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Abstract: The study aimed to analyze hsa-miR-16-5p, hsa-miR-143-3p, hsa-miR-423-5p,
hsa-miR-137-3p, hsa-miR-489-5p, hsa-miR-520-3p, hsa-miR-486-5p, and hsa-miR-200a-3p
expression in the serum of patients with invasive non-functioning pituitary adenomas (NF-
PAs) and prolactinomas, as candidates for non-invasive biomarkers. The study included
62 patients with NFPAs and 18 with macroprolactinoma who qualified for transsphenoidal
surgical resection. MicroRNAs were isolated from serum samples. The expression lev-
els of hsa-miR-16-5p, hsa-miR-143-3p, hsa-miR-423-5p, hsa-miR-137-3p, hsa-miR-489-5p,
hsa-miR-520-3p, hsa-miR-486-5p, and hsa-miR-200a-3p were determined using TagMan
MicroRNA assays. The statistical analyses were performed with MedCalc. The total con-
centration of microRNA was significantly lower in NFPAs than in the CG (p = 0.0419). ROC
curve analysis showed that the cutoff point of miRNA lower than 10.73 predicted the PA
(sensitivity = 70.0%; specificity = 57.7%; AUC = 0.629; p = 0.052). No correlation between
selected miRNAs and tumor type was found: hsa-miR-143-3p (p = 0.4610), hsa-miR-16-5p
(p = 0.8767), and hsa-miR-423-5p (p = 0.1459). miRNA expression also did not correlate
with invasiveness (cavernous or sphenoid sinus invasion, optic chiasm compression). Al-
though the total expression of microRNA was significantly lower in NFPAs, hsa-miR-16-5p,
hsa-miR-143-3p, and hsa-miR-423-5p are not useful as non-invasive biomarkers in patients
with invasive non-functioning pituitary adenomas and prolactinomas.
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1. Introduction

Pituitary tumors (PTs) are a heterogeneous group of central nervous system lesions [1].
They are the second most common intracranial neoplasm, with the overall incidence es-
timated between 680 and 1430 cases per million people. Invasive adenomas account for
22-55% of pituitary adenoma (PA) cases, with invasiveness defined as the tumor invading
surrounding structures, such as the cavernous sinuses and sphenoid sinus, as well as
the focal or extensive bones [2]. Aggressive PAs, classified based on their invasiveness,
rapid tumor growth, resistance to treatment, and multiple recurrences despite standard
approaches, including surgical, pharmacological, and radiotherapy treatment [3], represent
2% of surgically resected tumors [4,5]. The prevalence of pituitary adenomas continues to
rise, possibly due to improved radiographic imaging techniques. Their incidence varies
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according to age and gender but is slightly more common in women between 40 and
60 years. The most common pituitary tumors are prolactinomas (40-66%), followed by clin-
ically non-functioning pituitary adenomas (NFPAs, 15-43%), somatotropinomas (8-16%),
corticotropinomas (2-6%) and, rarely, thyrotropinomas (<1%) or gonadotropinomas [6].
Functioning pituitary tumors (hormone-producing) are usually diagnosed earlier than
non-functioning pituitary tumors [7].

Surgical resection of the tumor mass is the first-line treatment for all hormonally active
PTs, except prolactinomas [8]. However, surgery should be discussed alongside dopamine
agonist treatment as a first-line option, especially in patients with rapidly progressive vision
loss due to a sellar mass, as well as in younger patients, with a high chance of cure [9].
Patients with prolactinoma who do not respond to pharmacological treatment or experience
severe side effects should also undergo surgical resection. Almost 90% of pituitary tumors
can be safely excised using a transsphenoidal approach under fluoroscopic guidance and
microsurgical techniques. Radiotherapy is usually used for residues or recurrences in inop-
erable sites [10,11]. The clinical outcomes of pituitary tumors highly differ; some remain
stable for a long time, many grow slowly, and in rare cases, rapid tumor growth may also
be observed [12]. After surgery, approximately 30% of patients show tumor regrowth, and
the risk of tumor progression in the presence of a residual tumor is increased [13]. The
treatment is challenging due to a lack of treatment targets and a limited understanding of
the molecular mechanisms responsible for the development of these tumors [14]. The exact
pathogenesis of pituitary adenomas is not well understood, but it is thought to be related
to a combination of genetic and environmental factors. Almost 95% of all PAs are spo-
radic [5]. Although the genetic background remains unknown, the relevance of epigenetic
changes is increasingly being raised. The pituitary epigenetic changes at the chromatin
(pretranscription) and RNA levels (post-transcription) seem crucial in determining clinical
characteristics, such as subtype differentiation and local invasion.

MicroRNAs (miRNAs) are small (about 19-25 nucleotides) non-coding RNA molecules
involved in the post-transcriptional regulation of gene expression. They are a significant
class of molecular regulators, regulating about 30% of human genes. They bind primarily
to the 3’ untranslated regions and repress protein expression via the degradation of tar-
geted mRNAs [15,16]. Since the first report, more than 1500 human miRNAs have been
described. Recent studies have explored its use and ability to diagnose, prognose, and
detect recurrence in many neoplasms, such as prostate cancer, breast cancer, ovarian cancer,
colorectal cancer, and thyroid cancer [17,18]. In 2005, miRNAs were shown to be expressed
in the pituitary gland [19]. They are also present in blood, saliva, cerebrospinal fluid, or
follicular fluid of the ovary [20-24]. In fact, unlike cellular RNA, circulating miRNAs are
stable in human body fluids and resistant to adverse conditions, such as acidic or alkaline
pH, high temperature, and multiple freeze-thaw cycles [9]. Due to these characteristics
and the fact that their expression level is closely related to pathology, miRNAs are can-
didates for new, non-invasive biomarkers. In pituitary adenomas, miRNA expression is
primarily associated with PA tumorigenesis and treatment resistance, and the miRNAs
with differential expression that have been identified in exosomes of PA patients suggest
that miRNAs are selectively sorted into exosomes involved in tumor progression, invasion,
and non-hormonal effects [14]. hsa-miR-16 was among the first identified miRNAs with a
tumor-suppressive role in PAs [25]. Elevated expression of hsa-miR-200a was associated
with PA invasion [26]. hsa-miR-143 might play a role in tumor progression or response to
surgery [27]. hsa-miR-486-5p may serve as a significant prognostic marker in NFPAs, as
patients with high hsa-miR-486 expression exhibited an increased risk of tumor relapse or
residual progression [16]. In a comprehensive bioinformatic analysis aimed at identifying
microRNAs associated with the aggressiveness of prolactinomas, hsa-miR-489 emerged
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as a potential biomarker for early diagnosis and personalized treatment of aggressive tu-
mors [28]. hsa-miR-137 has been shown to inhibit cell survival, proliferation, and migration
in both in vitro and in vivo models of prolactinoma [29]. Low expression of hsa-miR-137 is
correlated with increased invasiveness and a higher frequency of tumor relapse [29].

