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Abstract

Purpose Polycystic ovary syndrome (PCOS) is one of the leading causes of infertility in women of childbearing age, and
many patients with PCOS have obesity and insulin resistance (IR). Although obesity is related to an increased risk of IR,
in clinical practice, PCOS patients exhibit different effects on improving insulin sensitivity after weight loss. Therefore,
in the present study, we aimed to examine the moderating effect of polymorphisms of mtDNA in the D-loop region on the
associations of body mass index (BMI) with the homeostasis model assessment of insulin resistance index (HOMA-IR) and
pancreatic f§ cell function index (HOMA-B) among women with PCOS.

Methods Based on a cross-sectional study, women with PCOS were recruited from the Reproductive Center of the First
Affiliated Hospital of Anhui Medical University from 2015 to 2018. A total of 520 women who were diagnosed with PCOS
based on the revised 2003 Rotterdam criteria were included in the study. Peripheral blood was collected from these patients,
followed by DNA extraction, PCR amplification, and sequencing at baseline. HOMA-IR and HOMA- were calculated
according to blood glucose-related indices. Moderating effect models were performed with BMI as an independent variable,
polymorphisms of mtDNA in the D-loop region as moderators, and In (HOMA-IR) and In (HOMA-p) as dependent variables.
To verify the stability of moderating effect, sensitivity analysis was performed with the quantitative insulin sensitivity check
index (QUICKI), fasting plasma glucose/fasting insulin (G/I), and fasting insulin as dependent variables.

Results BMI was positively associated with In (HOMA-IR) and In (HOMA-B) (=0.090, p <0.001; p=0.059, p<0.001,
respectively), and the relationship between BMI and In (HOMA-IR) or In (HOMA-) was moderated by the polymorphisms
of mtDNA in the D-loop region. Compared with the respective wild-type, the variant -type of m.16217 T > C enhanced
the association between BMI and HOMA-IR, while the variant-type of m.16316 A > G weakened the association. On the
other hand, the variant-type of m.16316 A > G and m.16203 A > G weakened the association between BMI and HOMA-f,
respectively. The results of QUICKI and fasting insulin as dependent variables were generally consistent with HOMA-IR,
and the results of G/I as dependent variables were generally consistent with HOMA-f.

Conclusion Polymorphisms of mtDNA in the D-loop region moderate the associations of BMI with HOMA-IR and HOMA-
among women with PCOS.

Keywords Polycystic ovary syndrome - Body mass index - HOMA-IR - HOMA-f - Moderating effect

Introduction

Polycystic ovarian syndrome (PCOS), characterized by
excessive androgen and chronic anovulation, is the most
common reproductive endocrine disease in women of
childbearing age, affecting approximately 5~20% [1, 2].
The revised 2003 Rotterdam criteria, which are widely
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medical institutions to diagnose PCOS, indicate that
a patient’s phenotype should meet at least two of the
following characteristics: clinical and/or biochemical
hyperandrogenemia, ovulation dysfunction, and polycystic
ovary morphology (PCOM) [2], while requiring the
exclusion of diseases with symptoms and signs that overlap
with PCOS, such as congenital adrenal hyperplasia and
Cushing’s syndrome and androgen-secreting tumors. Women
with PCOS face an increased risk of obesity, diabetes,
cardiovascular disease, hypertension, and other metabolic
complications, especially after menopause [3]. To date, the
etiology and pathogenesis of PCOS remain unclear, but there
is growing evidence that PCOS is a polygenic disease with
strong epigenetic and environmental effects [4].

Obesity, as a phenotype of PCOS, can also aggravate
various other functional disorders of PCOS, such as
anovulation, hyperandrogenism, insulin resistance (IR), and
inflammation [5]. Insulin resistance (IR), another phenotype
of PCOS, affects approximately 65 to 70% of women with
PCOS [6]. Some researchers have found that in the early
stages of PCOS, women not only have IR but also impaired
f cell function [7]. Impaired glucose tolerance and type 2
diabetes occur when insulin cannot cope with glucose levels
due to IR. The study of B-cell function in patients with PCOS
is controversial. In a European population-based study,
women with PCOS showed higher IR, but they secreted more
insulin to maintain normal glucose homeostasis compared
to the controls matched for age, BMI, and insulin resistance
[8]. In another study, early -cell function impairment was
found in Chinese women with PCOS [9].

