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Abstract: Background. The prevalence of Hashimoto’s thyroiditis (HT) among women with polycystic
ovary syndrome (PCOS) is higher than in the general female population, but the factors predisposing
to the coexistence of these disorders remain unclear. This study employed whole genome sequencing
of mitochondrial DNA to identify genetic variants potentially associated with the development of
PCOS and HT and predisposing to their joint occurrence. Results. A total of 84 women participated,
including patients with PCOS, HT, coexisting PCOS and HT (PCOS + HT) and healthy women. Both
Fisher’s exact and Mann-Whitney U statistical analyses were performed to compare the frequency of
variants between groups. Ten differentiating variants were common to both analyses in PCOS + HT vs.
PCOS, one in PCOS + HT vs. HT, and six in PCOS + HT vs. control. Several variants differentiating the
PCOS + HT group from PCOS and controls were identified, located both in the mitochondrial genes
(including the MT-CYB, MT-ND1, MT-ND2, MT-ND4, MT-ND6, MT-CO1, MT-CO3) and the D-loop
region. Only two variants differentiated PCOS + HT and HT groups. One variant (13237a in MT-ND5)
was common for all three comparisons and underrepresented in the PCOS + HT group. Functional
enrichment analysis showed 10 pathways that were unique for the comparison of PCOS + HT and
PCOS groups, especially related to ATP production and oxidative phosphorylation, and one pathway,
the NADH-quinone oxidoreductase, chain M /4, that was unique for the comparison of PCOS + HT
and control groups. Notably, nine pathways shared commonality between PCOS + HT vs. PCOS and
PCOS + HT vs. control, related to the biogenesis and assembly of Complex I. Conclusion. This study
provides novel insights into the genetic variants associated with oxidative stress in women with
coexisting PCOS and HT. Mitochondrial dysfunction and oxidative stress appear to play a role in the
pathogenesis of both conditions. However, more mitochondrial variants were found to differentiate
women with both PCOS and HT from those with PCOS alone than from those with HT alone.

Keywords: polycystic ovary syndrome; Hashimoto’s thyroiditis; coexisting PCOS and HT; mitochon-
drial variants; oxidative stress

1. Introduction

Polycystic ovary syndrome (PCOS) and Hashimoto’s thyroiditis (HT) belong to the
most common endocrine disorders diagnosed in women of reproductive age and are often
undiagnosed for a long time [1]. These two conditions share numerous similarities. Several
studies indicated that HT and increased levels of antithyroid antibodies were more common
in women with PCOS than in the general female population (22-28% vs. 8-10%) [1]. The
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metabolic and reproductive consequences of the disease occur more frequently and are
more severe in women with coexisting PCOS and HT than in women with each condition
separately [2,3]. Genetic factors were shown to play a significant role in the etiology of both
diseases [1]. However, a potentially predisposing factor that contributes to this comorbidity
is still unknown.

Mitochondria play a fundamental role in cell energy metabolism, apoptosis and
proliferation [4,5]. These organelles contain an independent multi-copy genome, and are the
main endogenous source of reactive oxygen species (ROS) [6,7]. At appropriate levels, ROS
have a key influence on the biological functions of mammalian cells, including cell division,
metabolism, gene expression, and immune response [7]. Mutations in mitochondrial
DNA (mtDNA) may result in respiratory chain dysfunction, leading to reduced ATP
production and the overproduction of ROS, and are involved in the development of
various diseases [5,8,9]. Increased oxidative stress (OS) and decreased antioxidant levels
are correlated with the progression of PCOS and diverse phenotypic features of the disease,
including obesity, insulin resistance (IR) and hyperandrogenism [10,11].

Several variants in mitochondrial genes encoding transfer RNA (mt-tRNA), 12S and
16S ribosomal RNA (mt-rRNA) were identified in women with PCOS [12]. Mutations
affecting highly conserved nucleotides in mitochondrially encoded tRNA serine 1 [tR-
NASer(UCN); MT-TS1] and NADH-ubiquinone oxidoreductase chain 5 protein (MT-ND5),
critical for their stability and biochemical function, may lead to mitochondrial dysfunction
and are likely to be involved in the pathogenesis of PCOS [13]. Additionally, mitochondrial
copy number (CN) analysis suggested that mitochondrial dysfunction might be involved
in the pathogenesis of IR in PCOS women as well as represent an independent risk factor
for PCOS [14-16]. However, it should be noted that the majority of those studies were con-
ducted in Asian populations. One study indicated significantly higher mitochondrial DNA
CN and mitochondrial oxidative damage in HT patients [17]. To date, mtDNA variations
have not been investigated in terms of PCOS and HT comorbidity.

Emerging evidence suggests a potential link between genetic factors and alterations in
mitochondrial function, including OS, in the pathogenesis of PCOS and HT. In this study,
whole genome sequencing (WGS) of mtDNA was used to identify mtDNA genetic variants
potentially associated with the development of PCOS and HT and predisposing to the joint
occurrence of these conditions.

2. Materials and Methods
2.1. Ethics Statement

The local ethics committee approved the study (Medical University of Warsaw, No:
KB/200/2015 and Centre of Postgraduate Medical Education, No: 77/PB/2017, Warsaw,
Poland). All enrolled patients and control subjects were Polish Caucasians and provided
written informed consent before they participated in the study. The study protocol con-
formed to the ethical guidelines of the 1975 Declaration of Helsinki.

2.2. Study Population

This case—control study included 84 women, 20 in each study group: PCOS, HT,
PCOS coexisting with HT (PCOS + HT), and 24 healthy women in the control group. All
participants were of European ancestry. Strict inclusion and exclusion criteria were used
to recruit the patients. In regard to the diagnosis of PCOS, the patients had to meet all
three so-called Rotterdam criteria [18], i.e., chronic anovulation or infrequent ovulation,
hyperandrogenism manifesting by elevated androgen levels, and the presence of polycystic
ovarian morphology on ultrasound examination. The inclusion criteria for patients with HT
included an elevated serum level of anti-thyroid peroxidase (TPO) and anti-thyroglobulin
(Tg) antibodies, and hypoechogenicity of the thyroid gland on the ultrasound image. Due
to additionally diagnosed clinical or subclinical hypothyroidism, 50% of HT patients in
both HT and PCOS + HT groups received levothyroxine. At the time of blood collection,



Antioxidants 2023, 12, 1983

30f13

all patients with HT were euthyroid, either because hypothyroidism had not yet developed
or as a result of adequate supplementation.

The exclusion criteria were: refusal to participate in the study and the diagnosis of
hyperandrogenism due to causes other than PCOS, such as non-classic adrenal hyperplasia,
androgen-secreting tumors, or Cushing syndrome. The use of drugs, supplements or herbs
that could affect the hormonal function and serum androgen levels, for up to six months
before participating in the study was an additional exclusion criterion. Baseline serum levels
of relevant autoantibodies, hormones, and endocrine parameters were determined as part
of routine diagnostic procedures. The clinical characteristics, hormonal, and biochemical
features of the enrolled patients and control subjects are shown in Table 1.

Table 1. Clinical and hormonal parameters of study participants.