Due to that knowledge, the study aimed to analyze hsa-miR-16-5p, hsa-miR-143-
3p, hsa-miR-423-5p, hsa-miR-137-3p, hsa-miR-489-5p, hsa-miR-520-3p, hsa-miR-486-5p,
and hsa-miR-200a-3p expression in the serum of patients with invasive non-functioning
pituitary adenomas (NFPAs) and prolactinomas as candidates for non-invasive biomarkers.

2. Results

The analysis included 62 patients (32 females, 30 males) with non-functioning pituitary
adenomas aged 20-83 and 18 patients with prolactinomas (four females, 14 males) aged
21-70 who qualified for tumor resection. The basic characteristics of the study groups are
summarized in Table 1.

Table 1. Basic characteristics of the studied groups.

NFPA (n = 62) PRL (n = 18) CG (n=26)
Age (M £ SD) 573 £15.6 425+ 14.0 422 +13.1
Gender (males/females) 30 (48%) /32 (52%) 14 (78%) /4 (22%) 9 (35%) /17 (65%)
Macroadenoma 57 (92%) 13 (72%) NA
Giant adenoma 5 (8%) 5 (28%) NA
Volume (cm3) (M =+ SD) 7.95 (£7.08) 10.49 (£13) NA
Invasive/Non-invasive 62 (100%)/0 16 (89%) /2 (11%) NA
Invasion of cavernous sinus 57 (92%) 14 (78%) NA
Invasion of sphenoid sinus 11 (18%) 2 (11%) NA
Optic chiasm compression 45 (73%) 13 (72%) NA
Tumor mass effect
Headache 54 (87%) 11 (61%) NA
Visual field defect 39 (63%) 9 (50%) NA
Hyperprolactinemia 24 (39%) 18 (100%) NA
Hypopituitarism
Gonadal axis 30 (48%) 9 (50%) NA
Corticotropic axis 20 (32%) 6 (33%) NA
Somatotropic axis 6 (10%) 1 (6%) NA
Tyreotropic axis 22 (35%) 6 (33%) NA

NFPA—non-functioning pituitary adenoma; PRL—prolactinoma; CG—control group; NA—not applicable.

In the NFPA group, all patients presented with invasive tumors: 92% with macroad-
nomas and 8% with giant adenomas. Optic chiasm compression was present in 73% of the
cases, followed by visual field defect in 63%. Concurrent hyperprolactinemia caused by
pituitary stalk compression was found in 39% of cases. Hypopituitarism was present in
over 50% of patients; the most common was the hypofunction of the gonadotropic axis
(48%), followed by the thyreotropic (35%), corticotropic (32%), and somatotropic (6%) axes.
Panhypopituitarism was present in six patients (10%).

Most patients in the PRL group were males (78%). Macroadenoma was present in
13 patients, and giant adenoma was present in five patients. The mean volume of the tumor
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was larger than in NFPAs; in 89%, there was an invasion of the cavernous and/or sphenoid
sinus, and 72%. Optic chiasm compression was found in 72%, causing visual field defects
in 50% of patients. The gonadotropic axis was impaired in 50% of the patients, followed by
corticotropic (33%) and thyrotropic (33%) dysfunction. Panhypopituitarism was found in
one patient.

Table 2 presents the laboratory results of all studied groups. The total concentration
of microRNA was significantly lower in the NFPA group than in the CG (p = 0.0419). We
did not observe that for prolactinoma. There was no significant difference in the mean
concentration of hsa-miR-143-3p, hsa-miR-16-5p, or hsa-miR-423-3p in PAs in comparison
to healthy controls (p = 0.568, p = 0.107, p = 0.523, respectively). We were not able to
target targeted hsa-miR-137-3p, hsa-miR-489-5p, hsa-miR-520-3p, hsa-miR-486-5p and
hsa-miR-200a-3p, and we excluded them from further analyses. We observed significantly
lower levels of follicle-stimulating hormone (FSH), luteinizing hormone (LH), estradiol,
testosterone, and fT4 in NFPAs and prolactinomas than in the control group (p < 0.05).
Insulin-like growth factor 1 (IGF-1) and free triiodothyronine (fT3) were significantly lower
in the NFPAs group than the CG (p = 0.024 and p = 0.0067, respectively).

Table 2. Laboratory results of all studied groups.

Median (95% CI) NFPA PRL CG p-Value
ACTH [pg/mL] 29.8 (23.6-35.4) 39.6 (26.4-45.6) * 18.9 (13.7-22.2) 0.006
GH [ng/mL] 0.26 (0.17-0.46) 0.24 (0.07-0.49) * 0.89 (0.35-1.95) 0.018
Cortisol [nmol/L] 339 (271-408) 331 (273-423) 395 (340-471) 0.066
TSH [uU/mL] 1.10 (0.90-1.47) * 1.89 (1.02-2.22) 1.77 (1.28-2.41) 0.003
fT3 [pmol/L] 39(3.74.1)* 4.0 (3.4-4.4) 4.5 (4.2-4.8) 0.006
fT4 [pmol/L] 14.1 (13.4-15.0) * 12.5 (9.3-15.0) * 15.5 (14.6-16.2) 0.002
R e e
PRL [uIU/mL] 302 (234-403) 4220 (982-16697) * 249 (197-363) 0.000003
FSH [mIU/mL] 5.9 (4.5-7.8) 2.6 (1.5-3.6) % 5.9 (4.7-11.2) 0.002
LH [mIU/mL] 3.7 (25-6.1)*% 2.1(14-3.1)* 8.2 (4.8-14.1) 0.0008
Testosterone [nmol /L] M 7.06 (2.12-10.7) * M 4.93 (1.50-9.95) * M 19.2 (16.6-24.1) M 0.0067
F0.4(0.1-0.8) * F 1.13 (0.85-1.38) F 1.0 (0.85-1.3) F 0.0005
SHEGIwol/Ll ROCGOGY et sms  Feauvamy 0w
Estradiol [pg /.| 7 (18) a1 (23149 Faoss)  Foow
miRNA concentracion 6.55 (6.06-8.35) * 10.08 (6.63-14.59) 12.11 (6.28-16.45) 0.031
hsa-miR-143-3p 28.72 (28.05-29.01) 29.08 (26.72-30.74) 29.67 (27.49-30.49) 0.568
hsa-miR-16-5p 24.22 (23.49-25.04) 25.26 (22.50-27.06) 25.38 (24.07-27.36) 0.107
hsa-miR-423-3p 28.42 (27.07-29.62) 27.74 (25.56-29.73) 28.84 (27.97-29.66) 0.523
hsa-miR-191-5p 28.05 (27.53-28.21) 27.97 (26.21-31.04) 28.92 (27.73-30.70) 0.348

