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Abstract

Background: A shortened reproductive period and earlier menopause have been associated with type 2 diabetes.
Growth differentiation factor 9(GDF9) and bone morphogenetic protein 15 (BMP15) gene mutations have been
associated with earlier menopause. Therefore, this study aimed to evaluate the association between BMP15 and
GDF9 mutations with impairing female fecundity in diabetic patients. The study subjects comprised 90 female
diabetic patients and 60 female healthy controls. The physio-biochemical analysis was measured using enzymatic
determination. A single-strand conformation polymorphism (SSCP) protocol was utilized to assess the pattern of
genetic variations.

Results: Genotyping analysis of the BMP15 gene showed a heterogeneous pattern with the presence of two
genotypes: AA and AC genotypes. Five novel missense single nucleotide polymorphisms (SNPs) were identified in
the BMP15 gene: four SNPs detected in both genotypes, and Met4Leu, a specific SNP, was detected only in the AC
genotype. Cumulative in silico tools indicated a highly deleterious effect for the Met4Leu on the mutant protein
structure, function, and stability. Diabetes patients showed a significantly higher frequency of genotype AC. The
physio-biochemical analysis of fasting plasma glucose (FBG), glycosylated hemoglobin (HbA1c), and luteinizing
hormone (LH) were significantly higher (P < 0.05) in AC genotype than AA genotype.

Conclusions: The current research provides the first indication regarding the tight association of BMP15
polymorphism with the impairing female fecundity in the diabetic. A pivotal role is played by the novel (Met4Leu)
SNP that can be used as a predictor for the impairing female fecundity of diabetes, while no polymorphism was
found in exon 4 of the GDF9 gene.
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Background
Type 2 diabetes mellitus (T2DM) comprises multiple
metabolic dysfunctions, which leads to hyperglycemia
and increased insulin resistance [1]. Diabetes affects
women’s fertility; among the diabetic women suffering
from menstrual irregularities, 77% of them presented
signs of polycystic ovary syndrome (PCOS) [2]. The re-
productive period of diabetic women may be reduced

due to delayed menarche and premature menopause.
During the reproductive years, diabetes has been associ-
ated with menstrual abnormalities, while better glycemic
control and prevention of diabetic complications im-
prove these irregularities and increases fertility rates [3].
Among oocyte-derived BMP family members, two pro-
teins including GDF9 and BMP15 have played essential
roles in female fertility for several mammalian species [4,
5] and are key regulators of follicle development, ovula-
tion rate, and oocyte quality [6]. These proteins are
members of the transforming growth factor β (TGFβ)
superfamily members that are pivotal in controlling
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cellular growth and differentiation during fetal and adult
life [7], in the development of ovarian follicles, female
reproductive tract differentiation, and organogenesis [8,
9]. BMP15 is essential for folliculogenesis, female fertil-
ity, and inhibited LH stimulated androstenedione pro-
duction in theca cells [10], which led to the severity of
PCOS [11]. BMP15 and GDF9 polymorphism play vital
roles in the pathogenesis of PCOS and disturbed follicu-
lar steroidogenesis [12]. The BMP15 mutations can
cause both infertility and super ovulations in a dosage-
sensitive manner [13]. Altered GDF9 function may be
responsible for ovarian dysfunction in women. Intri-
guingly, the GDF9 P103S mutation is detected both in
mothers of dizygotic twins and in women with prema-
ture ovarian failure (POF) [4]. Consequently, these
BMP15 and GDF9 mutations may be associated with a
short early period of enhanced fertility, leading to the in-
creased likelihood of dizygotic twins and/or rapid ex-
haustion of the ovarian reserve and POF [14]. BMP15
and GDF9 polymorphism causes the increased fecundity
due to an amplified sensitivity to LH and the develop-
ment of secondary follicles followed by an increased
number of antral follicles [15]. Besides, the concerted
interaction of gonadotropins, estradiol, follicle-
stimulating hormone (FSH) and luteinizing hormone
(LH), and local ovarian factors such as bone morpho-
genetic protein 15 (BMP15) and growth differentiation
factor 9(GDF9) causes the regulation of ovarian function
[16]. Due to these limited researches in female diabetic
patients, this study aimed to evaluate the association be-
tween GDF9 and BMP15 gene mutations with impairing
female fecundity during different duration of diseases.