Mitochondria are the sites of energy generation in cells
and play an important role in cell energy metabolism,
reproduction, and apoptosis. Mitochondrial DNA (mtDNA)
is a 16,569 bp double-linked ring molecule encoding 2
rRNA, 22 tRNA, and 13 phosphorylation system complexes
I, IIL, TV, and V, which are necessary for the production of
adenosine triphosphate (ATP) [10, 11]. Mitochondria are
also important structures that regulate oxidative stress.
Some studies have shown that oxidative stress markers
are significantly higher in PCOS women than in normal
women [12], and they have been recognized as a potential
cause of PCOS pathogenesis. The D-loop region is the
main regulatory site for the replication and transcription of
mtDNA. Additionally, the promoters of various transcription
factors necessary for mitochondrial gene transcription
exist in the D-loop region, and various nuclear hormone
receptors, such as glucocorticoid receptor, estrogen receptor,
and thyroid (T3) hormone receptor, bind to the D-loop and
exert their functions [13]. Mutations in this region may
affect mtDNA transcription and replication, resulting in ROS
production and mitochondrial dysfunction.

Recent studies have shown that the expression of
oxidative phosphorylation-related genes is reduced in
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the skeletal muscle of women with PCOS accompanied
by IR [14, 15]. Some studies have found that there is a
correlation between obesity and mtDNA copy number
[16]. For example, the results from a German study showed
that variants of m.16292 C>T and m.16189 T > C in the
D-loop region of mtDNA are associated with obesity [17].
Mitochondrial dysfunction plays an important role in the
development of IR [18]. When treating PCOS patients,
clinicians will not only apply necessary clinical medications
but also warn patients to reduce their body weight in various
ways to keep their BMI within a reasonable range. However,
according to the follow-up study of patients, the reduction in
BMI in different patients has exhibited different effects on
decreasing IR [19], so the underlying reasons behind this
phenomenon deserve further exploration.

Therefore, the aim of this study was to analyze the
relationships between BMI and homeostasis model
assessment of insulin resistance index (HOMA-IR) and
pancreatic f§ cell function index (HOMA-B) among women
with PCOS and to investigate whether there is a moderating
effect of the polymorphisms of mtDNA in the D-loop region
on these associations.

Materials and methods
Ethics

This study was approved by the Biomedical Ethics
Committee of Anhui Medical University (No. 20131401).
All the participants signed informed consent forms.

Study design and population recruitment

A cross-sectional study was conducted in our present study to
investigate the moderating effect of mtDNA polymorphisms
in the D-loop region on the associations of BMI with
HOMA-IR and HOMA-f among women with PCOS.

After we obtained a grant of research ethics approval, two
experienced clinicians at the reproductive center of the First
Affiliated Hospital of Anhui Medical University, China, were
charged with the recruitment of patients with PCOS. Finally,
a total of 520 patients with PCOS who intended to seek help
for infertility for the first time at our reproductive center were
recruited from 2015 to 2018. PCOS was diagnosed based on
the revised 2003 Rotterdam criteria, and a patient's phenotype
should satisfy at least two of the following criteria: (1) oli-
goovulation or anovulation (oligomenorrhea: menstrual cycles
lasting longer than 35 days; amenorrhea: menstrual absence
within 6 months; and anovulation: serum progesterone
level <3 ng/mL on the 21st~24th day of the menstrual cycle);
(2) polycystic ovarian morphology after ultrasound examina-
tion (an increased ovarian volume > 10 mL or the number of
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small follicles (diameter: 2 to 9 mm) > 12 in each ovary); and
(3) clinical or biochemical signs of hyperandrogenism (serum
androgen > 2.64 nmol/L, hirsutism, or acne) [2]. Patients who
showed a similar clinical presentation due to other disorders
were excluded—for example, congenital adrenal hyperplasia,
Cushing’s syndrome, or androgen-secreting tumors.