NFPA—non-functioning pituitary adenoma; PRL—prolactinoma; CG—control group; LH—luteinizing hormone;
FSH—follicle-stimulating hormone; PRL—prolactin; SHBG—sex hormone binding globulin; TSH—thyroid-
stimulating hormone; fT3- free triiodothyronine; fT4—free thyroxine; GH—growth hormone; IGF1—insulin-like
growth factor 1, ACTH—adrenocorticotropic hormone; M—males; F—females; *—significant difference between
study group and CG; Cl—confidence intervals.
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Table 3 shows correlations between hsa-miR-16-5p, hsa-miR-143-3p, hsa-miR-423-3p
and total miRNA concentration in patients with NFPAs, prolactinomas and healthy controls.
The total concentration of microRNA differed according to tumor type (p = 0.0083). The
Kruskal-Wallis test revealed that miRNA concentration was significantly lower in the NFPA
group than in the CG (p = 0.0419) (Figure 1). We did not observe that for prolactinoma. No
correlations between selected miRNAs and tumor type were found, neither for miR-143-3p
(p = 0.4610), nor hsa-miR-16-5p (p = 0.8767), or hsa-miR-423-5p (p = 0.1459) (Figure 2).

Table 3. Correlations between hsa-miR-16-5p, hsa-miR-143-3p, hsa-miR-423-3p, and total miRNA
concentration in patients with NFPAs, prolactinoma, and healthy controls (Spearman’s rank correla-
tion coefficients).

. . . Total miRNA
hsa-miR-143-3p hsa-miR-16-5p hsa-miR-423-3p Concentration
Rs p-Value Rs p-Value Rs p-Value Rs p-Value
Tumor type -0.0724 0.461 0.0153 0.8767 0.142 0.1459 0.255 0.0083 *

miR-16

Rs—Spearman’s rank correlation coefficients; *—significant correlations for p-value < 0.05.

*p=0.0419
60 — E

S0+

30—

miRNA concentration

20 — e

10 -

op 1
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*—significant correlations for p-value < 0.05.

Figure 1. Multiple comparison graph of miRNA concentration. The miRNA concentration was signifi-
cantly lower in the NFPA group than in the CG (p = 0.0419). We did not observe that for prolactinoma.

miR-143-3p

08 |- —— 1

g .
osk
‘ T
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PRI G NFPA PRI C

type

miR-143-3p miR-423-3p

Figure 2. No differences between selected miRNAs and tumor type were found: hsa-miR-143-3p
(p = 0.4610), hsa-miR-16-5p (p = 0.8767), hsa-miR-423-5p (p = 0.1459).

In the multiple regression analysis, we confirmed the association between microRNA
and tumor type (coefficient = 2.5451; p = 0.0157), whereas age and sex did not contribute
significantly. The data are presented in Table 4a,b.
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Table 4. (a). Multiple regression analysis for total miRNA concentration (the models include tumor
type and age). (b). Multiple regression analysis for total miRNA concentration (the model includes
tumor type and gender).

(@)

Independent Variables Coefficient Std. Error 95% CI t p-Value Ipartial Tsemipartial
(Constant) 6.6689 1.9316 2.8386 to 10.4993  3.4526 0.0008
Type 2.5451 1.0367 0.4894 t0 4.6009  2.4551 0.0157 * 0.2341 0.2341
(b)
Independent Variables Coefficient Std. Error 95% CI t p-Value Tpartial Tsemipartial
(Constant) 6.6689 1.9316 2.8386 t0 10.4993  3.4526 0.0008
Type 2.5451 1.0367 0.4894 t0 4.6009  2.4551 0.0157 * 0.2341 0.2341

Std. Error—standard error; CI—confidence intervals; *—significant correlations for p-value < 0.05.

The miRNA expression did not correlate with tumor volume, patient’s age, invasion,
presence of tumor mass effect symptoms, or body parameters (Table 5). We found a
weak inverse relationship between miRNA concentration and sphenoid sinus invasion
(Rs = —0.231; p = 0.0390).

Table 5. Correlations between total miRNA concentration and patients’ characteristics (Spearman’s
rank correlation coefficients).

Age BMI Body Weight Headache
Rs p-Value Rs p-Value Rs p-Value Rs p-Value
miRNA concentration -0.15 0.1326 -0.12 0.24 -0.01 0.8983 -0.16 0.165
Tmorvolume  Viswlfeldloss  Jmonel - ielenof
Rs p-value Rs p-value Rs p-value Rs p-value
miRNA concentration <0.01 0.9915 0.07 0.5235 -0.23 0.0390 * —0.10 0.368

Rs—Spearman’s rank correlation coefficients; *—significant differences for p-value < 0.05.

ROC curve analysis showed that the cutoff point of miRNA lower than 10.73 predicted
the PA (sensitivity = 70.0%; specificity = 57.7%; AUC = 0.629; p = 0.052, Figure 3).

miRNA

100

80

Sensitivity: 74.2 |
Specificity: 54.5
Criterion: <10.73

60

Sensitivity

40

20 —
3 AUC = 0.629
3 P =10.052
0 [ P |- I L1 !
0 20 40 60 80 100

100-Specificity

Figure 3. ROC curve analysis for miRNA concentration.
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3. Discussion

Our study analyzed miRNA expression in the serum of patients with invasive, non-
functioning pituitary adenomas and prolactinomas. All patients were assessed at the time
of diagnosis. We found that the total concentration of microRNA differed according to
tumor type and was significantly lower in the NFPA than in the control group. We analyzed
the expression of hsa-miR-143-3p, hsa-miR-16-5p, and hsa-miR-423-3p in serum, but we
did not observe any significant correlation between selected miRNAs and tumor type. We
can conclude that hsa-miR-143-3p, hsa-miR-16-5p, and hsa-miR-423-5p cannot be used as
non-invasive biomarkers for NFPAs or prolactinomas. However, knowing that total miRNA
expression is downregulated, further studies investigating these underlying molecular
mechanisms and potential biomarkers are urgently needed. We also targeted hsa-miR-
137-3p, hsa-miR-489-5p, hsa-miR-520-3p, hsa-miR-486-5p, and hsa-miR-200a-3p. However,
they were excluded from further analysis because we did not obtain any expression in PCR.
Probably, miRNA expression was at such a low level that we could not detect it.

