOS) activity.”” ONOO™ in reac-

tion with amino acids leads to irreversible modifications of

proteins, which results in the formation of carbonyl groups,
as well as nitration, nitrosylation and dimerization of
proteins.?* > Moreover, both the formation of modified
proteins and an increase in NO concentration can lead to
the disruption of many signaling pathways and the initiation
of inflammatory processes.”'**>! Indeed, ONOO™ and pro-
tein nitration products activate the nuclear factor kappa
B (NF-kB), which induces the secretion of interleukin 1
(IL-1), interleukin 6 (IL-6), interleukin 8 (IL-8) and tumor
necrosis factor o (TNF-a), intercellular adhesion molecule 1
(ICAM-1), as well as nitric oxide synthase (NOS).>** This
leads to self-driving further oxidative/nitrosative damage.**
NO is also the mediator of inflammation due to its enhan-
cing effect of cyclooxygenases action.’® Up to 20% of
tumors are thought to be caused by inflammation.
Cytokines produced in excess contribute to the transforma-
tion of healthy cells into neoplastic ones.>”

In our previous study, we found impaired enzymatic and
non-enzymatic antioxidant barrier as well as increased oxi-
dative damage to lipids, proteins, and DNA/RNA in plasma,
serum and urine in patients with adrenal tumor.*® This indi-
cates a lack of effective protection against oxidative stress in
patients with adrenal masses. So far, nothing is known about
the role of nitrosative stress and inflammation in the devel-
opment of adrenal tumors. Moreover, the diagnosis of adre-
nal tumors is often difficult, therefore the aim of this study
was also to search their new diagnostic biomarkers.

Materials and Methods

The study was designed and conducted according to the
Guidelines for Good Clinical Practice and the Declaration
of Helsinki, as well as approved by the Bioethics
Committee of the Medical University of Bialystok (per-
mission code: R-1-002/66/2015, APK.002.341.2020). All
participants of this study gave their informed consent.

75 patients (39 women and 38 men aged from 49 to 65
years) with adrenal masses diameter> 1 cm and <8 cm were
qualified for this study. Patients had been diagnosed at internal
medicine departments with an endocrinology profile and
underwent elective endoscopic adrenalectomy at the 1st
Department of General and Endocrine Surgery at the
University Hospital in Bialystok, Poland. Depending on the
diagnosis, patients were divided into 3 groups: patients with
non-functional incidentaloma (n = 25), pheochromocytoma
(n = 25) and Cushing’s/Conn’s adenoma (n = 25). In the
adenoma subgroup, 14 patients suffered from Cushing's syn-
drome and 11 from Conn’s syndrome. Patients diagnosed with
Conn’s syndrome were taking potassium or spironolactone
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(aldosterone receptor blocker) in the preoperative period.
Patients with phaeochromocytoma were treated with doxazo-
sin (a selective alpha-1-adrenergic receptor blocker) for 10 to
14 days prior to surgery to avoid intraoperative hypertensive
crisis. 26 patients had hypertension, that was diagnosed
according to World Health Organizations guidelines.
Hypertension was diagnosed if measuring on two different
days the value of systolic (SBP) and/or diastolic (DBP) blood
pressure was 140/90 (mmHg) or above. Blood pressure was
measured on the non-dominant upper arm using Diagnosis
UA-651 A&D Medical apparatus. The cuff was put on tightly
to the exposed arm, about 2-3 cm above the elbow flexion.
Two measurements at intervals of several minutes were taken.

The control group consisted of 50 healthy people (25
women and 25 men aged 50 to 65) who underwent
a dental follow-up examination at the Specialist Dental
Clinic at the Medical University of Bialystok. None of
the volunteers had periodontal disease (probing pocket
depth (PPD) < 2; bleeding on probing (BOP) < 15) or
active caries (decayed teeth < 1). Their full blood counts
and biochemical blood parameters (INR, K*, Na", creati-
nine ALT and AST) were within the reference values.

