
Citation: Kamiński, K.; Blatkiewicz,

M.; Szyszka, M.; Olechnowicz, A.;

Komarowska, H.; Klimont, A.;

Wierzbicki, T.; Karczewski, M.;

Ruchała, M.; Rucinski, M. Expression

Patterns of MOTS-c in Adrenal

Tumors: Results from a Preliminary

Study. Int. J. Mol. Sci. 2024, 25, 8721.

https://doi.org/10.3390/ijms25168721

Academic Editor: Christos

Papadimitriou

Received: 30 June 2024

Revised: 7 August 2024

Accepted: 8 August 2024

Published: 9 August 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

 International Journal of 

Molecular Sciences

Article

Expression Patterns of MOTS-c in Adrenal Tumors: Results from
a Preliminary Study
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Abstract: Adrenal tumors, such as adrenocortical carcinoma (ACC), adrenocortical adenoma (ACA),
and pheochromocytoma (PCC) are complex diseases with unclear causes and treatments. Mitochon-
dria and mitochondrial-derived peptides (MDPs) are crucial for cancer cell survival. The primary
aim of this study was to analyze samples from different adrenal diseases, adrenocortical carcinoma,
adrenocortical adenoma, and pheochromocytoma, and compare them with normal adrenal tissue to
determine whether the expression levels of the mitochondrial open reading frame of the 12S rRNA
type-c (MOTS-c) gene and protein vary between different types of adrenal tumors compared to
healthy controls using qPCR, ELISA, and IHC methods. Results showed decreased MOTS-c mRNA
expression in all adrenal tumors compared to controls, while serum MOTS-c protein levels increased
in ACA and PCC but not in ACC. The local distribution of MOTS-c protein in adrenal tissue was
reduced in all tumors. Notably, MOTS-c protein expression declined with ACC progression (stages
III and IV) but was unrelated to patient age or sex. Tumor size and testosterone levels positively
correlated with MOTS-c mRNA but negatively with serum MOTS-c protein. Additionally, serum
MOTS-c protein correlated positively with glucose, total cholesterol, HDL, LDL, and SHGB levels.
These findings suggest disrupted expression of MOTS-c in the spectrum of adrenal diseases, which
might be caused by mechanisms involving increased mitochondrial dysfunction and structural
changes in the tissue associated with disease progression. This study provides a detailed examination
of MOTS-c mRNA and protein in adrenal tumors, indicating the potential role of MDPs in tumor
biology and progression.

Keywords: MOTS-c; adrenal tumors; mitochondria homeostasis

1. Introduction

Adrenal tumors are commonly found as incidentalomas in patients undergoing imag-
ing for reasons other than suspected adrenal disease, and are mostly benign and hormonally
inactive [1,2]. However, they can also belong to a rare group of more aggressive tumors, in-
cluding adrenocortical carcinoma (ACC), pheochromocytoma (PCC), hormone-producing
adrenocortical adenoma (ACA), and metastasis [3]. ACC is a rare endocrine malignancy
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with a poor prognosis [4]. The median age of ACC diagnosis in adults is 55 years with
occurrence more common in females than in males [5–7]. According to current guidelines,
ACC can be present in three clinical forms. The first form, the most common (40–60% of
cases), manifests as symptoms of hormonal excess. The second form (approximately 30%
of cases) is characterized by non-specific symptoms such as abdominal pain, bloating, or
general symptoms of malignancy. However, owing the lack of clinical symptoms, a large
percentage of patients (20–30%) are diagnosed on imaging studies performed for other
reasons [8–10]. A growing body of evidence suggests that genetic factors may predispose to
ACC development, such as overexpression of insulin-like growth factor 2 (IGF2), mutations
in TP53, catenin beta-1 (CTNNB1), and the Wnt/β-catenin signaling pathway, particularly
zinc and ring finger 3 (ZNRF3) in adults [11–14]. In addition, many ACC-related deaths
are associated with metastasis, where secondary tumors have a higher mutation rate and
tumor heterogeneity than primary tumors [15].

ACAs represent the majority of all adrenal tumors and are usually diagnosed predom-
inantly in women, mainly over the age of 40 years; however, their incidence increases with
age [6,7,16]. ACAs are predominantly benign and hormonally inactive, but hormonally
active ACAs may produce excess androgens. Untreated excess hormone production can
lead to hyperaldosteronism, Conn’s syndrome, or hypercortisolism, which are responsi-
ble for Cushing’s syndrome [17]. Untreated adrenal hormone excess is associated with
increased cardiovascular risk and mortality; therefore, it is important to determine whether
the adrenal mass is hormonally active [18].