Our finding of a lower total concentration of microRNA in the NFPA group than in
the control group was consistent with the study by Németh et al. [23], which revealed a
global downregulation of miRNA expression level in plasma samples from patients with
pituitary adenomas compared with samples obtained from healthy controls. This data
suggest that miRNA plays an important role in pituitary tumorigenesis and cell cycle
regulation. ROC curve analysis showed that the cutoff point of total miRNA concentration
lower than 10.73 might predict the PA; however, the sensitivity and specificity of this test
are not satisfactory enough.

NGS analysis of exosomal miRNA detected only 13.6% of known miRNAs in high
expression levels, while all novel miRNAs were in middle or low expression levels [16]. In
blood samples, the expression differed between patients with NFPAs and healthy controls,
and a total of 54 mature miRNAs showed significant alteration in expression, which
included 18 up-regulated and 36 down-regulated miRNAs in the NFPA group [16].

Zhang et al. [30] found that hsa-miR-143 was significantly downregulated in pituitary
tumor tissues compared to noncancerous controls. Also, hsa-miR-143 expression in three
pituitary tumor cell lines (GH3, MMQ), and AtT-2) was downregulated. miR-143 not only
mimicked inhibition of pituitary tumor cell proliferation and promoted apoptosis in GH3
and MMQ cell lines but also acted as a tumor suppressor and directly targeted oncogene K-
Ras. Hsa-miR-143-3p was also significantly overexpressed in preoperative FSH/LH plasma
samples compared with their 3-month—postoperative pairs and preoperative hormone-
immunonegative samples [27]. The downregulation of hsa-miR-143-3p has also been
observed in ovarian, gastric, pancreatic, and prostate cancer, which speaks for the possibility
of its tumor suppressor nature [31-35]. Unfortunately, our study did not confirm that thesis.

In a study using a serum exosomal miRNA profile-based method to screen NFPAs
and predict prognosis, a total of 1395 human miRNAs were detected by NGS. Compared
with healthy controls, 18 upregulated and 36 downregulated miRNAs showed significant
expression changes in NFPA patients, with hsa-miR-486-5p, hsa-miR-151a-5p, hsa-miR-652-
3p_R + 1, and hsa-miR-1180-3p identified as promising biomarkers. miR-486-5p was the
most accurate and efficient biomarker for predicting progression and relapse among NFPA
patients [16]. We also targeted miR-486-5p, but, as mentioned before, it was excluded from
the analysis due to the lack of expression detected in PCR.

A few different studies revealed that hsa-miR-16 is deregulated in PAs and associated
with the occurrence of cancer and poor prognosis [19,36,37]. Bottoni et al. [19] showed that
the expression level of miR-16 is significantly decreased in PA tissues compared with normal
pituitary tissues. Its downregulation correlated with a greater tumor diameter and a lower
p43 secretion. Renjie and Haigian [36] found that miR-16 was downregulated in invasive
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pituitary tumor cells and tissues, and it suppressed the cell proliferation, migration, and
invasion. Moreover, the expression level of miR-16 was significantly increased in patients
with invasive PAs compared to patients with non-invasive PAs. Niu et al. [37] demonstrated
that the expression of miR-16 was significantly decreased in patients with PAs compared
to normal pituitary tissue, whereas the expression of HMGA2 mRNA was significantly
increased. In cell culture, the transfection of HP75 cells with siRNAs targeting HMGA?2
and/or miR-16 mimics suppressed HMGAZ2 expression, decreased the cells’ proliferative
ability, and promoted apoptosis. This led to the hypothesis that miR-16 inhibited the
proliferation and promoted apoptosis of HP75 cells by inhibiting HMGAZ2 expression [37].
Amaral et al. [38] analyzed the differential expression of let-7a, miR-15a, miR-16, miR-
21, miR-141, miR-143, miR-145, and miR-150 in corticotropinomas and revealed their
underexpression compared with normal pituitary tissues. Unlike Bottoni et al. [19], they
found no differences between miRNA expression and tumor size. Studies on plasma
miRNAs circulating in PA patients are still limited. Despite the results confirming altered
miRNA expression in pituitary adenoma tissues, studies on circulating plasma miRNAs in
PA patients often stand opposite and do not support the presence of these changes. In our
study, we did not confirm the changed expression of this miRNA in plasma.

Another tissue study found the expression of hsa-miR-423-5p lower in somatotroph
adenoma tissue than in healthy controls [39]. In vitro experiments showed that miR-423-5p
inhibited cell proliferation, induced cell apoptosis, and reduced growth hormone release
and migration of GH3 cells [39]. It leads to the conclusion that hsa-miR-423-5p is important
in promoting tumorigenesis and cancer growth in PAs. Hsa-miR-423-5p was also found
to be a potential biomarker for nasopharyngeal cancer and a tumor growth promotor in
gastric cancer and hepatocellular cancer [39,40].

An increasing number of studies try to reveal the relationship between miRNA ex-
pression and the exact pathomechanism of pituitary tumors. There are reports about
correlations between miRNA dysregulation in the peripheral blood and pathophysiological
conditions [27,41]. However, much information is still missing, and the molecular mecha-
nisms of PA tumorigenesis are not fully understood. Several limitations of our study need
to be mentioned. Quantitative real-time polymerase chain reaction is still considered the
gold standard for measuring miRNA expression, but it has limitations. We were not able
to target targeted hsa-miR-137-3p, hsa-miR-489-5p, hsa-miR-520-3p, hsa-miR-486-5p and
hsa-miR-200a-3p. Next-generation sequencing is the most reliable method for identifying
and profiling miRNAs, and it allows for the detection of miRNA isoforms. Additionally,
comparing miRNA expression in patients’ plasma with PA tissue would be valuable. An-
other factor may be the low number of healthy controls, who were not matched for sex and
age. However, in multiple regression analysis, we excluded the effect of age and gender
and confirmed the significance of the observed results.

Our results confirmed a lower level of circulating miRNAs in the plasma of patients
with clinically significant non-functioning pituitary adenomas compared to healthy in-
dividuals and support the thesis that altered miRNA expression profile is involved in
PA tumorigenesis.