Additionally, to verify whether the selected gene
polymorphism sites were generalizable to women
without PCOS, we set up a control group (all the women
in the control group did not have PCOS). The general
demographic characteristics, serum hormone levels, and
glycaemic-related indices of the study population are
displayed in Supplementary Table S1.

Assessment of clinical characteristics

Clinical characteristics of participants, such as the
basal sex hormone level, fasting glucose, and fasting
insulin level, were measured. Fasting glucose (FG) was
measured by the hexokinase method via commercial
kits (Beckman Coulter, Inc., USA), which were suitable
for the autoanalyzer (AU5821; Beckman Coulter, Inc.,
USA); fasting insulin (FI) was measured by the direct
chemiluminescent assay via commercial kits (ADVIA
Centaur; Siemens Healthineers, Inc., Germany) that were
suitable for the autoanalyzer (Siemens Healthineers,
Inc., Germany). The levels of serum basal sex hormones,
such as luteinizing hormone (LH), follicle-stimulating
hormone (FSH), oestradiol (E2), progesterone (P),
prolactin (PRL), and testosterone (T), were measured by
electrochemiluminescence immunoassays (ECLIAs) using
commercial kits (Beckman Coulter, Inc., USA) suitable
for the autoanalyzer (UniCel Dx1 800 Access; Beckman
Coulter, Inc., USA). The measurement of the above three
indices was completed at the Department of Clinical
Laboratory of the First Affiliated Hospital of Anhui
Medical University. HOMA-IR was calculated according to
the following formula: HOMA-IR = fasting insulin(FINS)
(pIU/mL) x fasting glucose(FPG) (mmol/L)/22.5.
HOMA-f was estimated based on the following formula:
HOMA-B =20 x fasting insulin (pIU/mL)/(fasting glucose
(mmol/L) —3.5). QUICKI was calculated according to the
following formula: QUICKI=1/(log FINS (pIU/mL)+log
FPG (mmol/L)). The fasting G/I ratio was calculated
according to the following formula: G/I=FPG (mmol/L)/
FINS (pIU/mL). HOMA-IR >2.69 was defined as IR [20].
The intra-assay and interassay CVs for total testosterone
were 3 ~ 8%, respectively; the intra-assay and interassay
CVs for fasting plasma glucose were 3 ~ 5%, respectively;
the intra-assay and interassay CVs for fasting insulin were
1.8 ~2.8%, respectively; the intra-assay and interassay CVs
for FSH were 2.9 ~5.3%, respectively; and the intra-assay
and interassay CVs for LH were 1.5 ~3.0%, respectively.

The demographic characteristics of the patients, such
as age, height, and body weight, were gathered from the
hospital’s electronic health system. Age, height, and body
weight were all collected as continuous variables. BMI was
calculated based on the formula: BMI=body weight (kg)/
the square of the height (m?).

DNA extraction, polymerase chain reaction,
and next-generation sequencing

Fasting anticoagulant blood samples of patients were
collected on the 2nd or 3rd day of menstruation (or
vaginal bleeding after drug withdrawal) when they
conducted the clinical laboratory measurement of basal
hormone levels. Genomic DNA was isolated from the
whole blood of patients with PCOS using the Magnetic
Universal Genomic DNA Kit (Tiangen Biotech (Beijing)
Co., Ltd.). Polymerase chain reaction and next-generation
sequencing were performed according to our previous
research (Deng et al. 2021; Li et al. 2020b). Briefly, the
entire 1124 bp D-loop region of mtDNA was amplified
using polymerase chain reaction (PCR) with the forwards
primer 5'-CTCCACCATTAGCACCCAAAGC-3' and the
reverse primer 5'-AGGCTAAGCGTTTTG AGCTG-3'. The
20 pL PCR was performed using the Takara LA Taq Kit
(Clontech). PCR amplification cycle conditions followed
the procedure: 95 °C for 3 min, 30 cycles at 94 C for 30 s,
54 °C for 30 s, 72 °C for 30 s, and one extension cycle at
72 °C for 10 min. Cycle sequencing was performed after
purification via the Big Dye Terminator Cycle sequencing
reaction Kit (Applied Biosystem, Foster City, CA). Finally,
the products were sequenced on the ABI Prism 3730
DNA Analyser (Applied Biosystem). Comparison with
the revised Cambridge Reference Sequence (rCRS) was
performed, and the sites of base mutation and variation
were obtained.