PCOS HT PCOS + HT Control .
Parameter N =20 N =20 N =20 N =24 Kruskal-Wallis
Median (IQR) Median (IQR) Median (IQR) Median (IQR) p,,,d]--Value
BMI (kg/m?) 23.52 (7.75) 22.11 (3.99) 26.77 (10.16) 21.63 (2.85) ns.
Age (years) 24 (8) 33.5 (5.75) 25 (3.25) 30 (8) 7.9 x 1074
FSH (mIU/mL) 5.19 (1.93) 5.19 (2.12) 4.43 (1.02) 5.55 (1.07) ns.
LH (mIU/mL) 8.66 (5.52) 5.3 (2.79) 6.59 (4.15) 4.77 (0.85) 1.9 x 1073
LH/FSH 1.7 (0.97) 1.01 (0.79) 1.33 (1.03) 0.87 (0.23) 53 x 1074
E; (pg/mL) 36.5 (18) 39 (37.75) 415 (12) 32.5 (20.25) ns.
T (ng/mL) 0.55 (0.16) 0.32 (0.12) 0.53 (0.17) 0.32 (0.12) 89 x 107
A (ng/mL) 4.46 (1.63) 1.94 (0.59) 3.77 (1.95) 1.96 (0.23) 6.6 x 10711
PRG (ng/mL) 0.3(0.2) 9.75 (9.12) 0.27 (0.44) 11 (4.38) 1.9 x 1079
17-OH-PRG (ng/mL) 2.65 (0.97) 1.27 (0.85) 1.42 (1.16) 1.23 (0.45) 51 %1073
DHEAS (umol/1) 9.24 (3.52) 6.28 (4.3) 9.51 (5.45) 6.88 (2.98) 15 x 1072
TSH (uIU/mL) 1.31 (0.77) 1.31 (1.15) 1.66 (1.07) 1.57 (0.8) ns.
fT, (pmol/mL) 12.43 (1.46) 13.23 (1.84) 13.74 (1.9) 12.5 (0.64) 1.7 x 1072
TPO-Ab (IU/mL) 0.3 (0.2) 276.5 (601) 122 (219.25) 0.69 (0.64) 6.6 x 10711
Tg-Ab (IU/mL) 1.75 (1.79) 41.5 (58.25) 34.5 (35.5) 1(0.51) 6.6 x 10711

Data are shown as the median and interquartile range (IQR). The bold value indicates statistically significant
differences revealed in comparison with PCOS + HT group (p < 0.05). A, androstenedione; BMI, body mass index;
DHEAS, dehydroepiandrosterone sulfate; E2, estradiol; FSH, follicle-stimulating hormone; fT4, free thyroxine;
LH, luteinizing hormone; PRG, progesterone; T, testosterone; Tg-Ab, anti-thyroglobulin antibody; TPO-Ab,
anti-thyroid peroxidase antibody; TSH, thyroid-stimulating hormone. ns., not significant.

2.3. Nucleic Acid Extraction

Total genomic DNA was isolated from whole blood samples treated with EDTA
using QIAamp DNA Mini Blood Kit (Qiagen GmbH, Hilden, Germany) following the
manufacturer’s instructions. The quantity and purity of extracted DNA were measured
using Qubit™ dsDNA HS Assay Kit on Qubit fluorometer 2.0 (Thermo Fisher Scientific,
Waltham, MA, USA) and NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA), respectively.

2.4. Mitochondrial DNA Sequencing and Variant Calling

MtDNA libraries were prepared using the Precision ID mtDNA Whole Genome Panel,
a multiplex assay with two primer pools aimed at analyzing the 16,569 bp human mi-
tochondrial genome. The mtDNA libraries were sequenced on the Ion Torrent platform
(Thermo Fisher Scientific, Waltham, MA, USA) using Ion PI™ Hi-Q™ Sequencing Kit
reagents. Mitochondrial variants and haplogroups were identified and assessed with HID
Genotyper lon torrent Plugin (v2.1_df70f6b). Haplogroup assignment to the higher level
was based on the hierarchization of the phylogenetic tree (http:/ /www.phylotree.org/,
accessed on 1 May 2022). Only variants described as True Variants or Heteroplasmies were
considered for a downstream analysis. Length heteroplasmies were analyzed only if they
were marked as present in the European DNA profiling group (EDNAP) mtDNA popu-
lation database (EMPOP). The variants were annotated according to extended guidelines


http://www.phylotree.org/

Antioxidants 2023, 12, 1983

40f13

for mitochondrial variant typing [19], with small letters denoting deletions, and capital
letters accompanied by a number, such as 309.1C, denoting insertions. Deletions with
allele frequency higher than 50% were simply denoted with the “del” symbol instead. The
International Union of Pure and Applied Chemistry IUPAC) ambiguity codes were used
for single-nucleotide heteroplasmies.

2.5. Statistical Analyses

We conducted two types of statistical analyses, the Fisher’s exact test and the Mann—
Whitney U test, in order to compare the occurrence of mitochondrial variants across
different groups. Differences in variant presence/absence between groups were compared
using the Fisher’s exact test (implemented in base R). Allele frequencies were compared
with the Mann-Whitney U test. The p-value was adjusted (p,;-values) for multiple compar-
isons with the Benjamini-Hochberg (B-H) algorithm [20], assuming p,;-value < 0.05 as the
significance threshold. Functional enrichment analysis for selected genes was conducted
using the Cytoscape platform v.3.6.1 with the ClueGO v.2.5.1 application [21] based on the
Reactome Pathway and the Kyoto Encyclopedia of Genes and Genomes (KEGG) databases,
with pjg-value < 0.05 as the threshold level. Biochemical parameters were compared with
the Kruskal-Wallis test, with the Mann—-Whitney U test as a post hoc test, and control group
as a reference. Variant significance assessment was performed with mvTool version 7.1 [22].
Used databases included: HmtDB [23] and ClinVar [24]. The following tools were used to
predict pathogenicity in silico: CADD [25] and MitoTip [26]. The interpretation for MitoTip
score was provided as a result. For CADD, a score above 10 is considered pathogenic
(following the interpretation of Kelsen et al. [27]).

3. Results
3.1. Identified mtDNA Haplogroups

A total of 70 distinct mtDNA subhaplogroups were identified in 84 participating
women. A group of 23 women were characterized into nine subhaplogroups, including H,
H13alalb, H1a3, J1blal, Kla4ald, K1b2a2, T2b, U4al and W. Seven out of 23 women were
classified as H subhaplogroup. The remaining 61 women were characterized by unique
subhaplogroups (Supplementary Table S1). After the hierarchization of the phylogenetic
tree, nearly all patients were assigned to three main haplogroups, RO, U and JT (Table 2).
As many as 50% of HT patients were classified as haplogroup R0, while haplogroup U
dominated among women with PCOS, tested in 40% of this group. The JT haplogroup was
by far the least abundant, although there was a noticeable increasing trend in the control
group. Although the obtained results were not statistically significant, they indicated
that the study groups were homogeneous and included women belonging to the Central
European population.

Table 2. The main mtDNA haplogroups detected after the hierarchization of the phylogenetic tree.

PCOS HT PCOS + HT Control
Haplogroup % in Group % in Group % in Group % in Group
N=20 N=20 N=20 N=24
RO 35 50 35 33
8] 40 30 30 29
JT 10 10 20 25
other 15 10 15 13

3.2. Significantly Differentiating Mitochondrial Variants

Two kinds of statistical analyses were performed, the Fisher’s exact and Mann—
Whitney U tests, to compare the frequencies of mitochondrial variants between groups.
Fisher’s exact test was used to assess disparities in the presence or absence of variants
(significant over- or underrepresentation of variants) among the groups, while the Mann—
Whitney U test was employed to compare allele frequencies (differences in the percentage
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share of variants). As shown in Table 3, pairwise comparison analyses between PCOS + HT
group and the other three groups (PCOS or HT alone and controls) identified several mito-
chondrial variants with significant (p < 0.05) frequency differences in at least one analysis.
Of them, 3 and 23 variants significantly differentiated the PCOS + HT group in all three
comparisons after p-value adjustment, in the Fisher’s exact and Mann-Whitney U analyses,
respectively (Table 3).

Table 3. Significantly differentiating variants revealed by Fisher’s exact and Mann-Whitney U analyses.