Participants for both the control and study groups were
uniformly classified on the basis of a negative history of the
following diseases: cardiovascular diseases (other than
hypertension), neoplastic diseases, autoimmune diseases
(Hashimoto’s disease, ulcerative colitis and Crohn’s disease),
diseases of the respiratory, genitourinary and digestive sys-
tems, metabolic diseases (insulin resistance, type 1 diabetes,
mucopolysaccharidosis, osteoporosis and gout), infectious
diseases (HIV/AIDS, hepatitis A, B or C), acute inflamma-
tion, abusing alcohol and smoking as well as pregnancy in
women. All participants of the study denied taking antibio-
tics, glucocorticosteroids, nonsteroidal anti-inflammatory
drugs and antioxidant supplements (including iron prepara-
tions) for three months prior to collecting material for the
study. The clinical and laboratory characteristics of the con-
trol and study groups are shown in Table 1.

Blood and Urine Collection

The participants of the study declared, that they did not per-
form intense physical activity twenty-four hours before blood
sampling. All blood samples from patients of control and
study groups were collected in a fasting state into serum and
EDTA tubes (SARSTEDT, S-Monovette) and centrifuged for
10 minutes at 4°C and 4000 rpm. The urine samples were
collected from the first-morning portion of urine from the
middle stream immediately after bedtime into a sterile

Table | Clinical and Laboratory Characteristics of the Controls, Incidentaloma, Pheochromocytoma, and Cushing’s/Conn’s Adenoma Patients. Results are Presented as Median with

25% and 75% Percentiles

| = = v = = ® ® = A OV =
>—oo~oNoowl\mo~o_o
o Q 9 M Q Q9 9O W O — AN A 5 Q
O|l® 39 =9 899 =9 a9 39S
ZOOOOOOOOOOOO?O
mn vy v nnv v nnninoin L v
<ﬂ.ﬂ.ﬂ.ﬂ.ﬂ.ﬂ.ﬂ.ﬂ.ﬂ.ﬂ.ﬂ.ﬂ. o
-
(%]
o~
u
c
<
E ~
~ &N ~ = -
e SEMSEES =83
gl 327878523 ¢
k-] - ™ - o 0
I S\ | 1 |
< x v« ~ I o 4
a0 Q8 IR ARS8 "
w | \n = >~ = C w2 m o ¥ 02 =
Tl ot P T i o T dS
~ % F M 0
S| v % £ T o~w®t 3R o3 3
& © N o 8 & 25 T ¢« ¥
(9] P 0 o = N - o
) & - = ~ -
o0
£
=
[}
3
O
-~
]
o~
N
£ = —~ = @&
N n ~ 0 _: = ~ —~
g & eomzd o392
—~ 9 o — © I Y
S| ¥n @5 L0 3TTw 5 T
u°¢l‘|N—TIN [N
Nl dow2 =S8 adaan R ywvwu;mdg
= S R m _ T 2N m = 4 d
dle STz T2 v ¢l -
glal o S=% y T2
S T N % N ® <+ N
S|P ®Pm Gl Y2 R3SFme
< ™~ o - o 3 5 N - @
o - ¥ 9 ® ~
5| ® %
1]
=
o
-
wn
~ =< ~
- —~ P
L S S &g ~~2o 0 ® &
S99 Ts=RdagFTZa2+<g
S8 32T 9743739213
. g | | |
o X N o %) o n Q
E$Nw2~.\°_°ﬂq°‘m'\v~o
RS I S AR S S
2| 25 < & T T T dET -
. O = d £
| = % ¥ 2 % < < < %
E | 0 & ¥ ™M o 2 L F VR o m
1] HE a2y 3R IR
2 o o — — < N ¥ I~
g &=
~ ~
o - < o~ o _~ o~~~ = =~
Nl lama- Y8558 25K <8
S| 8 Y8 AFET YT TS ITTIT
~ T 88T T wn Lo |
© ) © M N
mmNNO;QI\vfMI\U?'\-,\
sledc el deTg
5|l -9 mass i
e |2 =N T T S v S inmin o2
H - ~ S o oo o9 o
2 o = ~ n N < 2
o S
~N
o
o
3
EY
~ =
: &
E %
o T =
o NS
=4 % o
I 2 e
=
P—
£ 2 2 5
-~ 33T E%
g22it
T 9o -9 8 = I~
~ % e 5 gas ~F2 -3
<« E £ c g8 = o0 Oa =3O =
E - 0 9 @ 5 o 0 o v =
= o 9 £ o g w 2 5 -
R g E S EEESZ®E
VSES‘”“’&"IU o =
0o = 9 2 £ £ + a O -
w > 2 5 8 £ T 4+ [ -4 m O H
fTs08<x>55v%vz032Ia