Statistical analysis

Statistical analysis was performed using SPSS for Windows
(version 22.0; SPSS UK Ltd., Surrey, UK) and R (version
4.0.5, package “ggplot2”), and a p value <0.05 (two-sided)
was considered statistically significant for all the analyses.
The descriptive statistics for continuous variables were
presented as the mean values + standard deviations (SD) or
medians (P,5— P5) or percentages. First, after HOMA-IR and
HOMA-f were natural logarithm transformed, the generalized
linear model (GLM) was used to analyze the relationships of
BMI with HOMA-IR and HOMA-B, respectively, to judge
whether there was a linear relationship between them. Then,
linear regression models were used to analyze the relationship
between BMI and In(HOMA-IR) and BMI and In(HOMA-f)
in patients with PCOS. Finally, we examined whether
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polymorphisms of mtDNA in the D-loop region moderated the
association between BMI and In (HOMA-IR) or In (HOMA-f).
Therefore, moderating effect models were conducted with
BMI as an independent variable, polymorphisms of mtDNA
in the D-loop region as moderators, and In (HOMA-IR) and In
(HOMA-P) as dependent variables using the SPSS PROCESS
macro, version 4.0 (Model 1), developed by Hayes. Age, LH/
FSH, and T were considered covariates. Additionally, to
verify the stability of moderating effect, sensitivity analysis
was performed with QUICKI, G/I, and fasting insulin as
dependent variables. Simple slope figures were used to
show the relationships of BMI with In (HOMA-IR) and In
(HOMA-p) when the moderators (polymorphisms of mtDNA)
was set as wild-type and variant-type status, respectively.

Results

The general demographic characteristics, serum hormone
levels, and glycaemic-related indices of the study
population are displayed in Table 1. The mean +SD age
of women with PCOS was 27.10 + 3.64 years (range: 13 to
41 years); their mean + SD BMI was 24.07 +3.80 kg/mz,
and nearly half of the women with PCOS were overweight
or obese; the median (P,s, P45) total testosterone level of
women with PCOS was 1.76 (1.29, 2.35) nmol/L, and
women with T >2.64 nmol/L accounted for 15.58%;
nearly two-thirds of women with PCOS had IR. With
regard to women without PCOS, their mean + SD age was
28.59 +3.06 years (range: 20 to 39 years); their mean + SD
BMI was 22.21 + 3.44 kg/m? (range: 16.00 to 37.90 kg/
m?), only a quarter of the women were overweight or
obese; the median (P,5, P;5) total testosterone level
was 1.47 (0.91, 1.96) nmol/L, and the women with
T >2.64 nmol/L accounted for 7.06%; nearly one-third of
women had IR, respectively (Supplementary Table S1).
The women with PCOS and women in the control group
involved in the study were of Han ethnicity. The general
demographic characteristics (age, BMI) in the PCOS
group were significantly different from those in the control
group (p <0.001). The serum sex hormone levels (FSH,
LH, T), LH/FSH ratio, and blood glucose-related indices
in the PCOS group were significantly different from those
in the control group (Supplementary Table S1).

Among all the mtDNA gene sites that we identified, there
were 66 mtDNA sites with the condition that the percentages
of women with the variant type accounted for more than 2%
(Table 2). Considering our sample size, these 66 sites were
selected for subsequent analysis.

We found that the relationships of BMI with IlHOMA-IR
and InHOMA-P were approximately linear (Fig. 1 and
Fig. 2). In linear regression models, BMI was significantly
and positively associated with In (HOMA-IR) (f=0.09,
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Table 1 Demographic characteristics of the participants

Variables Mean + SD or median
(Pys. Py5) or n (%)

Characteristic

Age (years) 27.10+3.64

BMI (kg/m?) 24.07+3.80

Underweight (< 18.5) 20 (3.85)

Normal (18.5-23.9) 249 (47.88)

Overweight/obesity (>24.0) 251 (48.27)