Fisher’s Exact Test Mann-Whitney U Test
PCOS + HT vs. PCOS

Gene Variant Estimate p-Value Pagj-Value Gene Variant p-Value Padj-Value
MT-CO1 6698a 0 1.29 x 107> 0.0049 MT-ATP6 8860G 472 x 107° 0.0002
MT-CO3 9499t 0 451 x 107° 0.0085 MT-CO1 6698a 2.56 x 107> 0.0004
D-loop 438c 0 0.0004 0.0548 MI-CO3 9499t 6.67 x 1075 0.0008
MT-ND6 14628M 0.05 0.0012 0.1176 MT-ND2 4611a 0.0002 0.0020
MT-ND5 13237a 0.08 0.0022 0.1659 D-loop 438c 0.0004 0.0027
D-loop 302M 0.06 0.0033 0.1800 MT-ND6 14628M 0.0005 0.0027
MT-ND2 5251t 0.06 0.0033 0.1800 MT-RNR1 750G 0.0012 0.0052
MT-TG 10053a 0 0.0083 0.3152 MT-ND5 13237a 0.0013 0.0052
MT-CYB 15682a 0 0.0083 0.3152 MT-ND2 5251t 0.0014 0.0052
MT-CYB 15787t 0.07 0.0084 0.3152 D-loop 302M 0.0015 0.0052
D-loop 309.1C 0.14 0.0095 0.3266 MI-CYB 15787t 0.0028 0.0089
MT-ND1 3571c 0.18 0.0407 1 MT-ND2 4769G 0.0041 0.0120
MT-ND2 4611a 0.18 0.0407 1 MT-RNR1 1438G 0.0070 0.0187
MT-ND6 14429¢ 0 0.0471 1 D-loop 16380c 0.0143 0.0345
MT-ATP6 8695a 0 0.0471 1 MT-ND1 3571c 0.0148 0.0345

PCOS + HT vs. HT
MT-ND5 13237a 0.12 0.0138 1 MT-ND5 13237a 0.0059 0.1655
D-loop 309c 0.0350 0.4904
PCOS + HT vs. C

MT-CO1 6698a 0 2.67 x 10°° 0.0010 MT-CO1 6698a 128 x10°° 0.0004
MT-CO3 9499t 0 0.0003 0.0641 MT-ND2 4769G 8.77 x 107° 0.0014
MT-ND5 13237a 0.07 0.0005 0.0641 MT-ND5 13237a 0.0004 0.0036
MT-ND2 5251t 0.05 0.0008 0.0734 MT-ND2 5251t 0.0006 0.0036
MT-ND4 11038a 6.7 0.0052 0.3980 MT-CO3 9499t 0.0007 0.0036
D-loop 438¢ 0 0.0111 0.7020 MT-ND4 11038del 0.0007 0.0036
MT-ND4 11038del 0.19 0.0138 0.7533 MT-ND2 4611a 0.0020 0.0088
MT-ND4 11038a 0.0103 0.0398
MT-ND1 3571c 0.0261 0.0817
MT-TS1 7452a 0.0263 0.0817
MT-ND4 11431c 0.0452 0.1274

Variants with a significant frequency difference in both Fisher’s exact and Mann-Whitney U analyses are high-
lighted in grey. Bold value indicates statistically significant differences after p-value adjustment (p,q; < 0.05).
Estimate value < 1 denotes variant’s underrepresentation.

As presented in a Venn diagram (Figure 1A), Fisher’s analysis revealed 14 variants
unique for the comparisons of the PCOS + HT group with the PCOS and control (C) groups.
All of them were underrepresented in patients with coexisting PCOS and HT, including
two variants located in the MT-ND6 (14628M, 14429c) gene, two in MT-ND2 (4611a, 5251t),
two in MT-CYB (15787t, 15682a) and two in the D-loop region (302M, 309.1C) (Table 3).
Additional two variants located in the MT-ND4 gene were unique for PCOS + HT vs. C,
while 11038del was underrepresented and 11038a was overrepresented in the PCOS + HT
group. The 13237a variant in the MT-NDb5 gene was common for all three comparisons
and was underrepresented in the PCOS + HT group. No unique variant was shown for the
comparison between PCOS + HT and HT alone.
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PCOS+HT vs. PCOS PCOS+HT vs. HT PCOS+HT vs. PCOS PCOS+HT vs. HT

D-loop 302M
D-loop 309.1C

D-loop 302M

MT-RNR1
MT-ATP6 886
MT-ND6 14628

MT-CO3 9499t

PCOS+HT vs. C PCOS+HT vs. C

Figure 1. Significantly differentiating variants and assigned genes in comparisons of PCOS + HT and
PCOS, HT and control (C) groups; (A)—Fisher’s exact analysis; (B)—Mann-Whitney U analysis.

The Mann-Whitney U test was effective in detecting slightly more significantly differ-
entiating variants compared to the Fisher’s test (Table 3). Ten, one and six variants were
common for both methods of analysis, in the comparisons of the PCOS + HT group and the
PCOS, HT and control groups, respectively. Two new variants, located in MT-TS1 (7452a)
and MT-ND+4 (11431c), were unique for PCOS + HT vs. C (p,j < 0.05), and the 309¢c variant
located in the D-loop region was unique for PCOS + HT vs. HT (p < 0.05) (Figure 1B). Inter-
estingly, five variants significantly differentiating the PCOS + HT and PCOS groups only
in the Mann-Whitney U analysis, including 8860G (MT-ATP6), 4769G (MT-ND2), 1438G
and 750G (MT-RNR1) and 16380c in the D-loop region, belong to ancestral mitochondrial
variants (Table 3). Further, selected variants’ significance was assessed and summarized in
Supplementary Table S4. Based on ClinVar and HmtDB MitoTip databases, variants 15682a
(MT-CYB) and 14628M (MT-ND6) differentiating in PCOS + HT vs. PCOS were classified
as probable pathogenic and pathogenic, respectively.

3.3. Functional Enrichment Analyses

Functional enrichment analysis was performed for genes assigned to the selected
significantly differentiating variants according to Fisher’s exact test. We identified 19
and 10 biological processes or signaling pathways enriched by variants differentiating in
PCOS + HT vs. PCOS and PCOS + HT vs. C groups, based on the Reactome Pathway and
the KEGG databases, respectively (p,4; < 0.05) (Supplementary Tables S2 and S3).

Functional enrichment analysis showed 10 pathways that were unique for the compar-
ison of PCOS + HT and PCOS groups, especially related to ATP production and oxidative
phosphorylation (OXPHOS), including the ADP and Pi bind to ATPase, ATPase synthesizes
ATP, Electron transfer from ubiquinol to cytochrome c of complex III, Enzyme-bound ATP
is released, F1Fo ATP synthase dimerizes, Formation of ATP by chemiosmotic coupling, Ox-
idative phosphorylation, Parkinson’s disease, The 315 kDa subcomplex binds the 370 kDa
subcomplex to form the 550 kDa complex, and The citric acid (TCA) cycle and respiratory
electron transport (Figure 2). In turn, only one unique pathway, the NADH-quinone ox-
idoreductase, chain M /4, was found for the PCOS + HT and control group comparison
(Figure 3).
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Figure 3. Functional enrichment analysis for variants differentiating PCOS + HT and control groups.
Bold indicates the most significant functional pathways that define the name of the signaling pathway
group (p-value adjusted with the Benjamini-Hochberg). Unique pathways are marked with a

dashed line.