Notes: *p<0.05, *p<0.01, ¥*p<0.001, ****p<0.0001 indicate significant differences from the controls; * p<0.05, M p<0.0001 indicate significant differences from the pheochromocytoma group; ~p<0.05, ~~p<0.0l, ~~~p<0.001

indicate significant differences from the Cushing’s/Conn’s group.
Abbreviations: BMI, body mass index; CRP, C reactive protein; HGB, hemoglobin; PLT, platelet count; RBC, red blood cell count; WBC, white blood cell count; UA, uric acid.
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disposable container and centrifuged for 5 minutes at
1500 rpm. In order to protect against oxidation, butylated
hydroxytoluene (BHT) was added to the supernatant (10 uL
of 0.5 M BHT/1 mL of plasma/serum and urine and stored at

—80°C until final examinations were made.'®*’

Laboratory Measurements

Full blood count, as well as serum biochemical test (corti-
sol before 10 a.m., serum aldosterone, glucose Na*, K,
and urine metanephrine and normetanephrine) were deter-
mined using automated blood analyzers (Sysmex XN1000,
Abbott Diagnostics, In both

groups, the laboratory tests were performed in the

Wiesbaden, Germany).

Laboratory of Biochemical Diagnostics, University

Hospital in Bialystok, Poland.

Nitrosative Stress

All reagents to this study were purchased from Sigma-
Aldrich (Niimbrecht, Germany and/or Saint Louis, MO,
USA). All determinations were conducted in duplicate
samples and results were standardized to 1 mg of total
protein. NO concentration was determined in triplicates.
The total protein content was analyzed spectrophotometri-
cally using the bicinchoninic acid (BCA) method.
Commercial diagnostic kit (Thermo Scientific PIERCE
BCA Protein Assay; Rockford, IL, USA) was performed
according to manufacturer’s instructions. The absorbance
and fluorescence were measured using BioTek Synergy H1
(Winooski, VT, USA) Microplate Reader.

The plasma concentration of total nitric oxide (NO) was
measured spectrophotometrically method, using sulfanilamide
and NEDA-2 HCl (N-(1-naphthyl)-ethylenediamine
dihydrochloride).*®*?°  The
S-nitrosothiols was evaluated spectrophotometrically in the

plasma  concentration  of
reaction of the Griess reagent with Cu®* ions.*® The concen-
tration of plasma peroxynitrite was estimated spectrophotome-
trically according to the reaction of peroxynitrite-mediated
nitration resulting in the formation of nitrophenol.*' The
absorbance of NO and S-nitrosothiols was measured at 490
nm, whereas peroxynitrite at 320 nm. The concentration of
plasma nitrotyrosine was analyzed spectrophotometrically
using ELISA  method.
(Immundiagnostik AG; Bensheim, Germany) was conducted

Commercial — diagnostic kit
in accordance with manufacturer’s instructions.

The activity of serum myeloperoxidase (MPO) was
measured spectrophotometrically at 450 nm. The sulfani-
lamide hexadecyl trimethyl ammonium, ortho-dianisidine
dihydrochloride, and hydrogen peroxide were used as

reagents.*” The concentrations of interleukin 1 beta (IL-
1B), tumor necrosis factor o (TNF-a) and hypoxia-
inducible factor 1 alpha (HIF-1a) were measured using
commercial ELISA kits from EIAab, Wuhan, China. We
followed the instructions provided by the manufacturer.