Serum basal sex hormone levels

FSH (mIU/mL) 6.23+1.40

LH (mIU/mL) 9.58 (6.38, 13.97)

LH/FSH 1.60 (1.02, 2.28)

T (nmol/L) 1.76 (1.29, 2.35)

T<2.64 439 (84.42)

T>2.64 81 (15.58)

Blood glucose-related indexes

FPG (mmol/L) 5.52+1.37

FINS (pIU/mL) 13.96 (8.97, 20.59)

HOMA-IR 3.34(2.13,5.12)

HOMA-IR <2.69 190 (36.54)

HOMA-IR >2.69 330 (63.46)

HOMA-p 145.90 (103.78, 219.59)

BMI, body mass index; FSH, follicle-stimulating hormone; LH, lute-
inizing hormone; 7, testosterone; FPG, fasting plasma glucose; FINS,
fasting insulin; HOMA-IR, homeostasis model assessment of insulin
resistance; HOMA-f, homeostasis model assessment of p-cell func-
tion

p<0.001) after adjusting for age, LH/FSH, and T. Similarly,
after HOMA-P was natural logarithm transformed, BMI
was also significantly and positively associated with In
(HOMA-B) (B=0.059, p <0.001) after adjusting for age,
LH/FSH, and T (Table 3). BMI was also significantly and
positively associated with InFINS (3=0.081, p <0.001) after
adjusting for age, LH/FSH, and T. BMI was significantly
and negatively associated with InQUICKI (= —0.022,
p<0.001) and In(G/T) (= —0.073, p<0.001) after adjusting
for age, LH/FSH, and T, respectively (Supplementary
Table S5).

We further explored whether polymorphisms of mtDNA
can enhance or weaken the associations of BMI with
HOMA-IR and HOMA-B. The regression coefficients
(Bs) of the interaction between BMI and polymorphisms
of m.16217 and m.16316 were as follows before adjusting
for confounders: p=0.046, p=0.039; p= —0.255,
p=0.001, respectively. After adjusting for confounders
(age, LH/FSH, and T), the polymorphism of m.16217
positively moderated the relationship between BMI and
In(HOMA-IR) (B =0.045, p=0.045); the polymorphism
of m.16316 negatively moderated the relationship
between BMI and In(HOMA-IR) (p= —0.255, p=0.001).
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Table2 Gene polymorphisms information of D-loop region Table 2 (continued)
of mtDNA in D-loop region among 520 PCOS patients (a minor
allele frequency > 1%)

Genes Wild type Variant type Total muta-
tion rate (%)

Genes Wild type Variant type Total muta-

tionrate (%) A16192 504 16 3.08%

A194 504 16 3.08%
AT3 2 S18 99-62% A195 484 16 3.20%
A315.1C 6 514 98.85% A16078 s 16 3.08%
A16223 184 336 64.62% A16249 505 15 2.88%
A489 234 286 55.00% A16209 505 15 2.88%
A16519 258 262 50.38% AlSS 506 14 2.69%
AS523524d 295 225 43.27% A210 506 14 2.69%
A309.1C 304 216 41.54% A103 506 14 2 60%
A16362 313 207 39.81% A200 507 13 2.50%
A16189 345 175 33.65% A16086 507 13 2.50%
Al52 378 142 21.31% A16297 507 13 2.50%
A16183C 392 128 24.62% A16295 507 13 2.50%
A249d 409 111 21.35% A16126 507 13 2.50%
A150 420 100 19.23% A189 507 13 2.50%
A309.2C 434 86 16.54% A16316G 508 12 231%
A16193.1C 446 74 14.23% A16203G 508 12 231%
A16182C 448 72 13.85% A16136 509 11 212%
Al16311 452 68 13.08% A16335 509 11 212%
A16298 453 67 12.88%
A16304 455 65 12.50%
Al16172 456 64 12.31% .
A16319 456 64 12.31%
A16261 463 57 10.96%
Al46 463 57 10.96%
T16217C 467 53 10.19% 2
A16093 474 46 8.85%
A16140 483 37 7.12%
A235 485 34 6.55%
A16036.1G 486 34 6.54% é
A16290 486 34 6.54% 2o
A199 487 33 6.35%
Al151 491 29 5.58% & *
A16257A 492 28 5.38% i
A16260 492 28 5.38% :
A16266 492 28 5.38% 2-
A16234 494 26 5.00%
Al16184 494 26 5.00% o
Al6l111 498 24 4.60% 5 s A
A16274 497 23 4.42% BMI
A207 499 21 4.04%
Al6162 499 21 4.04% Fig. 1 Scatterplot of the correlation between BMI and HOMA-IR
(HOMA-IR was natural logarithm transformed)