Another nine pathways, mainly related to the Complex I (CI) assembly pathway,
were common for PCOS + HT vs. PCOS and PCOS + HT vs. C, including the Complex I
oxidises NADH to NAD+, reduces CoQ to QH2; Complex I biogenesis; Respiratory electron
transport; Electron transfer from reduced cytochrome c to molecular oxygen; ND2, ND3,
ND6, NDUFB6 bind the MCIA complex to form a 370 kDa subcomplex; ND4, ND5 bind the
550 kDa complex to form the 815 kDa complex; Peripheral arm subunits bind the 815 kDa
complex to form a 980 kDa complex; Respiratory electron transport, ATP synthesis by
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chemiosmotic coupling, and heat production by uncoupling proteins; The MCIA complex,
NDUFAE2-7 all dissociate from the 980 kDa complex, resulting in Complex 1.

Functional enrichment analysis showed no pathway significantly enriched by genes
assigned to variants differentiating in PCOS + HT vs. HT, suggesting that patients with the
joint occurrence of PCOS and HT and HT alone share similar mitochondrial variants.

4. Discussion

The incidence of thyroid dysfunction in a group of women with PCOS is about three
times higher than that in healthy women [1]. However, no conclusive explanation for this
phenomenon can be provided. By applying the mitochondrial WGS strategy, the current
study highlights novel mtDNA genetic variants associated with the OS in patients with
PCOS and HT and possibly predisposing to the joint occurrence of these conditions in the
Polish population.

In this study, Fisher’s exact and Mann-Whitney U association analyses revealed
several new unique variants in mitochondrial genes and the D-loop non-coding sequence,
differentiating the group of patients with coexisting PCOS and HT from groups of patients
with PCOS or HT alone and the controls (Figure 1). One variant, 13237a, located in the
MT-ND5 gene was common for all three comparisons, suggesting that it may be unique
to PCOS + HT patients. The identified variants were mostly underrepresented in the
PCOS + HT group (Table 3). We identified variant 15682a (MT-CYB) differentiating in
comparison PCOS + HT vs. PCOS clinically classified as probable pathogenic in familial
breast cancer [28].

To date, six variants in mitochondrial tRNA genes, including tRNAGIn (MT-TQ), tR-
NACys (MT-TC), tRNAAsp (MT-TD), tRNALys (MT-TK), tRNAArg (MT-TR) and tRNAGlu
(MT-TE), seven variants in the 125 rRNA gene and three variants in 165 rRNA have been
described as being associated with PCOS in the Chinese population [12]. The authors sug-
gested that mutations in mtDNA, especially the OXPHOS complex and tRNAs, might be
associated with PCOS development. Also, Reddy et al. [29] showed a significant association
of D310 and A189G variants in the mtDNA D-loop region, non-coding and much more
variable sequence, and the reduction in mtDNA CN in patients with PCOS compared to
control individuals. In turn, Ding et al. [16] identified nine mt-tRNA mutations that were
associated with PCOS-IR: A3302G and C3275A in tRNALeu(UUR) (MT-TL1), T4363C and
T4395C in tRNAGIn (MT-TQ), C7492T in tRNASer(UCN) (MT-TS1), A7543G in tRNAAsp
(MT-TD), A8343G in tRNALys (MT-TK), T10454C in tRNAArg (MT-TR) and A14693G in
tRNAGIu (MT-TE).

Several wide-scale studies linked HT to the m.3243A > G mutation in the tRNALeu
(UUR) gene (MT-TL1), the most observed pathogenic mtDNA mutation, which has a high
phenotypic variability involving different organs such as the brain and nerves, the skeletal
muscle, heart, the endocrine system, the gastrointestinal tract, and the skin [30]. Some
phenotypes correspond to well-known syndromes such as mitochondrial encephalomyopa-
thy syndrome (MELAS) or Leigh syndrome. Chin et al. [31] conducted an observational
study in 35 patients with this mutation and showed that the incidence of endocrine-related
medical issues included 51.4% of cases with diabetes, 22.9% with low lactate levels, 8.6%
with elevated pyruvate levels and 5.7% of cases with hypothyroidism. In addition, Muller-
Hocker et al. [32] reported that a common deletion of 4977 bp (position 8482 to 13,459)
in the mtDNA of thyroid oxyphil cells of 61-year-old woman with HT was linked to a
respiratory chain dysfunction.

To our knowledge, there were no studies using wide-scale methods to explore the
impact of mitochondrial variants on HT development. However, it should be considered
that the limitation of this research was the relatively small sample size of each group.
Our Mann-Whitney U analysis showed only one variant (309.1c) in the D-loop region
differentiating women with coexisting PCOS and HT from those with HT alone (Table 3).
Although our knowledge in this field is still scant, patients with both HT and PCOS and
HT alone seem to share similar mitochondrial variants.
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Oxidative phosphorylation and the citric acid (TCA) cycle were among the unique
pathways enriched by genes assigned to variants differentiating PCOS + HT and PCOS
groups, including MT-ATP6, MT-COX1, MT-COX3, MT-CYTB, MT-ND1, MT-ND2, MT-
NDb5, MT-ND6 (Figure 2, Supplementary Table S2). Mitochondria belong to the key players
in generating and regulating cellular bioenergetics, producing the majority of OXPHOS
molecules [33]. It was shown that women with PCOS might exhibit impaired OXPHOS
efficiency and increased OS [10,34]. OS contributes to IR, which is a common feature of
PCOS [35]. Elevated insulin levels stimulate the ovaries to produce excessive androgen
hormones, including testosterone, which disrupts normal ovulation cycle and contributes to
the development of PCOS symptoms [36]. Furthermore, impaired mitochondrial function
and OS within the ovarian follicles may lead to altered energy metabolism, reduced egg
quality, and compromised reproductive outcomes [37,38]. Similarly to PCOS, impaired
OXPHOS has several consequences for HT development [39]. Decreased energy production
affects the overall function of the thyroid gland. Additionally, mitochondrial dysfunction
may contribute to increased inflammation, cell damage, and apoptosis in the thyroid tissue,
exacerbating the autoimmune response [40,41]. Thyroid hormones themselves play a role
in regulating mitochondprial function and OXPHOS [42]. Alterations in thyroid hormone
levels in HT impact mitochondrial function and energy metabolism [43].

The TCA cycle is an integral part of cellular respiration. It occurs in the mitochondria
and is responsible for the oxidation of acetyl-CoA, derived from carbohydrates, fats, and
proteins, into carbon dioxide and the generation of reducing equivalents, NADH, and
FADH2. These reducing equivalents are critical for the subsequent OXPHOS process in
the electron transport chain, leading to the production of ATP. The oocyte obtains the re-
quired energy to complete the maturation process from the cumulus—-oocyte complex due to,
among others, the TCA cycle. The disruption of citrate formation in this process indicates re-
duced oocyte competence [44,45]. In mice with dehydroepiandrosterone (DHEA)-induced
hyperandrogenism, oocytes exhibited lower citrate levels, glucose-6-phosphate dehydroge-
nase (G6PD) activity and lipid content, suggesting abnormal TCA cycle metabolism and
the pentose phosphate pathway [46]. Thus, elevated DHEA levels in women with hyperan-
drogenism and PCOS may have a negative impact on oocyte function and contribute to
impaired pregnancy. In addition, the hepatic pathophysiology of PCOS [47,48] was linked
to the downregulation of the TCA cycle and glycolysis processes, regardless of age, based
on the hepatic exosome metabolome analysis in a mouse model [49].

In turn, thyroid hormones promote the entry of glucose and fatty acids into cells,
increasing the supply of substrates for cellular respiration, including the TCA cycle [50].
In addition, these molecules boost the activity of enzymes involved in the TCA cycle and
the electron transport chain, leading to increased ATP production [51]. In hypothyroidism,
with reduced levels of thyroid hormones, the overall cellular metabolism tends to slow
down. This may impact the TCA cycle and its associated processes, leading to reduced ATP
production and cellular energy levels [52]. Consequently, individuals with hypothyroidism
may experience symptoms such as fatigue, weight gain, cold intolerance, and a slower
heart rate.