Statistical Analysis

Statistical analysis was performed using the GraphPad Prism
8.4.3 for MacOS (GraphPad Software, Inc. La Jolla, USA)
according to Shapiro—Wilk test, Levene’s test, Kruskal—
Wallis ANOVA test and post-hoc Dunn’s test. Statistical
significance was established at p < 0.05 and multiplicity-
adjusted p-values were calculated for all comparisons. Data
was expressed as median with 25% and 75% percentiles.
Relations between various parameters were tested by
Spearman correlation coefficient. Multivariate analysis of
the simultaneous impacts of many independent variables
on one quantitative dependent variable was conducted by
means of linear regression. Cortisol, metanephrine, norme-
tanephrine and aldosterone were included as independent
variables. A 95% CI was reported along with regression
parameters. Based on receiver operating characteristic
(ROC) curves, the diagnostic value of the analyzed biomar-
kers, ie, sensitivity and specificity of the test, was evaluated.
The number of subjects was determined based on our pre-
vious experiment, assuming that the power of the test = 0.9
and a = 0.05. ClinCalc online calculator was used to esti-
mate the sample size.

Results

Table 1 shows a comparison of the clinical and laboratory
characteristics of the controls and patients with adrenal
masses. BMI of patients with adrenal masses was higher
than the controls. Serum glucose concentration was
increased in incidentaloma and Cushing’s/Conn’s adenoma
patients compared to the healthy controls. In Cushing’s/
Conn’s adenoma patients the serum concentration aldos-
terone was greater than the controls. Additionally, aldos-
terone level was higher in Cushing’s/Conn’s adenoma in
comparison with incidentaloma patients. Urinary concen-
trations of metanephrine and normetanephrine were higher
in pheochromocytoma group as compared to other groups.
The CRP level was greater pheochromocytoma than the
controls and incidentaloma patients. We found content of
PLT in patients with incidentaloma and Cushing’s/Conn’s
adenoma as compared to the controls. Moreover, patients
with Cushing’s/Conn’s adenoma have greater amount of
PLT than pheochromocytoma one.
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Total Plasma Nitric Oxide (NO)

NO total plasma concentration of Cushing’s Conn’s
adenoma was increased (+131%, p= 0.0018) as com-
pared to the controls. Additionally, we found signifi-
cantly lower plasma concentration of total NO in
incidentaloma (—71%, p=0.0015) and pheochromocy-
toma (—55%, p= 0.0174) than Cushing’s Conn’s ade-
noma patients (Figure 1A).
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Plasma Peroxynitrite (ONOO )

Plasma concentration of ONOO™ was increased only in
Cushing’s Conn’s adenoma (+62%, p<0.0001) patients as
compared to the controls. Moreover, the ONOO ™ plasma
concentration in Cushing’s Conn’s adenoma subgroup was
higher than incidentaloma (+75%, p= 0.0002) and pheo-
chromocytoma (+47%, p= 0.0097) subgroups. We also
observed elevated peroxynitrite concentrations in OB
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Figure | Violin plots of plasma total NO (A), ONOO ™ (B), S-nitrosothiols (C) and nitrotyrosine (D) of the control, incidentaloma, pheochromocytoma and Cushing’s
Conn’s adenoma patients. Results are presented as median with 25% and 75% percentiles. *p<0.01, *p<0.001, ****p<0.0001 indicate significant differences from the
controls; ~p<0.05, ~~p<0.01, ~~~p<0.001 indicate significant differences from the Cushing’s Conn’s adenoma group; total nitric oxide (NO), peroxynitrite (ONOO").
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+HYP (+44%, p=0.0011) and OB+MS (+60%, p=0.0009)
patients compared to OB ones (Figure 1B).

Plasma S-Nitrosothiols

We noticed greater plasma concentration of S-nitrosothiols
in each group of adrenal masses patients: incidentaloma
(+37%, p<0.0001), pheochromocytoma (+42%, p<0.0001)
and Cushing’s Conn’s adenoma (+44%, p<0.0001) than
the controls (Figure 1C).