A16092 499 21 4.04%
A16243 499 21 4.04%
A204 500 20 3.85% (Table 4, Fig. 3, Fig. 4). On the other hand, the association
A16291 501 19 3.65% between BMI and HOMA-P was also moderated by the
A16164 501 19 3.65% polymorphisms of mtDNA in the D-loop region. The
A16327 502 18 3.46% regression coefficients (fs) of the interaction between
A573.1XC 502 18 3.46% BMI and the m.16203 and m.16316 polymorphisms were

as follows before adjusting for confounders: f= —0.159,
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HOMAR

BMI

Fig.2 Scatterplot of the correlation between BMI and HOMA-f
(HOMA-p were natural logarithm transformed)

p=0.025; p= —0.255, p=0.005, respectively. After
adjusting for confounders (age, LH/FSH, and T),
polymorphisms of m.16203 and m.16316 negatively
moderated the relationship between BMI and In(HOMA-f)
(B=-0.170, p=0.016; p= —0.252, p=0.005) (Table 4,
Fig. 5, Fig. 6). Polymorphism of m.16217 negatively
moderated the relationship between BMI and In QUICKI
(p=—-0.014, p=0.032); and polymorphism of m.16316
positively moderated the relationship between BMI and In
QUICKI (B=0.058, p=0.012). Polymorphism of m.16316
and m.16203 positively moderated the relationship
between BMI and In (G/I) (8=0.253, p=0.002; p=0.124,
p=0.051), respectively. Polymorphism of m.16217
positively moderated the relationship between BMI and
InFINS (p=0.043, p=0.049), and polymorphism of
m.16316 negatively moderated the relationship between
BMI and InFINS (= —0.257, p=0.001) (Supplementary
Table S3).

Lastly, we found that the selected genetic polymorphism
sites were not generalizable to women without PCOS (Sup-
plementary Table S2 and Table S4).

Discussion

To the best of our knowledge, this is the first study to inves-
tigate whether the associations of BMI with HOMA-IR and
HOMA-B in patients with PCOS were moderated by poly-
morphisms of mtDNA in the D-loop region. In our study,
we found that the variant-type of m.16217 T > C enhanced
the association between BMI and HOMA-IR, and variant-
type of m.16316 A > G attenuated the association between
BMI and HOMA-IR; variant-type of m.16203 A > G and
m.16316 A > G attenuated the association between BMI
and HOMA-B. These results offer an explanation for why
PCOS patients exhibit different effects on improving insulin
sensitivity after weight loss in clinical practice.

Consistent with our findings, Dabravolski et al. found
that the pathogenesis of PCOS was related to mitochon-
drial dysfunction [21]. mtDNA mutations and ROS release
can contribute to IR and obesity. Zhuo et al. identified base
changes in the D-loop region of mtDNA, rRNA mutations,
and variation at other sites in PCOS patients, indicating that
mtDNA mutations may be a pathogenesis of PCOS [22]. Ding
et al. also found mtDNA mutation sites that may be related
to HOMA-IR in 80 PCOS-IR patients [23]. Combining our
findings with these previous studies, for PCOS patients with a
specific variant-type of mtDNA that enhances the association
of BMI with HOMA-IR, insulin sensitizers, such as inositol
isoforms, may need to be recommended. Studies have shown
that myo-inositol (MI) and D-chiro-inositol (DCI) supple-
ments have synergistic effects with other insulin sensitizers,
and supplementation of inositol levels can improve insulin
resistance, hyperandrogenism, oocyte quality, and the regular-
ity of menstrual cycles in women with PCOS [24, 25]. Other
studies have also shown that MI plus folic acid ameliorated
insulin sensitivity, biochemical hyperandrogenism, and reg-
ularity of the menstrual cycle in patients with PCOS with
high BMI [26]. Additionally, a Mediterranean diet may also
need to be recommended for PCOS patients with a specific