Another type of adrenal tumor, PCCs, originates from the adrenal medulla and occurs
with an incidence of 2 per 1 million adults at a mean age of 42 years, and is more common
in women than in men [6,19–21]. PCC often carries germline or somatic gene mutations,
and its symptoms are related to catecholamine overproduction or to a mass effect [21,22].
Patients with a family history are younger at diagnosis and more likely to have bilateral
tumors than those with sporadic disease [19,23]. PCC is often associated with genetic
syndromes such as neurofibromatosis type 1 (NF1), multiple endocrine neoplasia type 2
(MEN 2), and von Hippel–Lindau syndrome (VHL) [22]. While malignant ACC and benign
ACA originate from the adrenal cortex, PCC originates from chromaffin cells in the adrenal
medulla, suggesting a different molecular mechanism of tumorigenesis.

Cancer development and progression are associated with increased oxidative stress
due to dysfunction of damaged mitochondria, which play an essential role in cellular home-
ostasis by regulating energy production and apoptosis [24,25]. In addition, mitochondria,
which are abundant in the adrenal glands, especially in the adrenal cortex, are essential
for steroid hormone synthesis [26]. The discovery of MDPs opens a new perspective on
mitochondria function in human cells. Besides energy production, mitochondria are in-
volved in cell death, cellular stress responses, and information transfer [27]. Thus, impaired
function can lead to various pathologies and diseases, such as neurodegenerative diseases
or metabolic imbalances [28]. It has been confirmed that the pathogenesis of ACC is char-
acterized by abnormal mitochondrial metabolism and may contribute to the progression
of ACC [29]. Moreover, mitochondrial morphology in adrenal adenomas adapts to the
enzyme activity and steroid biosynthetic capacity of the tumor, with different structures in-
dicating different functions [30]. Furthermore, mutations in genes related to mitochondrial
function are thought to play important roles in cancer development and metastasis [31,32].
Mutations in the gene encoding succinate dehydrogenase (SDH), a mitochondrial complex
II gene, lead to a decrease in its expression, suggesting its role in PCC development [31].
Interestingly, the expression of cytochrome c oxidase (COX) IV was extremely variable
in mutant and wild-type PCC samples, suggesting mitochondrial disruption in these tu-
mors, independent of genetic factors [31]. The mitochondrial open reading frame of 12S
rRNA type-c (MOTS-c) is one of the newest mitochondrial-derived peptides (MDPs), first
described in 2015, and has a wide range of physiological functions [33]. MDP proteins
can be translocated to the nucleus under metabolic stress and act as nuclear receptors by
promoting direct expression of nuclear genes to maintain cell homeostasis [34]. In addition,
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by secreting MOTS-c peptides into the bloodstream, they can act as hormone-like bioactive
peptides that exert their effects on distant tissues throughout the body [33]. MOTS-c may
be co-expressed and secreted by different tissues. MOTS-c may play an essential role in the
endocrine system by regulating the muscle metabolism, insulin sensitivity and maintaining
the cellular homeostasis [33,35–41]. Accordingly, the therapeutic strategies to increase
MOTS-c level may have broad beneficial effects in the future.

Therefore, this study aimed to analyze samples of adrenal disease spectrum adreno-
cortical carcinoma, adrenocortical adenoma, and pheochromocytoma, and compare them
to normal adrenal tissue. The objectives were to determine (i) whether the expression
levels of the MOTS-c gene and protein vary among different types of adrenal tumors, and
(ii) whether the localization of the MOTS-c protein is altered not only among the various
adrenal tumors but also during the progression of ACC.

2. Results
2.1. MOTS-c mRNA Expression in Adrenal Disease Spectrum Samples—qRT-PCR

The expression levels of the MOTS-c gene were analyzed in adrenal tissue samples
obtained from patients diagnosed with ACC (n = 22), ACA (n = 28) and PCC (n = 18) as
well as from healthy individuals (n = 10). Our results showed a statistically significant
down-regulation (p = 0.00041) in MOTS-c gene expression in all cancer groups compared
with controls. Interestingly, the MOTS-c gene expression was significantly decreased
in ACA and PCC compared to both ACC and control (p < 0.05) (Figure 1A). Next, we
performed a correlation analysis between MOTS-c gene expression in tumor samples and
patients’ clinical data (Figure 1B). The results showed a positive correlation with tumor size
(p = 0.031, R = 0.3) and testosterone levels (p = 0.0017, R = 0.57) in all analyzed groups. A
positive correlation with testosterone levels (p = 0.015, R = 0.3) was also found in the ACC
group and positively correlated with sodium levels (p = 0.016, R = 0.47) in the ACA group
(Figure 1C). For other analyzed factors, we did not observe significant changes in the ACC,
ACA, or PCC groups.Int. J. Mol. Sci. 2024, 25, 8721 4 of 15 
 