4. Materials and Methods
4.1. Patients

A prospective study with consecutive enrollment was conducted [42]. The study
included 62 patients with non-functioning pituitary adenomas (NFPAs) and 18 patients
with macroprolactinoma hospitalized in the Department of Endocrinology, Metabolism and
Internal Medicine of Poznan University of Medical Sciences in Poland between January 2022
and June 2024 and qualified for transsphenoidal surgical resection. Inclusion criteria were as
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follows: (1) patients with a clinically significant pituitary tumor (non-functioning pituitary
adenoma (NFPA) or prolactinoma); (2) age above 18 years of age; and (3) giving informed
written consent to participate in the study. Exclusion criteria included autoimmunological
disorders, malignancy, pregnancy, and lack of written consent. A comprehensive medical
interview was obtained, and age, gender, and BMI were reviewed.

The control group consisted of 26 healthy volunteers. Inclusion criteria were (1) normal
pituitary gland on MRI; (2) absence of comorbidities; (3) age above 18; and (4) giving
informed written consent to participate in the study.

This study was conducted in accordance with the Declaration of Helsinki and ap-
proved by the Bioethical Committee of Poznan University of Medical Sciences (Decision
No. 207/22, 862/23). Patients were informed of the study aim and collection strategies,
and each patient signed an informed consent. Patients were informed that they could
withdraw from the study at any point. All methods adhered to relevant guidelines and
regulations [43].

4.2. Hormone Level Assessment

Laboratory parameters included adrenocorticotropic hormone (ACTH), growth hor-
mone (GH), insulin growth like factor-1 (IGF-1), luteinizing hormone (LH), follicle-
stimulating hormone (FSH), thyroid-stimulating hormone (TSH), free triiodothyronine
(fT3), free thyroxine (fT4), cortisol, testosterone, estradiol, prolactin, and sex hormone
binding globulin (SHBG). Blood samples were collected after an overnight fast for the
measurement of all parameters.

The assays were performed according to the manufacturer’s recommendations. ACTH,
LH, FSH, SHBG, TSH, fT3, fT4, prolactin, and cortisol were measured with electrochemilu-
minescence (ECLIA) using the Cobas €801 analyzer (Roche Diagnostics, Indianapolis, IN,
USA). GH levels were determined using ECLIA on the Cobas e402 analyzer (Roche Diag-
nostics, Indianapolis, IN, USA). IGF-1 levels were measured with the chemiluminescence
(CMIA) method using a LIAISON Analyzer (DiaSorin Ltd., Saluggia, Italy).

4.3. Magnetic Resonance Imaging

All patients underwent pituitary gland MRI scans to assess image characteristics,
including tumor size, intratumor hemorrhage, and invasion type. MRI was performed
using Siemens Magnetom Skyra (serial number 145114). Tumor size was determined by
measuring the greatest diameter, with macroadenoma defined as a tumor with a diameter
of >10 mm. The invasion type was determined based on the invasion site of the tumor and
recorded as cavernous sinus invasion, sphenoid sinus invasion, or suprasellar invasion.
The diagnosis was confirmed by postoperative pathology, and immunohistochemical
examination was used to determine the endocrine type in accordance with the WHO
classification of endocrine system tumors.

4.4. MicroRNA Serum Level Assessment

RNA processing and extraction for genetic analysis. Peripheral blood (5 mL) was
collected during routine medical procedures into tubes containing the clot activator S-
Monovette® Serum, CAT (Sarstedt, Niimbrecht, Germany) and then centrifuged at 2000x g
for 20 min at 4 °C to separate the serum. Collected serum samples were stored at —80 °C
until nucleic acid extraction. MicroRNAs, without the high molecular RNA fraction,
were isolated from serum samples using the double-column system for miRNA and RNA
isolation, according to the manufacturer’s protocol (A&A Biotechnology, Gdansk, Poland)
and eluted in 100 pL of ultra-pure water. Isolated miRNA fractions were stored at —80 °C.
The quantity and purity of isolated miRNAs were measured spectrophotometrically.
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Complementary miRNA DNA (cmiDNA) synthesis. The cmiDNA was synthesized
in a four-step reaction with the TagMan Advanced miRNA ¢cDNA Synthesis Kit (Thermo
Fisher Scientific, Waltham, MA, USA), using two nanograms of miRNA. The cmiDNAs
were prepared in duplicate for each sample and used as qPCR templates.

Quantitative polymerase chain reaction (QPCR). The qPCR was performed us-
ing SolisFAST Probe qPCR Mix with UNG (Solis Biodyne, Tartu, Estonia) according
to the manufacturer’s protocol in a total volume of 20 uL. The expression levels of
hsa-miR-191-5p (assay ID: 477952_mir), hsa-miR-16-5p (assay ID: 477860_mir), hsa-miR-
143-3p (assay ID: 477912_mir), hsa-miR-423-3p (assay ID:478090_mir), hsa-miR-137-3p
(assay ID: 477904_mir), hsa-miR-489-5p (assay ID: 478940_mir), hsa-miR-520-3p (assay
ID: 479509_mir), hsa-miR-486-5p (assay ID: MC10546), and hsa-miR-200a-3p (assay ID:
478490_mir) were determined using TagqMan MicroRNA Assays (Thermo Fisher Scientific,
Waltham, MA, USA). The hsa-miR-191-5p served as a reference miRNA [44]. The ther-
mal profile and acquisition steps were performed per the SolisFast master mix protocol.
Each miRNA sample and reference were reaction efficiency corrected. Cobas Z480 ana-
lyzer (Roche Diagnostics, Basel, Switzerland) and the dedicated software LCS480 1.5.1.62
SP3-UDF 2.1.0.26 (Roche Diagnostics, Basel, Switzerland) were used for the qPCR analyses.
Relative expression level analysis was performed using the same software by comparing
the expression level of the genes of interest with that of the reference gene. Figure 4 presents

study flow chart.
Exclusion criteria:
(1) autoimmunological disorders
ENROLLMENT —<
(3) pregnancy
(4) lack of written consent.
Patients with invasive NFPA Patients with macroprolactinoma
. . o . Healthy controls
qualified for transsphenoidal qualified for transsphenoidal (n=26)
surgical resection (n=62) surgical resection (n=18)

L i ]
mr
Venous blood collection ’ ”m’

l

Centrifugation to separate the serum E @

I 4 3 4
!