Decreased OXPHOS activity is associated with the deficiency of NADH-quinone
oxidoreductase (CI), the first and the largest complex of the OXPHOS system [53]. In our
study, the NADH-quinone oxidoreductase, a chain M/4 pathway, was the only unique
pathway when comparing a group of patients with coexisting PCOS and HT and a control
group of healthy women (Figure 3). Abnormal CI function was associated with the shape of
mitochondrial structures and increased levels of ROS [53], possibly leading to mitochondrial
fragmentation where the cellular antioxidant defense systems were not properly balanced.

Metformin is a widely accepted medication for treating metabolic consequences of
PCOS [54]. However, its mechanism of action remains unclear. It appears to specifically
reduce oxygen flow through substrates for CI [55], suggesting that its androgen-lowering
effect is mediated by the specific inhibition of CI of the mitochondprial respiratory chain.
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Thus, the direct inhibition of CI by other specific agents should result in reduced androgen
production [55].

CI transfers electrons from NADH to coenzyme Q, contributing to the balance of
cellular redox state [56]. At normal levels (the euthyroid state), thyroid hormones enhance
various metabolic processes, including those involved in the electron transport chain,
leading to the increased activity of CI and other electron transport complexes, and higher
ATP production through OXPHOS. The disruption of this process due to hypothyroidism
may result in decreased CI activity and ATP production, leading to altered cellular redox
balance and potentially increased OS [56,57].

The respiratory electron transport, ATP synthesis by chemiosmotic coupling, and
heat production by uncoupling proteins pathway, the common pathway for compar-
isons of the PCOS + HT group with both PCOS and control groups, was represented
by variants in the MT-ATP6, MT-COX1, MT-COX3, MT-CYTB, MT-ND1, MT-ND2, MT-
ND5, MT-ND6 and MT-COX1, MT-COX3, MT-ND2, MT-ND4, MT-ND5 genes, respectively
(Supplementary Table S2). Mitochondrial uncoupling protein 1 (UCP1) is a key component
of heat production in brown adipose tissue (BAT) [58]. This mechanism was observed
in women with PCOS exhibiting reduced BAT function, resulting from high androgen
levels [59]. In rats with DHEA-induced PCOS, the reduced expression of thermogenic
genes, UCP1 and mitochondrial OXPHOS proteins was observed, which affected the defect
in energy metabolism and BAT activity [60]. In turn, thyroid hormones were identified as
major modulators of energy production and thermogenesis, promoting proton leakage and
increased OS, in which UCP1 is involved [42].

In this study, the mtDNA haplogroups of women with PCOS, HT and the joint occur-
rence of both disorders in the Polish population were determined for the first time. Given
the lack of data, these results represent a new point around genetic variant search in relation
to ancestry. So far, the relationship between classification into specific haplogroups and the
pathophysiology of PCOS and HT has not been determined [61]. Based on the detected
mitochondrial variants, all women participating in the study were classified into specific
haplogroups. The most frequently observed ones were R0, U and JT (Table 2). This result,
while statistically insignificant, stays in line with the dominant haplogroups observed in
the European population [62]. However, in regard to the whole Slavic population, HV, U
and JT were the dominant described haplogroups, occurring in 90% of the population [63].

5. Conclusions

This is the first study in which mitochondrial variant analysis was performed in a
population of women with the joint occurrence of PCOS and HT. Both of these disorders are
complex conditions influenced by numerous factors, and OS appears to be involved in their
pathogenesis. However, the exact relationship between OS and these conditions is not fully
understood. Therefore, further research is needed to elucidate the underlying mechanisms.
It should be noted that OS is most likely not the sole cause of PCOS or HT, but rather
one of contributing factors including genetic predisposition, epigenetic modifications, and
environmental influences. While our findings provide valuable insights into the topic at
hand, further validation through external, independent datasets or studies is necessary to
confirm the generalizability of our results. It is important for future studies to replicate
our findings in larger and more diverse patient populations to enhance the robustness of
the results.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/antiox12111983/s1, Table S1: Identified mtDNA haplogroups;
Tables S2 and S3: Functional enrichment analyses; Table S4: Prediction of significant variants” effect.


https://www.mdpi.com/article/10.3390/antiox12111983/s1
https://www.mdpi.com/article/10.3390/antiox12111983/s1

Antioxidants 2023, 12, 1983 11 of 13

Author Contributions: Conceptualization, N.Z.-L. and E.E.H.; methodology, N.Z.-L. and M.D;
formal analysis, M.K. and N.Z.-L.; investigation, N.Z.-L. and M.D.; resources, K.S.; writing—original
draft preparation, N.Z-L., E.E.H., M.K,; writing—review and editing, N.Z-L., EEH., MK, M.C,;
visualization, M.K. and N.Z.-L.; supervision, E.E.H.; project administration, N.Z.-L. and E.EH.;
funding acquisition, N.Z.-L. and E.E.H. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by the Centre of Postgraduate Medical Education (grant number
501-1-009-12-22) and the Polish National Center of Science (grant number 2016,/23/B/NZ2/00696).

Institutional Review Board Statement: The study was conducted in accordance with the Declara-
tion of Helsinki and approved by the Local Ethics Committees at Medical University of Warsaw
(KB/200/2015) and Centre of Postgraduate Medical Education (No: 77/PB/2017) for studies involv-
ing humans.

Informed Consent Statement: Written informed consent was obtained from the patients to publish
this paper.

Data Availability Statement: A large portion of original data presented in the study is included
as Supplementary Material in this manuscript. Due to the ethical restrictions and data protection
regulations (possibility of identification), the raw whole genome sequencing (WGS) of mtDNA data
will be made available by the authors upon reasonable request.

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

References

1. Zeber-Lubecka, N.; Hennig, E.E. Genetic Susceptibility to Joint Occurrence of Polycystic Ovary Syndrome and Hashimoto’s
Thyroiditis: How Far Is Our Understanding? Front. Immunol. 2021, 12, 606620. [CrossRef] [PubMed]

2. Aversa, A.; La Vignera, S.; Rago, R.; Gambineri, A.; Nappi, R.E.; Calogero, A.E.; Ferlin, A. Fundamental Concepts and Novel
Aspects of Polycystic Ovarian Syndrome: Expert Consensus Resolutions. Front. Endocrinol. 2020, 11, 516. [CrossRef] [PubMed]

3. Wekker, V.; van Dammen, L.; Koning, A.; Heida, K.Y.; Painter, R.C.; Limpens, ]J.; Laven, ].S.E.; Lennep, J].E.R.v.; Roseboom, T.J.;
Hoek, A. Long-Term Cardiometabolic Disease Risk in Women with PCOS: A Systematic Review and Meta-Analysis. Hum. Reprod.
Update 2020, 26, 942-960. [CrossRef] [PubMed]

4.  Brillo, V.; Chieregato, L.; Leanza, L.; Muccioli, S.; Costa, R. Mitochondrial Dynamics, ROS, and Cell Signaling: A Blended
Overview. Life 2021, 11, 332. [CrossRef]

5. Picard, M,; Shirihai, O.S. Mitochondrial Signal Transduction. Cell Metab. 2022, 34, 1620-1653. [CrossRef]

6. Sinha, K; Das, J.; Pal, P.B.; Sil, P.C. Oxidative Stress: The Mitochondria-Dependent and Mitochondria-Independent Pathways of
Apoptosis. Arch. Toxicol. 2013, 87, 1157-1180. [CrossRef]