Plasma Nitrotyrosine

Plasma nitrotyrosine concentration was greater in inciden-
taloma (+64%, p=0.0008), pheochromocytoma (+88%,
p<0.0001) and Cushing’s Conn’s adenoma (+154%,
p<0.0001) patients than the controls. Further on, we
that (+55%,
p=0.0218) patients had increased plasma concentration of

noticed Cushing’s Conn’s adenoma

nitrotyrosine than incidentaloma patients (Figure 1D).

Serum Myeloperoxidase (MPO)

We observed higher plasma concentration of MPO in each
group of adrenal masses patients: incidentaloma (+39%,
p<0.0001), pheochromocytoma (+41%, p<0.0001) and
Cushing’s Conn’s adenoma (+42%, p<0.0001) in compar-
ison with the controls (Figure 2A).

Interleukin | Beta (IL-18)

We observed that plasma concentration of IL-1B was sig-
nificantly increased in patients with adrenal masses: inci-
dentaloma (+33%, p=0.0002), pheochromocytoma (+16%,
p= 0.0099) and Cushing’s Conn’s adenoma (+42%,
p<0.0001) patients in comparison with the controls
(Figure 2B).

Tumor Necrosis Factor o (TNF-a)

Plasma concentration of TNF-a was greater in each group
of adrenal masses patients: incidentaloma (+39%,
p<0.0001), pheochromocytoma (+22%, p= 0.004) and
Cushing’s Conn’s adenoma (+33%, p<0.0001) than the
controls (Figure 2C).

Hypoxia-Inducible Factor | Alpha (HIF-10)
Plasma HIF-lo concentration was markedly higher in
incidentaloma (+12%, p=0.0002), pheochromocytoma
(+13%, p<0.0001) and Cushing’s Conn’s adenoma
(+18%, p<0.0001) patients than the controls (Figure 2D).

Correlations

We found positive correlations between ONOO  and
aldosterone (R=0.337, p=0.004), as well nitrotyrosine and
aldosterone (R=0.41, p<0.0001). NO total plasma concen-
tration was associated positively with plasma ONOO™
(R=0.717, p<0.0001), nitrotyrosine (R=0.434, p<0.0001)
and S-nitrosothiols (R=0.313, p=0.006). Plasma ONOO
correlated positively with  nitrotyrosine (R=0.711,
p<0.0001) (R=0.314, p=0.006).
Plasma nitrotyrosine was positively associated with
S-nitrosothiols (R=0.23, p=0.047).

Nitrosative stress was also associated with inflammation.
We observed positive correlations ONOO™ with MPO
(R=0.591, p<0.0001), IL-1B (R=0.356, p=0.002) and TNF-
o (R=0.337, p=0.003), as well as nitrotyrosine with MPO
(R=0.338, p=0.003), IL-1p (R=0.598, p<0.0001) and TNF-a
(R=0.611, p<0.0001). The positive correlations were also
seen between total NO and MPO (R=0.441, p<0.0001),
and S-nitrosothiols and MPO (R=0.307, p=0.007).

Interestingly, we also found correlations between hypoxia

and S-nitrosothiols

and nitrosative stress, inflammation and clinical parameters.
The positive correlations were observed between HIF-1a and
ONOO  (R=0.389, p=0.001), nitrotyrosine (R=0.636,
p<0.0001), IL-1B (R=0.418, p<0.0001), TNF-a (R=0.514,
p<0.0001) and aldosterone (R=0.274, p=0.019).

BMI was positively associated with serum concentration
of glucose (R=0.253, p=0.033) and negatively with urine
metanephrine (R=—0.339, p=0.003). Serum concentration of
glucose correlated negatively with urine metanephrine (R=
—0.346, p=0.003) (R=—0.246,
p=0.0039). We also observed positive correlations between
(R=0.261,
p=0.026), metanephrine and normetanephrine (R=0.246,
p<0.0001) and IL-1B and TNF-a (R=0.78, p<0.0001).