 
Figure 1. Adrenal expression of MOTS-c mRNA and correlations with demographic and laboratory 
features of patients with adrenal disease compared to heathy controls. MOTS-c gene expression is 
down-regulated in the spectrum of adrenal disease in comparison to healthy controls (normal 
adrenal tissue) (A). Correlations of MOTS-c mRNA expression with all clinical parameters of the 
patients (B), with the most significant and impactful correlations highlighted (C). Comparisons 
between the groups were performed using Kruskal–Wallis followed by the Dunn post hoc test. Data 
points are presented as dots on the corresponding boxplot. The differences between the groups are 
shown as letter annotations. Different letters indicate significant (p < 0.05) differences between the 
compared groups. Each boxplot indicates median and interquartile range (IQR) values. Correlation 
analysis was performed using Pearson correlation. Blue color indicates positive correlation while 
red indicates a negative correlation, intensity of the color reflects the strength of the correlation (R 
value). Dashes (“-”) signify missing patient data or when the number of patients with corresponding 
data is fewer than five in the respective group. p-value < 0.05 was considered statistically significant. 
* p < 0.05, ** p < 0.01. 
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patients with ACC and healthy individuals. Next, we correlated the results obtained from 

Figure 1. Adrenal expression of MOTS-c mRNA and correlations with demographic and laboratory
features of patients with adrenal disease compared to heathy controls. MOTS-c gene expression is



Int. J. Mol. Sci. 2024, 25, 8721 4 of 15

down-regulated in the spectrum of adrenal disease in comparison to healthy controls (normal adrenal
tissue) (A). Correlations of MOTS-c mRNA expression with all clinical parameters of the patients (B),
with the most significant and impactful correlations highlighted (C). Comparisons between the
groups were performed using Kruskal–Wallis followed by the Dunn post hoc test. Data points are
presented as dots on the corresponding boxplot. The differences between the groups are shown as
letter annotations. Different letters indicate significant (p < 0.05) differences between the compared
groups. Each boxplot indicates median and interquartile range (IQR) values. Correlation analysis
was performed using Pearson correlation. Blue color indicates positive correlation while red indicates
a negative correlation, intensity of the color reflects the strength of the correlation (R value). Dashes
(“-”) signify missing patient data or when the number of patients with corresponding data is fewer
than five in the respective group. p-value < 0.05 was considered statistically significant. * p < 0.05,
** p < 0.01.

2.2. MOTS-c Protein Expression in Serum Samples—ELISA

Furthermore, we investigated the expression level of MOTS-c protein in serum sam-
ples of patients with adrenal tumors ACC (n = 29), ACA (n = 28), PCC (n = 8) and healthy
controls (n = 10) using enzyme-linked immunosorbent assay (ELISA). The results revealed
an increased expression of MOTS-c protein in serum samples from ACA and PCC pa-
tients compared to healthy individuals (p < 0.05) (Figure 2A). However, no significant
difference was observed in MOTS-c protein levels in serum samples between patients
with ACC and healthy individuals. Next, we correlated the results obtained from ELISA
with the clinical characteristics of the patients. Correlation analysis of circulating MOTS-
c protein expression and patient clinical data showed negative correlations with tumor
size (p = 3.4 × 10−5, R = −0.51) and evening cortisol concentration among patients with
adrenal tumors (Figure 2B). Moreover, we found that in all analyzed groups, the levels
of glucose (p = 0.0039, R = 0.37), total cholesterol (p = 0.0096, R = 0.36), HDL, LDL, and
sex hormone-binding globulin (SHBG) were positively correlated with MOTS-c protein
expression (Figure 2B,C). In the context of the selected analyzed diseases, we revealed a
positive correlation between MOTS-c protein expression and SHBG levels and negative
correlations with tumor size and patient height in ACC patients. Moreover, in the serum of
ACA patients we showed positive correlations between MOTS-c protein expression and
total cholesterol, as well as LDL level.
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up-regulated in the spectrum of adrenal disease in comparison to healthy controls (normal adrenal
tissue) (A). Correlations of MOTS-c protein expression with all clinical parameters of the patients (B),
with the most significant and impactful correlations highlighted (C). Comparisons between the groups
were performed using Kruskal–Wallis followed by Dunn post hoc test. All groups are presented as
boxplots indicating median and interquartile range (IQR) values. Each data point is displayed as a dot
on the corresponding boxplot. The differences between the groups are shown as letter annotations.
Different letters indicate significant (p < 0.05) differences between the compared groups. Correlation
analysis was performed using Pearson correlation. Blue color indicates positive correlation and red
indicates negative correlation, while intensity of the color reflects the strength of the correlation (R
value). Dashes (“-”) signify missing patient data or when the number of patients with corresponding
data is fewer than five in the respective group. p-value < 0.05 was considered statistically significant.
* p < 0.05, ** p < 0.01, *** p < 0.001.