Table 3 The associations of
BMI with In (HOMA-IR) and In

(HOMA-p) BMI

Independent variable ~ Dependent variable 8 SE t 4 95% CI
In (HOMA-IR) 0.090  0.007 12.454 <0.001  (0.076, 0.104)
In (HOMA-B) 0.059  0.008 7.135 <0.001 (0.043, 0.075)

@ Springer

BMI, body mass index; HOMA-IR, homeostasis model assessment of insulin resistance; HOMA-f, homeo-
stasis model assessment of f-cell function; /n, natural logarithm transformed; SE, standard error; 95% CI,
95% confidence interval

p<0.05, statistical significance was considered to be significant. The model was adjusted by age, LH/FSH, T
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Fig.3 M(DNA gene polymor-
phism sites in the D-loop region
moderated the association
between BMI and In (HOMA-
IR), respectively (crude model).
Simple slopes were plotted at
wild type and variant type of
two genes, respectively

Fig.4 M(DNA gene polymor-
phism sites in the D-loop region
moderated the association
between BMI and In (HOMA-
IR), respectively (adjusted
model). The model was adjusted
by age, LH/FSH, and T. Simple
slopes were plotted at wild type
and variant type of two genes,
respectively

Fig.5 MtDNA gene polymor-
phism sites in the D-loop region
moderated the association
between BMI and In (HOMA-f)
(crude model). Simple slopes
were plotted at wild type and
variant type of two genes,
respectively

Fig.6 MtDNA gene polymor-
phism sites in the D-loop region
moderated the association
between BMI and In (HOMA-p)
(adjusted model). The model
was adjusted by age, LH/FSH,
and T. Simple slopes were plot-
ted at wild type and variant type
of two genes, respectively

@ Springer

m.16316 A>G
——Wild-type
. ———Variant-type

Wild type: simple slope, f=-0.091, t=13.085, p<0.001
Variant type: simple slope, f=0.164, t=-2.092, p=0.037

m.16316 A>G
—Wild-type
~——Variant-type

Ln(HOMA-IR)

Wild type: simple slope, $=-0.092, t=12.777, p<0.001
Variant type: simple slope, f=0.163, t=-2.081, p=0.038

m.16316 A>G
—Wild-type
———Variant-type

Ln(HOMA )
g

Wild type: simple slope, p=0.061, t=7.575, p<0.001
Variant type: simple slope, $=-0.194, t=-2.157, p<0.001

m.16316 A>G
—Wild-type
~——Variant-type

La(HOMA.f)
8

Wild type: simple slope, p=0.061, t=7.373, p<0.001
Variant type: simple slope, p=-0.191, t=-2.124, p<0.05

m.16217T>C
—Wild-type
% ———Variant-type

La(HOMA-IR)

Wild type: simple slope, $=0.085, t=11.375, p<0.001
Variant type: simple slope, f=0.131, t=6.231, p<0.001

m.16217T>C
—Wild-type
Variant-type

La(HOMA-IR)

Wild type: simple slope, 3=0.085, t=11.168, p<0.001
Variant type: simple slope, =0.130, t=6.1616, p<0.001

m.16203 A>G
—Wild-type
a2 ———Variant-type

Ln(HOMA-)

Wild type: simple slope, p=0.062, t=7.586, p<0.001
Variant type: simple slope, $=-0.097, t=-1.382, p=0.168

m.16203 A > G
—Wild-type
~——Variant-type

La(HOMA-f)