7. Sena, L.A.; Chandel, N.S. Physiological Roles of Mitochondrial Reactive Oxygen Species. Mol. Cell 2012, 48, 158-167. [CrossRef]

8.  Bhatti, ].S.; Bhatti, G.K.; Reddy, P.H. Mitochondrial Dysfunction and Oxidative Stress in Metabolic Disorders—A Step towards
Mitochondria Based Therapeutic Strategies. Biochim. Biophys. Acta BBA Mol. Basis Dis. 2017, 1863, 1066-1077. [CrossRef]

9. Lax, N.Z.; Turnbull, D.M.; Reeve, A.K. Mitochondrial Mutations. Neuroscientist 2011, 17, 645-658. [CrossRef]

10. Zhang, ].; Bao, Y.; Zhou, X.; Zheng, L. Polycystic Ovary Syndrome and Mitochondrial Dysfunction. Reprod. Biol. Endocrinol. 2019,
17, 67. [CrossRef]

11.  Shukla, P.; Mukherjee, S. Mitochondrial Dysfunction: An Emerging Link in the Pathophysiology of Polycystic Ovary Syndrome.
Mitochondrion 2020, 52, 24-39. [CrossRef]

12.  Zhuo, G,; Ding, Y.; Feng, G.; Yu, L.; Jiang, Y. Analysis of Mitochondrial DNA Sequence Variants in Patients with Polycystic Ovary
Syndrome. Arch. Gynecol. Obstet. 2012, 286, 653-659. [CrossRef]

13. Ding, Y,; Zhuo, G.; Zhang, C.; Leng, J. Point Mutation in Mitochondrial TRNA Gene Is Associated with Polycystic Ovary
Syndrome and Insulin Resistance. Mol. Med. Rep. 2016, 13, 3169-3172. [CrossRef] [PubMed]

14. Ding, Y.; Zhuo, G.; Zhang, C. The Mitochondrial TRNALeu(UUR) A3302G Mutation May Be Associated with Insulin Resistance
in Woman with Polycystic Ovary Syndrome. Reprod. Sci. 2016, 23, 228-233. [CrossRef] [PubMed]

15.  Ye, M.; Hu, B.; Shi, W,; Guo, F; Xu, C.; Li, S. Mitochondrial DNA 4977 Bp Deletion in Peripheral Blood Is Associated with
Polycystic Ovary Syndrome. Front. Endocrinol. 2021, 12, 675581. [CrossRef]

16. Ding, Y.; Xia, B.-H.; Zhang, C.-J.; Zhuo, G.-C. Mutations in Mitochondrial TRNA Genes May Be Related to Insulin Resistance in
Women with Polycystic Ovary Syndrome. Am. |. Transl. Res. 2017, 9, 2984-2996.

17.  Esfahanian, F.; Hazaveh, M.M.; Garehbagh, L.H.; Falahati, K.; Ataei, M.; Sanati, M.H.; Jadali, Z. Increased Mitochondrial DNA
Copy Number and Oxidative Damage in Patients with Hashimoto’s Thyroiditis. Iran. ]. Public Health 2021, 50, 1697-1704.
[CrossRef]

18.  The Rotterdam ESHRE/ ASRM-Sponsored PCOS Consensus Workshop Group. Revised 2003 Consensus on Diagnostic Criteria

and Long-Term Health Risks Related to Polycystic Ovary Syndrome. Fertil. Steril. 2004, 81, 19-25. [CrossRef]


https://doi.org/10.3389/fimmu.2021.606620
https://www.ncbi.nlm.nih.gov/pubmed/33746952
https://doi.org/10.3389/fendo.2020.00516
https://www.ncbi.nlm.nih.gov/pubmed/32849300
https://doi.org/10.1093/humupd/dmaa029
https://www.ncbi.nlm.nih.gov/pubmed/32995872
https://doi.org/10.3390/life11040332
https://doi.org/10.1016/j.cmet.2022.10.008
https://doi.org/10.1007/s00204-013-1034-4
https://doi.org/10.1016/j.molcel.2012.09.025
https://doi.org/10.1016/j.bbadis.2016.11.010
https://doi.org/10.1177/1073858410385469
https://doi.org/10.1186/s12958-019-0509-4
https://doi.org/10.1016/j.mito.2020.02.006
https://doi.org/10.1007/s00404-012-2358-7
https://doi.org/10.3892/mmr.2016.4916
https://www.ncbi.nlm.nih.gov/pubmed/26935780
https://doi.org/10.1177/1933719115602777
https://www.ncbi.nlm.nih.gov/pubmed/26335180
https://doi.org/10.3389/fendo.2021.675581
https://doi.org/10.18502/ijph.v50i8.6817
https://doi.org/10.1016/j.fertnstert.2003.10.004

Antioxidants 2023, 12, 1983 12 of 13

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Parson, W.; Gusmao, L.; Hares, D.R; Irwin, ]J.A.; Mayr, W.R; Morling, N.; Pokorak, E.; Prinz, M.; Salas, A.; Schneider, PM.; et al.
DNA Commission of the International Society for Forensic Genetics: Revised and Extended Guidelines for Mitochondrial DNA
Typing. Forensic Sci. Int. Genet. 2014, 13, 134-142. [CrossRef]

Benjamini, Y.; Hochberg, Y. Controlling the False Discovery Rate: A Practical and Powerful Approach to Multiple Testing. J. R.
Stat. Soc. Ser. B Methodol. 1995, 57, 289-300. [CrossRef]

Bindea, G.; Mlecnik, B.; Hackl, H.; Charoentong, P.; Tosolini, M.; Kirilovsky, A.; Fridman, W.-H.; Pages, F.; Trajanoski, Z.;
Galon, ]J. ClueGO: A Cytoscape Plug-in to Decipher Functionally Grouped Gene Ontology and Pathway Annotation Networks.
Bioinformatics 2009, 25, 1091-1093. [CrossRef] [PubMed]

Shen, L.; Attimonelli, M.; Bai, R.; Lott, M.T.; Wallace, D.C.; Falk, M.].; Gai, X. MSeqDR MvTool: A Mitochondrial DNA Web and
API Resource for Comprehensive Variant Annotation, Universal Nomenclature Collation, and Reference Genome Conversion.
Hum. Mutat. 2018, 39, 806-810. [CrossRef] [PubMed]

Rubino, F; Piredda, R.; Calabrese, EM.; Simone, D.; Lang, M.; Calabrese, C.; Petruzzella, V.; Tommaseo-Ponzetta, M.; Gasparre,
G.; Attimonelli, M. HmtDB, a Genomic Resource for Mitochondrion-Based Human Variability Studies. Nucleic Acids Res. 2012, 40,
D1150-D1159. [CrossRef] [PubMed]

Landrum, M.].; Chitipiralla, S.; Brown, G.R.; Chen, C.; Gu, B.; Hart, J.; Hoffman, D.; Jang, W.; Kaur, K,; Liu, C.; et al. ClinVar:
Improvements to Accessing Data. Nucleic Acids Res. 2020, 48, D835-D844. [CrossRef] [PubMed]

Rentzsch, P.; Schubach, M.; Shendure, J.; Kircher, M. CADD-Splice-Improving Genome-Wide Variant Effect Prediction Using
Deep Learning-Derived Splice Scores. Genome Med. 2021, 13, 31. [CrossRef]

Sonney, S.; Leipzig, ].; Lott, M.T.; Zhang, S.; Procaccio, V.; Wallace, D.C.; Sondheimer, N. Predicting the Pathogenicity of Novel
Variants in Mitochondrial TRNA with MitoTIP. PLoS Comput. Biol. 2017, 13, €1005867. [CrossRef]

Kelsen, J.R.; Dawany, N.; Moran, C.J.; Petersen, B.-S.; Sarmady, M.; Sasson, A.; Pauly-Hubbard, H.; Martinez, A.; Maurer, K,;
Soong, J.; et al. Exome Sequencing Analysis Reveals Variants in Primary Immunodeficiency Genes in Patients with Very Early
Onset Inflammatory Bowel Disease. Gastroenterology 2015, 149, 1415-1424. [CrossRef]

NC_012920.1:M.15682A>G and Familial Cancer of Breast-ClinVar—-NCBI. Available online: https://www.ncbi.nlm.nih.gov/
clinvar/RCV000133436/ (accessed on 31 October 2023).