2.3. MOTS-c Protein Expression in Adrenal Disease Spectrum—Tissue Microarray Slide

To analyze the expression and localization of MOTS-c peptide in various types of
adrenal tumors, we performed densitometric analysis of a tissue microarray (TMA) slide
containing adrenal disease spectrum samples. Using densitometric analysis, we showed
that the protein expression of MOTS-c was diminished in all analyzed groups of malignant
adrenal tissue in comparison with normal adrenal tissue, as well as in comparison with
adjacent normal tissue (Figure 3A). Moreover, we evaluated differences in MOTS-c protein
levels during ACC progression (Figure 3B). The analysis revealed that the level of MOTS-c
peptide expression gradually decreased in further stages of ACC (p = 0.05), especially
in stages III and IV of the disease, compared with stage II, but the difference was not
statistically significant. Moreover, we performed a correlation analysis between MOTS-c
protein expression in the TMA slide and the available patient characteristic. We indicate
that the expression of MOTS-c peptide was not correlated with patient age (Figure 3C)
or sex (Figure 3D) across all the analyzed groups. We also investigated the potential of
tissue MOTS-c protein expression as a diagnostic biomarker for differentiating adrenal
tumor types. The ROC curve analysis showed that MOTS-c might be used to distin-
guish ACC samples (sensitivity = 100%, specificity = 85.0%, AUC = 0.944) from normal
adrenal tissue (Figure 3E), but not ACA from ACC due to low specify (sensitivity = 95.6%,
specificity = 55.0%, AUC = 0.711) (Figure 3F). Furthermore, immunohistochemical staining
was performed to determine the protein localization of MOTS-c in adrenal tissue samples
(Figure 4). We found that the MOTS-c protein had predominantly cytoplasmic localization
in all analyzed samples. Furthermore, microscopic analysis confirmed the densitometric
results, especially the decreasing amount of protein during ACC progression. We did not
detect MOTS-c protein in the cell nuclei, regardless of tumor type.
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Figure 3. Adrenal expression of MOTS-c protein and correlations with demographic features of
patients with adrenal disease compared to heathy controls. MOTS-c protein expression is down-
regulated in the spectrum of adrenal disease in comparison to healthy controls (normal adrenal
tissue) (A). MOTS-c protein expression is reduced within ACC progression (B). Correlations of
MOTS-c protein expression with patient age (C) and gender (D) in all analyzed groups. The potential
of MOTS-c protein as a diagnostic biomarker in distinguishing normal adrenal tissue from ACC
(E), and ACA from ACC (F) was investigated. Comparisons between >2 groups were performed
using Kruskal–Wallis followed by Dunn post hoc test. The differences between the groups are shown
as letter annotations, where different letters indicate significant differences (p < 0.05) between the
compared groups and presented as boxplots indicating median and interquartile range (IQR) values.
Densitometric data from individual patients are displayed as dots on the corresponding graph.
Correlation analysis was performed using Pearson correlation. Statistical analysis for comparison
between 2 groups was performed using Mann–Whitney U test. The sensitivity, specificity, and area
under curve (AUC) values are shown in both graphs of the ROC analysis.



Int. J. Mol. Sci. 2024, 25, 8721 7 of 15

Int. J. Mol. Sci. 2024, 25, 8721 8 of 15 
 

 
Figure 4. Representative images of MOTS-c protein immunohistochemical reactivity in the 
spectrum of adrenal disease on TMA slide, including stages II–IV ACC. Brown staining, pointed out 
by red arrows, indicates typical cytoplasmatic localization of MOTS-c protein with hematoxylin 
counterstaining to distinguish cell nuclei. Original magnifications 400×. 

3. Discussion 
Adrenal cancers such as ACC, ACA, and PCC are complex heterogeneous diseases 

with poorly understood etiologies and limited treatment options. Recent research has 
underscored the crucial role of mitochondria and mitochondrial-derived peptides in the 
survival, proliferation, and metabolic adaptation of cancer cells. In this study, we 
conducted a comprehensive analysis of MOTS-c mRNA and protein expression in tissue 
and serum samples from patients with three different types of adrenal tumors and 
compared them with healthy controls. Our findings revealed a general decrease in MOTS-
c mRNA expression across all adrenal tumors analyzed. Moreover, we showed that these 
patients were characterized by increased expression of MOTS-c protein in the serum, 
especially in the ACA and PCC groups, but not in the ACC. Furthermore, we showed that 
the local distribution of MOTS-c protein in adrenal tissue from TMA slides decreased in 
all analyzed adrenal tumors. Interestingly, we showed that the expression of MOTS-c 
protein is down-regulated during ACC progression (stages III and IV), but does not 
correlate with patient age and sex. The correlation of the results with clinical data 
indicated that tumor size and testosterone levels were positively correlated with MOTS-c 
mRNA and negatively correlated with serum MOTS-c protein expression. In addition, 
serum MOTS-c protein was positively correlated with glucose, total cholesterol, HDL, 
LDL, and SHGB levels in all analyzed groups compared to the control. 