Determination of the expression levels of hsa-miR-191-5, hsa-miR-16-5p, hsa-miR-143-3p, hsa-miR-423-3p via PCR

Figure 4. Study flow chart.

4.5. Statistical Analyses

Statistical analysis was performed with MedCalc Statistical Software version 19.1.5
(MedCalc Software bv, Ostend, Belgium). Normality was analyzed by the D’Agostino-
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Pearson test. A comparison of results between the study and control groups was performed
using the ANOVA and Kruskal-Wallis tests. A paired samples t-test was used to com-
pare and analyze parameters in normally distributed data. Spearman’s rank correlation
coefficient was used to find relationships between the analyzed parameters. Receiver
operating characteristic (ROC) curves were calculated to determine the potential of miRNA
concentration to discriminate between patients with PAs and healthy controls. An opti-
mal cutoff point was calculated according to the highest accuracy (minimal false-negative
and false-positive results). The area under the ROC curve (AUC) was used to check the
prognostic value of a particular parameter. Simple regression analysis was used to test
for the relationships between miRNA and tumor type, age, and gender. Furthermore,
stepwise multiple regression analysis was employed to investigate the influence of various
parameters on miRNA. Variables were entered into the model if their associated p-values
were less than 0.05 and then sequentially removed if their associated p-values became
greater than 0.2. The p-value of less than 0.05 was considered statistically significant.

Author Contributions: Conceptualization A.D.-R. and N.S.-G.; methodology A.D.-R., N.S.-G., ] M.,
M.A. and A.Z.; data curation A.D.-R.; laboratory testing A.Z.and M.A.; statistical analysis N.S.-G.;
writing—original draft preparation, A.D.-R., N.S.-G. and A.Z.; writing—review and editing, M. A.
and N.S.-G.; supervision, final approval of the manuscript M.R. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by Poznan University of Medical Sciences Doctoral School Grant
number (45092 /DGB/2024, 147 /2024 /MGB) financed from the statutory funds.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Bioethical Committee of Poznan University of Medical Sciences
(Decision No. 207/22, 862/23).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors upon request.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Araujo-Castro, M.; Berrocal, V.R.; Pascual-Corrales, E. Pituitary Tumors: Epidemiology and Clinical Presentation Spectrum.
Hormones 2020, 19, 145-155. [CrossRef]

2. Lv, L.; Zhang, B.; Wang, M.; Yin, S.; Zhou, P.; Hu, Y,; Zhang, S.; Chen, C.; Zhang, N.; Jiang, S. Invasive Pituitary Adenomas with
Gross Total Resection: The Wait-and-See Policy during Postoperative Management. J. Clin. Neurosci. 2018, 58, 49-55. [CrossRef]

3. Ilie, M.D,; Jouanneau, E.; Raverot, G. Aggressive Pituitary Adenomas and Carcinomas. Endocrinol. Metab. Clin. N. Am. 2020, 49,
505-515. [CrossRef] [PubMed]

4. Dekkers, O.M.; Karavitaki, N.; Pereira, A.M. The Epidemiology of Aggressive Pituitary Tumors (and Its Challenges). Rev. Endocr.
Metab. Disord. 2020, 21, 209-212. [CrossRef] [PubMed]

5. Melmed, S.; Kaiser, U.B.; Lopes, M.B.; Bertherat, ].; Syro, L.V.; Raverot, G.; Reincke, M.; Johannsson, G.; Beckers, A.; Fleseriu, M.;
et al. Clinical Biology of the Pituitary Adenoma. Endocr. Rev. 2022, 43, 1003-1037. [CrossRef] [PubMed]

6. Coopmans, E.C.; Korbonits, M. Molecular Genetic Testing in the Management of Pituitary Disease. Clin. Endocrinol. 2022, 97,
424-435. [CrossRef]

7. Kasuki, L. Definition and Diagnosis of Aggressive Pituitary Tumors. Rev. Endocr. Metab. Disord. 2020, 21, 203-208. [CrossRef]

8. Mehta, G.U.; Lonser, R.R. Management of Hormone-Secreting Pituitary Adenomas. Neuro. Oncol. 2017, 19, 762-773. [CrossRef]
[PubMed]

9. Petersenn, S.; Fleseriu, M.; Casanueva, F.F,; Giustina, A.; Biermasz, N.; Biller, B.M.K_; Bronstein, M.; Chanson, P.; Fukuoka, H.;
Gadelha, M.; et al. Diagnosis and Management of Prolactin-Secreting Pituitary Adenomas: A Pituitary Society International
Consensus Statement. Nat. Rev. Endocrinol. 2023, 19, 722-740. [CrossRef] [PubMed]

10. Swearingen, B. Update on Pituitary Surgery. J. Clin. Endocrinol. Metab. 2012, 97, 1073-1081. [CrossRef]


https://doi.org/10.1007/s42000-019-00168-8
https://doi.org/10.1016/j.jocn.2018.10.065
https://doi.org/10.1016/j.ecl.2020.05.008
https://www.ncbi.nlm.nih.gov/pubmed/32741485
https://doi.org/10.1007/s11154-020-09556-7
https://www.ncbi.nlm.nih.gov/pubmed/32361816
https://doi.org/10.1210/endrev/bnac010
https://www.ncbi.nlm.nih.gov/pubmed/35395078
https://doi.org/10.1111/cen.14706
https://doi.org/10.1007/s11154-019-09531-x
https://doi.org/10.1093/neuonc/now130
https://www.ncbi.nlm.nih.gov/pubmed/27543627
https://doi.org/10.1038/s41574-023-00886-5
https://www.ncbi.nlm.nih.gov/pubmed/37670148
https://doi.org/10.1210/jc.2011-3237

Int. J. Mol. Sci. 2025, 26, 4408 12 0f 13

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Zada, G.; Schroeder, HW.S,; Little, A.S.; Laws, E.R. Introduction. Management of Pituitary Tumors: 2020 and Beyond. Neurosurg.
Focus 2020, 48, E1. [CrossRef]

Molitch, M.E. Diagnosis and Treatment of Pituitary Adenomas: A Review. JAMA 2017, 317, 516-524. [CrossRef]

Tampourlou, M.; Ntali, G.; Ahmed, S.; Arlt, W.; Ayuk, J.; Byrne, ].V,; Chavda, S.; Cudlip, S.; Gittoes, N.; Grossman, A.; et al.
Outcome of Nonfunctioning Pituitary Adenomas That Regrow After Primary Treatment: A Study From Two Large UK Centers.
J. Clin. Endocrinol. Metab. 2017, 102, 1889-1897. [CrossRef] [PubMed]