Reddy, T.V.; Govatati, S.; Deenadayal, M.; Sisinthy, S.; Bhanoori, M. Impact of Mitochondrial DNA Copy Number and Displace-
ment Loop Alterations on Polycystic Ovary Syndrome Risk in South Indian Women. Mitochondrion 2019, 44, 35-40. [CrossRef]
Shen, X.; Du, A. The Non-Syndromic Clinical Spectrums of MtDNA 3243A>G Mutation. Neurosciences 2021, 26, 128-133.
[CrossRef]

Chin, J.; Marotta, R.; Chiotis, M.; Allan, E.H.; Collins, S.J. Detection Rates and Phenotypic Spectrum of m.3243A>G in the MT-TL1
Gene: A Molecular Diagnostic Laboratory Perspective. Mitochondrion 2014, 17, 34—41. [CrossRef]

Miiller-Hocker, J.; Jacob, U.; Seibel, P. Hashimoto Thyreoiditis Is Associated with Defects of Cytochrome-c Oxidase in Oxyphil
Askanazy Cells and with the Common Deletion (4977) of Mitochondrial DNA. Ultrastruct. Pathol. 1998, 22, 91-100. [CrossRef]
[PubMed]

Bergman, O.; Ben-Shachar, D. Mitochondrial Oxidative Phosphorylation System (OXPHOS) Deficits in Schizophrenia: Possible
Interactions with Cellular Processes. Can. J. Psychiatry 2016, 61, 457-469. [CrossRef] [PubMed]

Uyanikoglu, H.; Sabuncu, T.; Dursun, H.; Sezen, H.; Aksoy, N. Circulating Levels of Apoptotic Markers and Oxidative Stress
Parameters in Women with Polycystic Ovary Syndrome: A Case-Controlled Descriptive Study. Biomarkers 2017, 22, 643—-647.
[CrossRef] [PubMed]

Zuo, T.; Zhu, M.; Xu, W. Roles of Oxidative Stress in Polycystic Ovary Syndrome and Cancers. Oxid. Med. Cell. Longev. 2016,
2016, 8589318. [CrossRef] [PubMed]

Mancini, A.; Bruno, C.; Vergani, E.; d"Abate, C.; Giacchi, E.; Silvestrini, A. Oxidative Stress and Low-Grade Inflammation in
Polycystic Ovary Syndrome: Controversies and New Insights. Int. J. Mol. Sci. 2021, 22, 1667. [CrossRef]

Nuriez-Calonge, R.; Cortés, S.; Gutierrez Gonzalez, L.M; Kireev, R.; Vara, E.; Ortega, L.; Caballero, P.; Rancan, L.; Tresguerres, J.
Oxidative Stress in Follicular Fluid of Young Women with Low Response Compared with Fertile Oocyte Donors. Reprod. Biomed.
Online 2016, 32, 446-456. [CrossRef]

Yalcinkaya, E.; Cakiroglu, Y.; Doger, E.; Budak, O.; Cekmen, M.; Caliskan, E. Effect of Follicular Fluid NO, MDA and GSH Levels
on in Vitro Fertilization Outcomes. J. Turk. Ger. Gynecol. Assoc. 2013, 14, 136-141. [CrossRef]

Zimmermann, F.A.; Neureiter, D.; Feichtinger, R.G.; Trost, A.; Sperl, W.; Kofler, B.; Mayr, ].A. Deficiency of Respiratory Chain
Complex I in Hashimoto Thyroiditis. Mitochondrion 2016, 26, 1-6. [CrossRef]

Kochman, J.; Jakubczyk, K.; Bargiel, P.; Janda-Milczarek, K. The Influence of Oxidative Stress on Thyroid Diseases. Antioxidants
2021, 10, 1442. [CrossRef]

Rostami, R.; Aghasi, M.R.; Mohammadi, A.; Nourooz-Zadeh, J. Enhanced Oxidative Stress in Hashimoto’s Thyroiditis: Inter-
Relationships to Biomarkers of Thyroid Function. Clin. Biochem. 2013, 46, 308-312. [CrossRef]

Yehuda-Shnaidman, E.; Kalderon, B.; Bar-Tana, ]. Thyroid Hormone, Thyromimetics, and Metabolic Efficiency. Endocr. Rev. 2014,
35, 35-58. [CrossRef] [PubMed]

Ates, I; Arikan, M.E; Altay, M,; Yilmaz, EM.; Yilmaz, N.; Berker, D.; Guler, S. The Effect of Oxidative Stress on the Progression of
Hashimoto’s Thyroiditis. Arch. Physiol. Biochem. 2018, 124, 351-356. [CrossRef]

Wang, Q.; Moley, K.H. Maternal Diabetes and Oocyte Quality. Mitochondrion 2010, 10, 403-410. [CrossRef] [PubMed]


https://doi.org/10.1016/j.fsigen.2014.07.010
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1093/bioinformatics/btp101
https://www.ncbi.nlm.nih.gov/pubmed/19237447
https://doi.org/10.1002/humu.23422
https://www.ncbi.nlm.nih.gov/pubmed/29539190
https://doi.org/10.1093/nar/gkr1086
https://www.ncbi.nlm.nih.gov/pubmed/22139932
https://doi.org/10.1093/nar/gkz972
https://www.ncbi.nlm.nih.gov/pubmed/31777943
https://doi.org/10.1186/s13073-021-00835-9
https://doi.org/10.1371/journal.pcbi.1005867
https://doi.org/10.1053/j.gastro.2015.07.006
https://www.ncbi.nlm.nih.gov/clinvar/RCV000133436/
https://www.ncbi.nlm.nih.gov/clinvar/RCV000133436/
https://doi.org/10.1016/j.mito.2017.12.010
https://doi.org/10.17712/nsj.2021.2.20200145
https://doi.org/10.1016/j.mito.2014.05.005
https://doi.org/10.3109/01913129809032263
https://www.ncbi.nlm.nih.gov/pubmed/9491221
https://doi.org/10.1177/0706743716648290
https://www.ncbi.nlm.nih.gov/pubmed/27412728
https://doi.org/10.1080/1354750X.2016.1265004
https://www.ncbi.nlm.nih.gov/pubmed/27899026
https://doi.org/10.1155/2016/8589318
https://www.ncbi.nlm.nih.gov/pubmed/26770659
https://doi.org/10.3390/ijms22041667
https://doi.org/10.1016/j.rbmo.2015.12.010
https://doi.org/10.5152/jtgga.2013.53323
https://doi.org/10.1016/j.mito.2015.11.002
https://doi.org/10.3390/antiox10091442
https://doi.org/10.1016/j.clinbiochem.2012.11.021
https://doi.org/10.1210/er.2013-1006
https://www.ncbi.nlm.nih.gov/pubmed/23970761
https://doi.org/10.1080/13813455.2017.1408660
https://doi.org/10.1016/j.mito.2010.03.002
https://www.ncbi.nlm.nih.gov/pubmed/20226883

Antioxidants 2023, 12, 1983 13 of 13

45.

46.

47.

48.
49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.
63.