To our knowledge, this is the first study to describe a detailed examination of MOTS-c 
mRNA and protein expression in ACC, ACA, and PCC. The functions of MOTS-c are still 
being explored, and only a limited number of studies have investigated the expression of 
MOTS-c peptide in cancer cases, but not in adrenal tumors [42–44]. Furthermore, the TCGA 
database does not provide any information on MOTS-c expression in various cancer types 
[45]. Here, we sought to identify changes in the expression profile of MOTS-c mRNA and 
protein in adrenal tissues of patients with ACC, ACA, and PCC. Our study revealed that 
MOTS-c mRNA expression was inhibited in all adrenal tumors analyzed. Furthermore, we 

Figure 4. Representative images of MOTS-c protein immunohistochemical reactivity in the spec-
trum of adrenal disease on TMA slide, including stages II–IV ACC. Brown staining, pointed out
by red arrows, indicates typical cytoplasmatic localization of MOTS-c protein with hematoxylin
counterstaining to distinguish cell nuclei. Original magnifications 400×.

3. Discussion

Adrenal cancers such as ACC, ACA, and PCC are complex heterogeneous diseases
with poorly understood etiologies and limited treatment options. Recent research has
underscored the crucial role of mitochondria and mitochondrial-derived peptides in the
survival, proliferation, and metabolic adaptation of cancer cells. In this study, we con-
ducted a comprehensive analysis of MOTS-c mRNA and protein expression in tissue and
serum samples from patients with three different types of adrenal tumors and compared
them with healthy controls. Our findings revealed a general decrease in MOTS-c mRNA
expression across all adrenal tumors analyzed. Moreover, we showed that these patients
were characterized by increased expression of MOTS-c protein in the serum, especially in
the ACA and PCC groups, but not in the ACC. Furthermore, we showed that the local
distribution of MOTS-c protein in adrenal tissue from TMA slides decreased in all ana-
lyzed adrenal tumors. Interestingly, we showed that the expression of MOTS-c protein is
down-regulated during ACC progression (stages III and IV), but does not correlate with
patient age and sex. The correlation of the results with clinical data indicated that tumor
size and testosterone levels were positively correlated with MOTS-c mRNA and negatively
correlated with serum MOTS-c protein expression. In addition, serum MOTS-c protein
was positively correlated with glucose, total cholesterol, HDL, LDL, and SHGB levels in all
analyzed groups compared to the control.

To our knowledge, this is the first study to describe a detailed examination of MOTS-c
mRNA and protein expression in ACC, ACA, and PCC. The functions of MOTS-c are still
being explored, and only a limited number of studies have investigated the expression
of MOTS-c peptide in cancer cases, but not in adrenal tumors [42–44]. Furthermore, the
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TCGA database does not provide any information on MOTS-c expression in various cancer
types [45]. Here, we sought to identify changes in the expression profile of MOTS-c mRNA
and protein in adrenal tissues of patients with ACC, ACA, and PCC. Our study revealed
that MOTS-c mRNA expression was inhibited in all adrenal tumors analyzed. Furthermore,
we confirmed the disturbed local distribution of MOTS-c peptide in the adrenal glands,
especially under ACC conditions, due to its reduced expression during disease progression.
Moreover, we did not find any correlation between MOTS-c protein expression and the age
or sex of adrenal samples from patients with different adrenal disorders.

Studies on prostate cancer by Ramirez-Torrez et al. [42] indicated that enhanced serum
MOTS-c levels are associated with a lower risk of disease development and progression.
Other studies investigating the expression of MOTS-c protein in the serum of patients with
breast cancer did not indicate any significant changes compared with controls, even after
metformin administration [43]. The authors explained that metformin and MOTS-c, whose
main effects are concentrated in the muscles, probably have different targets. Another
study analyzed the serum distribution of MOTS-c in breast cancer survivors after 16 weeks
of aerobic and resistance exercise interventions [44]. They found that the level of MOTS-c
in the serum significantly increased after exercise. Moreover, these results correlated with
body weight, fat mass, HOMA-IR, CRP reduction, and improvement in lean mass [44].
Nevertheless, a major source of circulating MOTS-c is muscles, which has attracted growing
interest in research on this phenomenon and the role that MOTS-c plays in the human
aging process [41,46]. It is well known that MOTS-c expression and concentration in
serum decreases with age and contributes to aging and age-related diseases [41,46,47].
Our analysis indicated that the serum expression of MOTS-c protein was significantly up-
regulated in ACA and PCC but not in ACC, where we observed a non-significant increase
in expression. Evidence has confirmed that the adrenal glands are not the main source of
MOTS-c secretion. Moreover, the increased secretion of MOTS-c into the serum from other
sources may be the result of an adaptive mechanism, whereby an insufficient amount of
MOTS-c at the site of disease is compensated by systemic synthesis. Our findings seem
to demonstrate that reduced expression of MOTS-c at both the mRNA and protein levels
suggests disrupted or inhibited local distribution in the adrenal glands of patients with
adrenal tumors. First, disease progression not only requires architectural reorganization of
the tissue but also reduces the number of properly functioning cells. Second, although there
was a reduction in the number of functional mitochondria, it might have led to disruptions
in the transcription and distribution of MOTS-c. In addition, the concomitant increase in
mitochondrial dysfunction disrupts cellular homeostasis, which is normally maintained
by mitochondria.