Chang, M.; Jiang, S.; Guo, X.; Gao, ].; Liu, P; Bao, X.; Feng, M.; Wang, R. Exosomal RNAs in the Development and Treatment of
Pituitary Adenomas. Front. Endocrinol. 2023, 14, 1142494. [CrossRef] [PubMed]

Hu, Y;; Zhang, C.; Chang, Q.; Du, J.; Lu, H.; Guo, X.; Chang, W.; Liu, S.; Chen, C. MicroRNA-196a-5p Targeting LRP1B Modulates
Phenotype of Thyroid Carcinoma Cells. Endokrynol. Pol. 2023, 74, 144-152. [CrossRef]

Lyu, L.; Li, H.; Chen, C.; Yu, Y.,; Wang, L.; Yin, S.; Hu, Y,; Jiang, S.; Ye, F.; Zhou, P. Exosomal miRNA Profiling Is a Potential
Screening Route for Non-Functional Pituitary Adenoma. Front. Cell Dev. Biol. 2022, 9, 771354. [CrossRef] [PubMed]

Hill, M.; Tran, N. miRNA Interplay: Mechanisms and Consequences in Cancer. Dis. Model. Mech. 2021, 14, dmmO047662.
[CrossRef]

Zembska, A.; Jawiarczyk-Przybytowska, A.; Wojtczak, B.; Bolanowski, M. MicroRNA Expression in the Progression and
Aggressiveness of Papillary Thyroid Carcinoma. Anticancer Res. 2019, 39, 33—40. [CrossRef]

Bottoni, A.; Piccin, D.; Tagliati, F; Luchin, A.; Zatelli, M.C.; Degli Uberti, E.C. miR-15a and miR-16-1 down-Regulation in Pituitary
Adenomas. . Cell. Physiol. 2005, 204, 280-285. [CrossRef]

Gallo, A.; Tandon, M.; Alevizos, I; Illei, G.G. The Majority of MicroRNAs Detectable in Serum and Saliva Is Concentrated in
Exosomes. PLoS ONE 2012, 7, €30679. [CrossRef]

Cogswell, ]J.P; Ward, J.; Taylor, I.A.; Waters, M.; Shi, Y.; Cannon, B.; Kelnar, K.; Kemppainen, J.; Brown, D.; Chen, C.; et al.
Identification of miRNA Changes in Alzheimer’s Disease Brain and CSF Yields Putative Biomarkers and Insights into Disease
Pathways. |. Alzheimer’s Dis. 2008, 14, 27-41. [CrossRef]

da Silveira, J.C.; Veeramachaneni, D.N.R.; Winger, Q.A.; Carnevale, E.M.; Bouma, G.J. Cell-Secreted Vesicles in Equine Ovarian
Follicular Fluid Contain miRNAs and Proteins: A Possible New Form of Cell Communication Within the Ovarian Folliclel. Biol.
Reprod. 2012, 86, 1-10. [CrossRef] [PubMed]

Hu, Y,; Zhu, L.; Cao, R. Clinical Predictive Value of Control Attenuation Parameters in Combination with miR-192-5p in Patients
with Acute Pancreatitis in Nonalcoholic Fatty Liver Disease. Endokrynol. Pol. 2024, 75, 207-215. [CrossRef] [PubMed]

Chen, X.; Ba, Y;; Ma, L.; Cai, X,; Yin, Y.; Wang, K.; Guo, J.; Zhang, Y.; Chen, ]J.; Guo, X,; et al. Characterization of microRNAs in
Serum: A Novel Class of Biomarkers for Diagnosis of Cancer and Other Diseases. Cell Res. 2008, 18, 997-1006. [CrossRef]

Lu, B.; Liu, G.-L.; Yu, E; Li, W.-]; Xiang, X.-X.; Xiao, H.-Z. MicroRNA-16/VEGFR2/P38/NF-kB Signaling Pathway Regulates Cell
Growth of Human Pituitary Neoplasms. Oncol. Rep. 2018, 39, 1235-1244. [CrossRef]

Beylerli, O.; Khasanov, D.; Gareev, I.; Valitov, E.; Sokhatskii, A.; Wang, C.; Pavlov, V.; Khasanova, G.; Ahmad, A. Differential
Non-Coding RNAs Expression Profiles of Invasive and Non-Invasive Pituitary Adenomas. Non-Coding RNA Res. 2021, 6, 115-122.
[CrossRef] [PubMed]

Németh, K.; Darvasi, O.; Liko, I.; Sziics, N.; Czirjdk, S.; Reiniger, L.; Szab¢6, B.; Krokker, L.; Pallinger, E; Igaz, P; et al.
Comprehensive Analysis of Circulating miRNAs in the Plasma of Patients With Pituitary Adenomas. J. Clin. Endocrinol. Metab.
2019, 104, 4151-4168. [CrossRef]

Wang, Z.; Gao, L.; Guo, X.; Feng, C.; Deng, K.; Lian, W.; Xing, B. Identification of microRNAs Associated with the Aggressiveness
of Prolactin Pituitary Tumors Using Bioinformatic Analysis. Oncol. Rep. 2019, 42, 533-548. [CrossRef]

Lei, C,; Jing, G.; Jichao, W.; Xiaohui, L.; Fang, Q.; Hua, G.; Yazhou, M.; Zhang, Y. MiR-137’s Tumor Suppression on Prolactinomas
by Targeting MITF and Modulating Wnt Signaling Pathway. J. Clin. Endocrinol. Metab. 2019, 104, 6391-6402. [CrossRef]

Zhang, J.; Ma, D.; Liu, H.; Wang, J.; Fan, J.; Li, X. MicroRNA-143 Shows Tumor Suppressive Effects through Inhibition of
Oncogenic K-Ras in Pituitary Tumor. Int. J. Clin. Exp. Pathol. 2017, 10, 10969-10978.