Correlations between nitrosative stress biomarkers and

and normetanephrine

aldosterone and urinary normetanephrine

inflammation and clinical parameters are shown in Figure 3.

Multivariate Regression Analysis
Using multivariate regression analysis, we showed that
concentration of ONOO™ and IL-1B depend on cortisol
level, while ONOO", nitrotyrosine and HIF-la varies
with aldosterone. Results of multifactorial regression ana-
lysis are shown in Table 2.

ROC Analysis

We also analyzed diagnostic usefulness of the estimated
nitrosative stress and inflammatory biomarkers. The
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results of ROC analysis are presented in Table 3.
Interestingly, plasma nitrotyrosine and MPO with high
sensitivity and specificity differentiates adrenal tumor
patients from the healthy individuals (Table 3).

Discussions
The etiology of adrenal tumors is not well understood.
Recent studies indicate that some patients are characterized

by chromosomal abnormalities, deficiencies in growth fac-
tor production as well as diminished antioxidant barrier and
higher oxidative stress level.**** However, the role of NO
metabolites and their association with inflammatory mole-
cules is still unknown in patients with adrenal tumors. This
study is the first to demonstrate systemic nitrosative stress
and inflammation in different types of adrenal masses.
Additionally, we have shown that plasma nitrotyrosine

Journal of Inflammation Research 2021:14

6323

Dove:


https://www.dovepress.com
https://www.dovepress.com

Choromanska et al

Dove

o
[~
2 Ee
228 oacg
- L = c 0=
g8E <
c - Q
© §8>‘22300 @
- ® hx_vnEE_Q [+}
LB 09=E0F50ESEn 8=
LZ"osES5638c0c 23
TFEF2SZnar<zS0000 10
BMI ’
Glucose|
CRP
Cortisol 0.5
Metanephrine
Normetanephrine

Aldosterone
Total NO F 10
Peroxynitrite
S-nitrosothiols|
Nitrotyrosine
MPO F 1-05

IL-1B

TNF-a

HIF-1a

-1.0

Figure 3 Correlation heat map between the analyzed nitrosative stress, inflamma-
tion and clinical parameters in serum and plasma of the patients with adrenal
masses; body mass index (BMI), C reactive protein (CRP), nitric oxide (NO),
myeloperoxidase (MPO), interleukin | beta (IL-I1B), tumor necrosis factor o
(TNF-a) and hypoxia-inducible factor | alpha (HIF-1a).

may be a potential biomarker differentiating healthy indi-
viduals from cases with incidentaloma, pheochromocy-
toma, and Cushing’s/Conn’s adenoma.

NO is an important signaling molecule involved in the
regulation of many physiological processes. This com-
pound also has a second face because, in a high concen-
tration, NO exhibits strong cytotoxic properties.'*?”** The
biological activity of NO is mainly manifested by protein
S-nitrosylation and tyrosine nitration.*> Therefore, in adre-
nal tumor patients, we observed not only increased NO
formation, but also higher S-nitrosothiols and nitrotyrosine
levels. NO may be a promoter of carcinogenic nitrosa-
mines, while nitrosylation of primary arylamines is
directly responsible for its mutagenic effects.*® It is
believed that nitrosative damage to DNA and disruption
of replication and transcription processes represent an
early stage of tumor development.*” Nevertheless, NO
may also contribute to tumorigenesis by suppressing the
immune response and inducing angiogenesis.*® Indeed,
cytokine-activated macrophages produce large amounts
of NO, which increase, on a positive feedback, the forma-
tion of cytokines, chemokines, and growth factors.*® This
may be confirmed by the positive correlation between NO
and MPO in the adrenal tumor patients. Furthermore, nitric
oxide reacting with superoxide radical generates peroxyni-
trite, which is the most potent oxidizing and nitrating
agents.””>* In our study, this may be confirmed by the

positive correlation of ONOO™ with nitrotyrosine and
S-nitrosothiols. Although S-nitrosylation has important
biological functions, the increased formation of
S-nitrosothiols disrupts many enzymatic and structural
proteins by forming protein disulfides and attaching
nitroxyl moieties.”’ > Protein modified by nitrosative
stress tend to form aggregates, which accumulate in tissues
and reduce their susceptibility to proteolytic degradation.
These complexes can also stimulate the NADPH oxidase
(NOX) activity, which is the primary source of free radi-