Cholesterol is a precursor for the synthesis of steroid hormones during steroidogenesis,
in which the mitochondria play an essential role [48,49]. Our study identified positive
correlations between serum MOTS-c protein levels and testosterone, total cholesterol, and
sex hormone-binding globulin (SHBG). These findings suggest that MOTS-c may play a con-
structive role in facilitating the release and transport of testosterone into the bloodstream.
We also observed an adverse correlation between MOTS-c protein expression in serum
samples and evening cortisol levels in patients with adrenal tumors. Adrenal tumors are
often associated with dysregulated hormone secretion and aldosteronism, which can lead to
various metabolic disorders. Several studies have linked adrenal tumors and aldosteronism
to cardiovascular disease and diabetes [50–52], possibly linking the metabolic changes
associated with adrenal tumors to the protective effects of MOTS-c peptide against these
changes. Furthermore, MOTS-c is known for its function in maintaining glucose home-
ostasis by protecting against insulin resistance and hyperglycemia [33,53–55]. However, in
contrast to these findings, our results showed a positive correlation between circulating
MOTS-c protein levels and blood glucose concentration. This result suggests that under
certain conditions, due to the focus on fighting cancer, the amount of MOTS-c may not be
sufficient to fight glucose disorders.
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The opposing expression patterns of MOTS-c in serum and tissues suggest post-
translational modifications of the peptide in tumor cells. These modifications, associated
with malignant cell transformation, may lead to increased degradation of the MOTS-c
protein and its reduced expression in cancer cells. Additionally, changes in the peptide
export process and mitochondrial dysfunction related to metabolic stress in patients with
cancer may also influence the observed differences in MOTS-c expression.

Our study had several limitations that need to be acknowledged. First, the relatively
small sample size and sample collection method did not allow us to perform more advanced
analyses, such as western blotting. Second, the lack of paired serum and tissue samples from
the same patient limited our ability to draw direct correlations between these compartments,
potentially affecting the interpretation of our findings. Third, potential confounding factors,
such as variations in patient treatment and lifestyle differences, were not fully controlled.
These factors could influence the results and should be addressed in future research.

4. Materials and Methods
4.1. Patients’ Characteristics

The study included 67 tumor tissue samples from patients who underwent adrenalec-
tomy for ACC (n = 22), ACA (n = 27), and PCC (n = 18). Clinical data were collected from the
patients prior to adrenalectomy and tissue sampling. For molecular analysis, pathologically
altered adrenal specimens (≈0.5 cm3) were collected and stored in RNAlater™ (#R0901,
Sigma, St. Louis, MO, USA) for subsequent analysis of mRNA expression. Unchanged
adrenal samples from kidney donors were used as the controls (n = 10). In addition, serum
was collected from 65 patients with adrenal tumors, including ACC (n = 29), ACA (n = 28),
and PCC (n = 8) patients, and 10 samples from healthy blood donors as controls. Serum
was collected into the serum separator tubes, then the samples were allowed to clot for 2 h
at room temperature at 4 ◦C before centrifugation at 1000× g for 20 min. Subsequently, the
serum was aliquoted and stored at −20 ◦C for ELISA. The research protocol was approved
by the Local Ethics Committee of Poznan University of Medical Sciences (decision no.
31/22) and adhered to the tenets of the Declaration of Helsinki. Clinical characteristics
were gathered during the initial diagnostic visits through standardized interviews and
evaluations conducted by two physicians. The characteristics of the patients included in
both qPCR and ELISA are shown in Tables 1 and 2, respectively.

Table 1. Clinical characteristics of patients with adrenocortical carcinoma (ACC), adrenocortical
adenoma (ACA), and pheochromocytoma (PCC) included in qPCR analysis.