Yagi, T.; Sawada, K.; Miyamoto, M.; Shimizu, A.; Oj, Y.; Toda, A.; Nakamura, K.; Kinose, Y.; Kodama, M.; Hashimoto, K.; et al.
Continuous Administration of Anti-VEGFA Antibody Upregulates PAI-1 Secretion from Ovarian Cancer Cells via miR-143-3p
Downregulation. Mol. Cancer Res. 2023, 21, 1093-1106. [CrossRef] [PubMed]

Ju, Y.;; Choi, G.-E.; Lee, M.W,; Jeong, M.; Kwon, H.; Kim, D.H.; Kim, ]J.; Jin, H.; Lee, K.E.; Hyun, K.-Y,; et al. Identification of
miR-143-3p as a Diagnostic Biomarker in Gastric Cancer. BMC Med. Genom. 2023, 16, 135. [CrossRef] [PubMed]

Hossian, A . K.M.N.; Mackenzie, G.G.; Mattheolabakis, G. Combination of miR-143 and miR-506 Reduces Lung and Pancreatic
Cancer Cell Growth through the Downregulation of Cyclin-dependent Kinases. Oncol. Rep. 2021, 45, 2. [CrossRef]

Shi, H.; Shen, H.; Xu, J.; Zhao, S.; Yao, S.; Jiang, N. MiR-143-3p Suppresses the Progression of Ovarian Cancer. Am. J. Transl. Res.
2018, 10, 866—874. [PubMed]

Armstrong, L.; Willoughby, C.E.; McKenna, D.]J. Targeting of AKT1 by miR-143-3p Suppresses Epithelial-to-Mesenchymal
Transition in Prostate Cancer. Cells 2023, 12, 2207. [CrossRef]


https://doi.org/10.3171/2020.3.FOCUS20247
https://doi.org/10.1001/jama.2016.19699
https://doi.org/10.1210/jc.2016-4061
https://www.ncbi.nlm.nih.gov/pubmed/28323946
https://doi.org/10.3389/fendo.2023.1142494
https://www.ncbi.nlm.nih.gov/pubmed/36875488
https://doi.org/10.5603/EP.a2023.0001
https://doi.org/10.3389/fcell.2021.771354
https://www.ncbi.nlm.nih.gov/pubmed/35118066
https://doi.org/10.1242/dmm.047662
https://doi.org/10.21873/anticanres.13077
https://doi.org/10.1002/jcp.20282
https://doi.org/10.1371/journal.pone.0030679
https://doi.org/10.3233/JAD-2008-14103
https://doi.org/10.1095/biolreprod.111.093252
https://www.ncbi.nlm.nih.gov/pubmed/22116803
https://doi.org/10.5603/ep.98765
https://www.ncbi.nlm.nih.gov/pubmed/38646989
https://doi.org/10.1038/cr.2008.282
https://doi.org/10.3892/or.2018.6227
https://doi.org/10.1016/j.ncrna.2021.06.004
https://www.ncbi.nlm.nih.gov/pubmed/34322647
https://doi.org/10.1210/jc.2018-02479
https://doi.org/10.3892/or.2019.7173
https://doi.org/10.1210/jc.2018-02544
https://doi.org/10.1158/1541-7786.MCR-23-0015
https://www.ncbi.nlm.nih.gov/pubmed/37327051
https://doi.org/10.1186/s12920-023-01554-3
https://www.ncbi.nlm.nih.gov/pubmed/37328880
https://doi.org/10.3892/or.2021.7953
https://www.ncbi.nlm.nih.gov/pubmed/29636876
https://doi.org/10.3390/cells12182207

Int. J. Mol. Sci. 2025, 26, 4408 13 of 13

36.

37.

38.

39.

40.

41.

42.

43.

44.

Renjie, W.; Haigian, L. MiR-132, miR-15a and miR-16 Synergistically Inhibit Pituitary Tumor Cell Proliferation, Invasion and
Migration by Targeting Sox5. Cancer Lett. 2015, 356, 568-578. [CrossRef]

Niu, Y,; Zhou, H.; Liu, Y.; Wang, Y.; Xie, J.; Feng, C.; An, N. miR-16 Regulates Proliferation and Apoptosis of Pituitary Adenoma
Cells by Inhibiting HMGA?2. Oncol. Lett. 2019, 17, 2491-2497. [CrossRef]

Amaral, F.C; Torres, N.; Saggioro, F.; Neder, L.; Machado, H.R,; Silva, W.A.; Moreira, A.C.; Castro, M. MicroRNAs Differentially
Expressed in ACTH-Secreting Pituitary Tumors. J. Clin. Endocrinol. Metab. 2009, 94, 320-323. [CrossRef]

Zhao, S.; Li, J.; Feng, ].; Li, Z.; Liu, Q.; Lv, P; Wang, F; Gao, H.; Zhang, Y. Identification of Serum miRNA-423-5p Expression
Signature in Somatotroph Adenomas. Int. J. Endocrinol. 2019, 2019, e8516858. [CrossRef]

Tian, H.; Chen, S.; Zhang, C.; Li, M.; Zheng, H. MYC and hsa-miRNA-423-5p as Biomarkers in Nasopharyngeal Carcinoma
Revealed by miRNA-mRNA-pathway Network Integrated Analysis. Mol. Med. Rep. 2017, 16, 1039-1046. [CrossRef]

Zhang, Q.; Wang, Y.; Zhou, Y.; Zhang, Q.; Xu, C. Potential Biomarkers of miRNA in Non-Functional Pituitary Adenomas. World J.
Surg. Oncol. 2021, 19, 270. [CrossRef] [PubMed]

Nowak, J.K.; Walkowiak, J. Study Designs in Medical Research and Their Key Characteristics. J. Med. Sci. 2023, 92, €928.
[CrossRef]

Sawicka-Gutaj, N.; Gruszczynski, D.; Guzik, P.; Mostowska, A.; Walkowiak, J. Publication Ethics of Human Studies in the Light of
the Declaration of Helsinki—A Mini-Review. ]. Med. Sci. 2022, 91, €700. [CrossRef]

Toklowicz, M.; Zbikowska, A.; Janusz, P.; Kotwicki, T.; Andrusiewicz, M.; Kotwicka, M. MicroRNA Expression Profile Analysis in
Human Skeletal Muscle Tissue: Selection of Critical Reference. Biomed. Pharmacother. 2023, 162, 114682. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.canlet.2014.10.003
https://doi.org/10.3892/ol.2018.9872
https://doi.org/10.1210/jc.2008-1451
https://doi.org/10.1155/2019/8516858
https://doi.org/10.3892/mmr.2017.6696
https://doi.org/10.1186/s12957-021-02383-3
https://www.ncbi.nlm.nih.gov/pubmed/34503538
https://doi.org/10.20883/medical.e928
https://doi.org/10.20883/medical.e700
https://doi.org/10.1016/j.biopha.2023.114682

	Introduction 
	Results 
	Discussion 
	Materials and Methods 
	Patients 
	Hormone Level Assessment 
	Magnetic Resonance Imaging 
	MicroRNA Serum Level Assessment 
	Statistical Analyses 

	References