cals in the cell.>*

NOX activation also increases the synth-
esis and release of inflammatory mediators,”> which may
be supported by the positive relationship between
S-nitrosothiols and MPO. However, NO-mediated mito-
chondrial dysfunction also has an important role in tumor
induction and progression. NO has been shown to down-
regulation of glyceraldehyde-3-phosphate dehydrogenase
activity (through S-nitrosylation and subsequent ADP-
ribosylation), leading to inhibition of glycolysis and
a decrease in ATP cellular level.’®>® ONOO™ can also
suppress ATP synthesis by inhibiting mitochondrial aconi-
tase in the citric acid cycle. Thus, the cytotoxic effects of
NO are associated with inhibition of key cellular
ONOO™

32,61

enzymes.®° may also exacerbate
inflammation, as evidenced by a positive correlation
with MPO, IL-1B and TNF-a.

We also found elevated concentration of HIF-la in
patients with adrenal tumors. HIF-1a is a crucial transcrip-
tion factor in cancer progression.'> HIF-1a shows various
effects depending on the oxygen supply. Under the phy-
siological concentration of oxygen in cells, it is broken
down by the ubiquitin-proteasome pathway (UPP).%
However, in hypoxic states, its accumulation is excessive,
which leads to the dysregulation of many genes involved
in the pathogenesis of cancer. It was shown that HIF-1 is
activated under oxidative stress conditions.®® Indeed, high
concentration of ROS produced in the mitochondria leads
to stabilization of HIF-10.%* Moreover, studies from recent
years indicate that NO takes part in the stabilization of
HIF-1a directly by S-nitrosylation and indirectly by inhi-
bition of procollagen-proline dioxygenase (PHDs).®>%
Precise cellular responses and protein activation may
depend on various concentrations and duration of exposure
to NO.°”%® The HIF-la response to NO exposure is
immediate. NO can stabilize HIF-1a only in concentra-
tions above the threshold amount leading to its excessive

accumulation. On the other hand, lowering the NO
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Table 3 Area Under the Curve of Nitrosative Stress and Inflammatory Biomarkers Between Adrenal Tumor Patients and the Controls
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Note: Results are presented as median with 25% and 75% percentiles.

Abbreviations: NO, nitric oxide; MPO, myeloperoxidase; IL-1, interleukin | beta; TNF-a, tumor necrosis factor o; HIF-1a, hypoxia-inducible factor | alpha.

concentration below the minimum level leads to a decrease
in the level and disappearance of HIF-10.°* 7" The above
statement may explain the positive correlations of HIF-1a
with ONOO™ and nitrotyrosine in patients with adrenal
tumors observed in our study. Additionally, we observed
that HIF-la was positively associated with IL-1f and
TNF-o. Under hypoxic conditions, the activity of HIF-1a
is closely related to inflammation.”’ It regulates the secre-
tion of cytokines, the differentiation of monocytes into
macrophages accompanied by the secretion of cytokines
such as IL-1p, IL-6, IL-12, IL-23 and TNF-o.”*"* It is
important to note that HIF-1o may be stabilized by inflam-
matory cytokines, especially TNF-o, inducing positive
feedback, stimulating further differentiation of monocytes
into macrophage.”’””> Moreover, nuclear factor kappa
B (NF-kB) plays a key role in the stabilization of HIF-1a
by TNF-a, which intensifies HIF-1o-mediated inflamma-
tion under hypoxic conditions.”!