Characteristic
Mean (min–max) ACC ACA PCC

Sex (male/female) 9/13 4/23 9/9

Age (years) 54 (27–82) 62.3 (30–86) 58.1 (31–82)

Tumor size (mm) 130.5 (57–230) 39.1 (7–67) 44.7 (19–75)

Glucose (mg/dL) 136.9 (83–466) 102.3 (73–175) 118.8 (81–185)

Total cholesterol (mg/dL) 154.4 (109–203) 198.8 (146–266) 217.4 (130–298)

HDL (mg/dL) 42.8 (31–62) 67.2 (39–119) 68.9 (37–121)

Testosterone (nmol/L) 10.3 (0.2–44.7) 4.8 (0.1–24.3) 8.0 (0.8–19.3)

NA (mmol/L) 140.5 (137–145) 141.3 (136–149) 141.1 (138–144)

K (mmol/L) 4.4 (3.1–5.3) 4.2 (2.4–5.2) 4.6 (4–5.4)

Height (cm) 167.1 (156–180) 163.4 (149–175) 171 (158–188)

Weight (kg) 71.7 (56–89) 74.2 (52–104) 73.4 (51–107)

BMI 25.7 (17.9–31.2) 27.1 (17.9–37.6) 24.4 (18.8–31.1)
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Table 2. Clinical characteristics of patients with adrenocortical carcinoma (ACC), adrenocortical
adenoma (ACA), and pheochromocytoma (PCC) included in ELISA analysis.

Characteristic
Mean (min–max) ACC ACA PCC

Sex (male/female) 9/20 8/20 8/0

Age (years) 53 (25–74) 61 (27–81) 45 (33–65)

Tumor size (mm) 116.6 (45–232) 28.3 (11–53) 57.9 (37–75)

Glucose (mg/dL) 98.6 (81–154) 103.8 (85–165) 120.1 (98–154)

Total cholesterol (mg/dL) 180.3 (102–277) 190.5 (131–274) 240.5 (170–298)

HDL (mg/dL) 50.4 (21–82) 57.7 (32–79) 61.2 (48–85)

Testosterone (nmol/L) 9.1 (0.2–52) 4.5 (0.1–19.4) 18.7 (10.2–26.6)

Na (mmol/L) 141.7 (137–146) 141.7 (136–150) 140 (135–143)

K (mmol/L) 4.5 (3.3–5.6) 4.5 (3.8–5.3) 4.7 (4.3–5)

Height (cm) 167.4 (156–183) 167.24 (146–198) 175.7 (162–196)

Weight (kg) 76.8 (54–133) 82 (55–150) 68.5 (54–85)

BMI 27.4 (17.9–41) 29.4 (20.5–55) 22.1 (19–24.6)

4.2. RNA Extraction and Quantification of the Gene Expression

qPCR was performed in accordance with MIQE guidelines [56]. Total RNA was
extracted from adrenal gland tissue using RL reagent from the Universal RNA Purification
Kit (#E3599-02, EURx, Gdańsk, Poland) with the addition of β-mercaptoethanol to inactivate
RNase. RNA isolation and purification were conducted according to the instructions
provided with the Universal RNA Purification Kit (#E3599-02, EURx, Poland). The quantity
of total mRNA was determined by measuring the optical density at 260 nm, and its purity
was assessed by calculating the 260/280 nm absorption ratio (greater than 1.8) using a
NanoDrop spectrophotometer (Thermo Fisher, Waltham, MA, USA). cDNA synthesis
was conducted using the TaqManTM MicroRNA Reverse Transcription Kit (#4366597,
ThermoFisher, Carlsbad, CA, USA) and TaqMan™ microRNA assays with custom primers
for MOTS-c (#4398988, ThermoFisher, Carlsbad, CA, USA) and predesigned primers for
the reference gene RNU48 (#4427975, ThermoFisher, Carlsbad, CA, USA) [41]. In total,
500 µg/mL of RNA was used for each sample. The synthesized cDNA was stored at
−20 ◦C. The expression of target genes was analyzed according to the manufacturer’s
protocol by quantitative real-time PCR using TaqMan Fast Advanced Master Mix (#4444557,
ThermoFisher, Carlsbad, CA, USA). Gene expression was quantified using the CFX96
Touch Real-Time PCR Detection System (CFX96, Bio-Rad, Hercules, CA, USA) in a 20 µL
reaction mixture according to the manufacturer’s instructions. All samples were amplified
in duplicates. The relative expression of target genes was calculated using the ∆∆Ct
quantification method.

4.3. Quantifying MOTS-c Protein Levels Using ELISA

MOTS-c protein levels in the serum of patients with adrenal tumors and controls
were quantified using an ELISA kit for human MOTS-c (#CEX132Hu, Cloud-Clone Corp.,
Houston, TX, USA), in accordance with the manufacturer’s instructions. The absorbance
was determined by measuring the optical density at 450 nm (Biotek, Winooski, VT, USA,
Synergy 2). A quantitative analysis was conducted using a four-parameter logistic curve
(4PL) from the “drc” Bioconductor package [57].