Wang, Q.; Ratchford, A.M.; Chi, M.M.-Y.; Schoeller, E.; Frolova, A.; Schedl, T.; Moley, K.H. Maternal Diabetes Causes Mitochondrial
Dysfunction and Meiotic Defects in Murine Oocytes. Mol. Endocrinol. 2009, 23, 1603-1612. [CrossRef]

Jimenez, P.T,; Frolova, A.L; Chi, M.M.; Grindler, N.M.; Willcockson, A.R.; Reynolds, K.A.; Zhao, Q.; Moley, K.H. DHEA-Mediated
Inhibition of the Pentose Phosphate Pathway Alters Oocyte Lipid Metabolism in Mice. Endocrinology 2013, 154, 4835-4844.
[CrossRef]

Sarkar, M.; Terrault, N.; Chan, W.; Cedars, M.L; Huddleston, H.G.; Duwaerts, C.C.; Balitzer, D.; Gill, R.M. Polycystic Ovary
Syndrome (PCOS) Is Associated with NASH Severity and Advanced Fibrosis. Liver Int. 2020, 40, 355-359. [CrossRef] [PubMed]
Vassilatou, E. Nonalcoholic Fatty Liver Disease and Polycystic Ovary Syndrome. World |. Gastroenterol. 2014, 20, 8351. [CrossRef]
Gao, S.; Long, F; Jiang, Z; Shi, J.; Ma, D.; Yang, Y.; Bai, J.; Han, T.-L. The Complex Metabolic Interactions of Liver Tissue and
Hepatic Exosome in PCOS Mice at Young and Middle Age. Front. Physiol. 2022, 13, 990987. [CrossRef]

Arneth, B.M. The Impact of Krebs Cycle Intermediates on the Endocrine System and Immune System: A Comparison. Endocrines
2023, 4, 179-193. [CrossRef]

Mendez, D.A.; Ortiz, R M. Thyroid Hormones and the Potential for Regulating Glucose Metabolism in Cardiomyocytes during
Insulin Resistance and T2DM. Physiol. Rep. 2021, 9, e14858. [CrossRef]

Martinez-Reyes, I.; Chandel, N.S. Mitochondrial TCA Cycle Metabolites Control Physiology and Disease. Nat. Commun. 2020,
11,102. [CrossRef] [PubMed]

Koopman, W.J.H.; Verkaart, S.; Visch, H.J.; van Emst-de Vries, S.; Nijtmans, L.G.].; Smeitink, J.A.M.; Willems, PH.G.M. Human
NADH:Ubiquinone Oxidoreductase Deficiency: Radical Changes in Mitochondrial Morphology? Am. J. Physiol. Cell Physiol. 2007,
293, C22-C29. [CrossRef] [PubMed]

Kolodziejczyk, B.; Duleba, A.].; Spaczynski, R.Z.; Pawelczyk, L. Metformin Therapy Decreases Hyperandrogenism and Hyperin-
sulinemia in Women with Polycystic Ovary Syndrome. Fertil. Steril. 2000, 73, 1149-1154. [CrossRef]

Hirsch, A.; Hahn, D.; Kempna, P.; Hofer, G.; Nuoffer, J.-M.; Mullis, PE.; Fliick, C.E. Metformin Inhibits Human Androgen
Production by Regulating Steroidogenic Enzymes HSD3B2 and CYP17A1 and Complex I Activity of the Respiratory Chain.
Endocrinology 2012, 153, 4354-4366. [CrossRef] [PubMed]

Cioffi, F.; Giacco, A.; Goglia, F; Silvestri, E. Bioenergetic Aspects of Mitochondrial Actions of Thyroid Hormones. Cells 2022,
11,997. [CrossRef] [PubMed]

Mancini, A.; Di Segni, C.; Raimondo, S.; Olivieri, G.; Silvestrini, A.; Meucci, E.; Curro, D. Thyroid Hormones, Oxidative Stress,
and Inflammation. Mediat. Inflamm. 2016, 2016, 6757154. [CrossRef] [PubMed]

Li, Y.; Fromme, T. Uncoupling Protein 1 Does Not Produce Heat without Activation. Int. J. Mol. Sci. 2022, 23, 2406. [CrossRef]
[PubMed]

Shorakae, S.; Jona, E.; de Courten, B.; Lambert, G.W.; Lambert, E.A.; Phillips, S.E.; Clarke, L].; Teede, H.J.; Henry, B.A. Brown
Adipose Tissue Thermogenesis in Polycystic Ovary Syndrome. Clin. Endocrinol. 2018, 90, 425-432. [CrossRef]

Yuan, X.; Hu, T.; Zhao, H.; Huang, Y.; Ye, R.; Lin, J.; Zhang, C.; Zhang, H.; Wei, G.; Zhou, H.; et al. Brown Adipose Tissue
Transplantation Ameliorates Polycystic Ovary Syndrome. Proc. Natl. Acad. Sci. USA 2016, 113, 2708-2713. [CrossRef]

Jarczak, J.; Grochowalski, L..; Marciniak, B.; Lach, J.; Stomka, M.; Sobalska-Kwapis, M.; Lorkiewicz, W.; Putaski, L.; Strapagiel, D.
Mitochondrial DNA Variability of the Polish Population. Eur. . Hum. Genet. 2019, 27, 1304-1314. [CrossRef]

Dong, J.; Wong, L.-].; Mims, M.P. Mitochondrial Inheritance and Cancer. Transl. Res. 2018, 202, 24-34. [CrossRef] [PubMed]
Chinnery, P.F; Gomez-Duran, A. Oldies but Goldies MtDNA Population Variants and Neurodegenerative Diseases. Front.
Neurosci. 2018, 12, 682. [CrossRef] [PubMed]

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/10.1210/me.2009-0033
https://doi.org/10.1210/en.2012-2140
https://doi.org/10.1111/liv.14279
https://www.ncbi.nlm.nih.gov/pubmed/31627243
https://doi.org/10.3748/wjg.v20.i26.8351
https://doi.org/10.3389/fphys.2022.990987
https://doi.org/10.3390/endocrines4010016
https://doi.org/10.14814/phy2.14858
https://doi.org/10.1038/s41467-019-13668-3
https://www.ncbi.nlm.nih.gov/pubmed/31900386
https://doi.org/10.1152/ajpcell.00194.2006
https://www.ncbi.nlm.nih.gov/pubmed/17428841
https://doi.org/10.1016/S0015-0282(00)00501-X
https://doi.org/10.1210/en.2012-1145
https://www.ncbi.nlm.nih.gov/pubmed/22778212
https://doi.org/10.3390/cells11060997
https://www.ncbi.nlm.nih.gov/pubmed/35326451
https://doi.org/10.1155/2016/6757154
https://www.ncbi.nlm.nih.gov/pubmed/27051079
https://doi.org/10.3390/ijms23052406
https://www.ncbi.nlm.nih.gov/pubmed/35269549
https://doi.org/10.1111/cen.13913
https://doi.org/10.1073/pnas.1523236113
https://doi.org/10.1038/s41431-019-0381-x
https://doi.org/10.1016/j.trsl.2018.06.004
https://www.ncbi.nlm.nih.gov/pubmed/30044960
https://doi.org/10.3389/fnins.2018.00682
https://www.ncbi.nlm.nih.gov/pubmed/30369864

	Introduction 
	Materials and Methods 
	Ethics Statement 
	Study Population 
	Nucleic Acid Extraction 
	Mitochondrial DNA Sequencing and Variant Calling 
	Statistical Analyses 

	Results 
	Identified mtDNA Haplogroups 
	Significantly Differentiating Mitochondrial Variants 
	Functional Enrichment Analyses 

	Discussion 
	Conclusions 
	References