Metabolic abnormalities accompanying adrenal masses
may be responsible for increased inflammation and nitro-
sative stress. Semi-quinone radicals (formed in the oxida-
tion of dopamine, epinephrine, and norepinephrine) have
been shown to cause glutathione oxidation, lipoperoxida-
tion, and DNA oxidative damage.*® This promotes the
formation of inflammatory mediators and enhances
NADPH oxidase activity, which is not only an important
source of free radicals but also cytokines and
chemokines.”® Catabolism of catecholamines by MAO
and COMT enzymes may also increase NO production
and interleukin secretion.”” In our study, we also observed
a higher BMI in patients with adrenal tumors compared to
healthy controls. Although excessive catecholamine secre-
tion leads to weight loss, it may also be involved in the
development of obesity and metabolic disorders.” Several
studies have shown that catecholamines inhibit adiponec-
tin secretion, which is significantly reduced in patients
with adrenal masses.”* ™ In transgenic mice with
a deletion of the collagen domain of adiponectin, a lower
concentration of circulating adiponectin was observed,
which led to an increase in lipoprotein lipase activity and
lipid removal.®' However, it should be noted that patients
in the study group were only overweight but not obese.

Similarly, increased cortisol output may also disrupt
redox homeostasis and inflammation. On the one hand,
cortisol blocks cyclooxygenases (COX-1 and COX-2)
responsible for the formation of prostaglandins and pro-
teolytic enzymes (elastase and collagenase), impoverishing
the phagocytosis process and protecting lysosomes against
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the release of degrading hydrolytic enzymes.*? However,
this hormone also increases hepatocyte’s sensitivity to
adrenaline and glucagon as well as intensifies gluconeo-
genesis by stimulating phosphoenolpyruvate carboxyki-
nase and glucose-6-phosphatase activities.**** Cortisol
also enhances adipose tissue lipolysis with accompanying
release of glycerol and free fatty acids into circulation.®
Therefore, it may be responsible for hyperglycemia and
hyperlipidemia in adrenal masses patients. In our study,
although glucose level was generally within reference
values it was also significantly higher compared to con-
trols. The highest glucose values were observed in patients
with
Therefore, metabolic abnormalities caused by higher cor-

incidentaloma and Cushing’s/Conn’s adenoma.
tisol/catecholamine output may be associated with sys-
temic inflammation and nitrosative stress.®® However,
this hypothesis requires further research and clinical
observations.

An important part of the study was also to determine the
diagnostic utility of nitrosative stress and inflammatory bio-
markers. Diagnosis of adrenal tumors is based on imaging
studies in conjunction with evaluation of blood/urine hor-
mones such as cortisol, metanephrine, and normetanephrine.
Therefore, biomarkers for early and non-invasive diagnosis
of adrenal cancer are still being sought. Using ROC analysis,
we demonstrated that circulating S-nitrosothiols, nitrotyro-
sine, and MPO differentiate controls from adrenal tumor
patients with very high sensitivity (>72%) and specificity
(>83%). Of particular note is nitrotyrosine, whose levels
correlate not only with inflammatory markers (MPO, IL-
1B, TNF-a) but also with HIF-la and aldosterone. In
a multivariate regression model, we showed that nitrotyro-
sine is a predictor of aldosterone levels, which also supports
the diagnostic value of this biomarker. It should be noted
that nitrotyrosine determination is simple and inexpensive
and can be performed in a routine diagnostic laboratory.
Unfortunately, none of the assessed biomarkers did not
differentiate between tumor types, suggesting that the sever-
ity of nitrosative damage and inflammation are similar in
patients with incidentaloma, pheochromocytoma, and
Cushing’s/Conn’s adenoma.

Our study is the first to evaluate the association of
adrenal masses with nitrosative/nitrative stress, inflamma-
tion and HIF-1 expression. Although NO metabolites and
the inflammatory response may be involved in adrenal
still

unknown. Due to the lack of ethics committee approval,

masses development, the exact mechanism is

we could not conduct animal studies to make the

conclusions more convincing. Further studies evaluating
the role of redox imbalance, inflammation, and apoptosis
in adrenal masses progression are needed.

Conclusions
1. Adrenal tumors are associated with increased pro-
tein nitration/S-nitrosylation and inflammation.
2. There is a need for molecular studies to explain
disturbances in redox homeostasis, nitrosative stress,
and inflammation in patients with adrenal tumors.
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