4.4. Immunohistochemical Analyses

An unstained adrenal gland disease spectrum (adrenal cancer progression) TMA slide
(AD2081, US Biomax, Inc., Rockville, MD, USA) was used. The slide contained 34 cases
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of ACAs, 10 ACCs, 3 neuroblastomas, 1 ganglioneuroma, 30 PCCs, 4 hyperplasias, and
6 adjacent normal tissue samples. Each case was represented by duplicate cores on a
slide. IHC analyses were performed as in the previously described procedures [58–60].
Initially, TMA sections were deparaffinized, briefly rehydrated in decreasing concentrations
of ethanol, and rinsed with phosphate-buffered saline (PBS). Antigen unmasking was
performed using citrate-based, pH 6.1 Antigen Unmasking Solution (#H-3300-250, Vector).
The slides were washed and incubated with Normal Horse Serum (2.5%) for 20 min.
Subsequently, the sections were incubated with anti-MOTS-c antibody (MOTSC-101AP,
FabGennix, Frisco, TX, USA) at a concentration of 1:300 overnight at 4 ◦C. After incubation,
the samples were stained using an ImmPRESS® HRP Universal PLUS Polymer Kit (MP-
7800, Vector Laboratories, Inc., Newark, CA, USA). The sections were then counterstained
with Mayer’s hematoxylin (#S330930-2, DAKO, Agilent, Santa Clara, CA, USA), dehydrated,
and mounted. The entire TMA slide was digitized using a GRUNDIUM OCUS®20 slide
scanner (Grundium, Tampere, Finland). IHC staining was analyzed and documented at a
high magnification using CaseViewer 2.3 (64-bit version) for Windows (3D Histech Ltd.,
Budapest, Hungary).

4.5. Semiquantitative Evaluation of MOTS-c Protein Expression

The expression of MOTS-c protein on the TMA slide was quantified using the densito-
metric method. First, the blue-violet color obtained by hematoxylin staining was removed
from the scanned slide using Adobe Photoshop ver. 21.1.0 (Adobe Inc., San Jose, CA, USA).
The resulting image with remaining brown staining indicative of the specific IHC reac-
tion was saved in TIFF format and loaded into the ImageJ software (version 1.5q, Wayne
Rasband, National Institutes of Health, Bethesda, MD, USA). Subsequently, densitometric
analysis was conducted in accordance with the Open Lab Book protocol, adapted to the
TMA format [61]. The integrated density was calculated for each TMA sample, with a
fixed diameter covering of 8800 pixels per piece. The background signal was quantified
and incorporated into the final calculation of the measured pixel intensities for each tissue
array core. The densitometric values obtained are presented as boxplots, with the median
and interquartile range (IQR) displayed. Densitometric data from individual patients are
displayed as dots overlaid on the corresponding box plots. Furthermore, to assess the
potential of MOTS-c as a biomarker for differentiating between different types of adrenal
tumors and healthy tissue, we generated a receiver operating characteristic (ROC) curve
plot using the ‘pROC’ library [62].

4.6. Statistical Analysis

Statistical analyses were conducted using the R programming language (version
4.1.2; R Core Team 2021), supported by the ‘ggplot2’ [63] and ‘ggprism’ [63] libraries
for the visualization of the results. Comparisons between two groups were evaluated
using the Mann–Whitney U test. For analyses involving more than two groups, the
Kruskal–Wallis test was applied, followed by Dunn’s post hoc test. Group differences
were indicated by letters, with different letters indicating statistically significant differences
(p < 0.05). Correlation analyses were conducted between patient characteristics and MOTS-c
expression, employing Pearson correlation, with a significance level of p < 0.05. Correlation
matrices were constructed using the corrplot package for R [64].

5. Conclusions

To our knowledge, this is the first study to investigate MOTS-c expression in patients
with adrenal tumors, particularly ACC, ACA, and PCC. The results of this study indicate
that (i) MOTS-c mRNA expression is down-regulated in all analyzed adrenal tumors,
whereas serum MOTS-c protein levels are increased in the ACA and PCC. Moreover, (ii) the
tissue distribution of MOTS-c peptide was diminished in adrenal tumor samples, and
this reduction was also observed during ACC progression. There are several possible
explanations for this observation. First, mitochondrial homeostasis may be disrupted by
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increased mitochondrial dysfunction through a decrease in the number of fully functional
organelles. Second, disease progression requires changes in the tissue structure by reducing
the number of healthy adrenal cells. Furthermore, correlations with clinical outcomes might
provide new insights into the potential role of MOTS-c in regulating hormonal activity of
the endocrine system. MOTS-c plays an important role in cancer and has the potential to
be used as a therapeutic target. However, the exact effects of MOTS-c on carcinogenesis,
tumor growth, and metastasis, and the mechanism of differential expression of MOTS-c in
tumor tissues and circulation, are not fully understood and require further research.
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