Wild type: simple slope, 3=0.062, t=7.416, p<0.001
Variant type: simple slope, f=-0.107, t=-1.543, p=0.124
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variant-type of mtDNA that enhances the association of BMI
with HOMA-IR since it has been reported to have a benefi-
cial effect on changes in glucose tolerance, insulin resistance,
and lipid metabolism [27]. A cohort study of 7569 Austral-
ian women with PCOS showed that PCOS improved with
lifestyle changes as well as the intake of a Mediterranean diet
[28]. Recent evidence has also suggested that low-carbohy-
drate, ketogenic diets have beneficial effects on weight loss
and improvement of insulin resistance [29]. Eleven PCOS
patients with BMI > 27 kg/m” were given a 24-week low
ketogenic diet and reported significant improvements in body
weight, percentage of free testosterone, LH/FSH ratio, and
fasting insulin [30]. Additionally, diet restriction and fasting
may also need to be recommended. Under fasting conditions,
the metabolic imbalance typical of PCOS may improve sig-
nificantly [31, 32]. However, the report by Rabol et al. did not
support that mtDNA mutations were associated with skeletal
muscle IR in PCOS patients [33]. In our present study, we also
found that the variant-type of m.16316 A > G attenuated the
association between BMI and HOMA-IR.

The D-loop region is a regulatory site for the
transcription and replication of mtDNA. Mutations in
this region can affect the function of mitochondria, which
in turn increases ROS production, resulting in decreased
mtDNA copy number and decreased ATP production
[23, 34]. The reduction in mitochondrial ATP production
reduced the binding efficiency of insulin to the insulin
receptor on the cell surface, and the phosphorylation
efficiency of the f subunit of the insulin receptor under
the action of tyrosine kinase was reduced, which can affect
the activation of the insulin receptor substrate and lead
to dysfunction of the PI3K/AKT signaling pathway [35].
ROS can activate the serine-threonine kinase signaling
pathway, increase the phosphorylation of insulin receptor

Fig.7 Polymorphisms of
mtDNA in the D-loop region
moderated the associations

of BMI with HOMA-IR and
HOMA- among women with
polycystic ovary syndrome

and its substrate proteins, reduce the efficacy of insulin,
and thus cause IR. Interestingly, we found that the variant-
type of m.16316 A > G can weaken the associations of
BMI with HOMA-IR and HOMA-B simultaneously.
The simultaneously weakened associations of BMI with
HOMA-IR and HOMA-f may be because increased IR in
PCOS patients requires a compensatory increase in insulin
secretion to maintain blood glucose homeostasis caused
by mtDNA mutation [8].

However, some limitations in our study should also
be discussed. First, it was not a multicentre study, and
we only recruited PCOS patients in the Reproductive
Medicine Center of the First Affiliated Hospital of Anhui
Medical University, China. Whether our conclusions can
be extrapolated to global PCOS patients remains to be
explored. Second, previous studies have shown that diet and
exercise can adjust the relationships of BMI with HOMA-IR
and HOMA- [36], but we did not collect data on these
variables in our present study. Third, compared to total
testosterone, free testosterone can better reflect biochemical
hyperandrogenemia in women with PCOS. Unfortunately,
we did not measure free testosterone in female patients
in our center. Fourth, we did not evaluate the modified
Ferriman-Gallway (FG) scores, and we did not focus on
the versions of hyperandrogenisms, including clinical, so
the moderating effect of polymorphisms of mtDNA in the
D-loop region on the associations of BMI with HOMA-IR
and HOMA-f among PCOS patients with different subtypes
cannot be evaluated. Fifth, the relationship of the different
types of PCOS, such as high androgen and no menses, high
androgen and polycystic ovaries, normal cycles, polycystic
ovaries, and irregular cycles, and the different associations
between polymorphisms of mtDNA and HOMA results
cannot be evaluated by further statistical analyses since

Polymorphisms of mtDNA

moderated the association

Women
with
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that PCOS was only diagnosed based on the revised 2003
Rotterdam criteria in the present study. The subtypes of
different PCOS phenotypes cannot be obtained via the
electronic medical record system in our reproduction
center. Finally, this is a cross-sectional study, and no causal
relationship can be obtained.

In conclusion, we found that polymorphisms of mtDNA
in the D-loop region moderated the relationships of BMI
with In(HOMA-IR) and In(HOMA-) in patients with
PCOS. Some mutations of mtDNA gene sites can enhance
the associations, while other mutations of mtDNA gene
sites can weaken the associations (Fig. 7). Therefore,
different intervention plans should be performed on PCOS
patients with different mutant types.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s10815-023-02843-7.
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