Methods
Study design
The study was conducted to evaluate the association be-
tween GDF9 and BMP15 gene mutations with impairing
female fecundity during different duration of diseases.
The study subjects comprised 90 female type 2 diabetic
patients with disease duration 0–5, > 5–10, and > 10
years using the American Diabetes Association (ADA)
2019 criteria [17]. In contrast, the study included 60
healthy females with regular menstrual cycles (21–35
days) and regular menopause with ranging age of 50–55
years, according to the World Health Organization
(WHO) [18, 19]. The fecundity of female was estimated
by the number of menstrual cycles taken to get preg-
nant. Women who gave birth to a first child through 2
years after their marriage were considered to have nor-
mal fecundity, while women who had a longer duration
than 2 years to get first childbirth after marriage forma-
tion are considered sub-fecundity [20]. Individuals with
type 2 diabetes who depended on insulin, type 1 dia-
betes, maturity-onset diabetes of the young (MODY),

uncontrolled hypertension, patients with complications
of diabetes, smokers, alcoholic patients and pregnant
women, polycystic ovary disease, endometriosis, prema-
ture ovarian failure, and ovarian surgery were excluded.
Patients with type 2 diabetes who depended on insulin
were also excluded from this study, because insulin ther-
apy may act to regulate reproductive function [21]. The
questionnaire of each patient was taken; it included age,
duration of diabetes mellitus, types of antidiabetic treat-
ment, family history of diabetes, menarche, menstrual
cycle, menopausal status, and use of hormone replace-
ment therapy. Most control women have reached their
menarche between 12 and 13 years, reproductive lifespan
between 38 and 42, and menopause between 50 and 55
years, while diabetic patients have reached their menarche
between 13 and 14 years, reproductive lifespan between 32
and 34, and menopause between 45 and 48 years.

BMI and waist circumference
The World Health Organization (WHO) recommends the
measurement of body mass index (BMI) to detect obesity.
Besides, body mass index (BMI) positively predicts female
fecundity. Both low and high levels of BMI are associated
with decreased female fertility [22]. This was based on the
heights which were measured in centimeters without
shoes and weights which were measured in kilograms with
minimal clothing. BMI was calculated using the formula
BMI = weight (kg)/height2 (m)2 and classifying under-
weight (BMI < 18 ), normal (BMI 18–24.9), overweight
(BMI 25–29.9), obesity (BMI 30–39.9), and morbid obes-
ity (BMI > 40) [19]. The waist circumference was mea-
sured while the subject stood up, at the narrowest point of
the torso width-wise, usually just above the belly button,
which is ≤ 102 cm in male and ≤ 88 cm in female [19].

Blood samples and hormonal assay
About five milliliters of venous blood was collected from
each subject in the study after 8–12 h fast at the Marjan
teaching hospital (Babylon province/Hilla city/Iraq). The
blood was divided into two parts: one part (about 2 ml)
was collected into EDTA containing tubes to be used for
HbA1c assay and genetic analysis. The second part of
the blood was separated by centrifugation at 3000 rpm
for 15 min. The sera were used for measurement of fast-
ing blood glucose, while the remaining were frozen at −
20 °C until hormonal assay. Serum fasting glucose and
HbA1c were analyzed using the colorimetric-enzymatic
method with glucose oxidation. Basal follicle-stimulating
hormone (FSH), luteinizing hormone (LH), and estradiol
levels were used to assess female fertility and fecundity
[23]. Follicle stimulating hormone (FSH), LH, and estra-
diol were measured using Bioassay Technology Labora-
tory company ELISA kit (FSH Elisa kit catalog number
E1001Hu, LH Elisa kit catalog number E1037Hu and
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estradiol Elisa kit catalog number E1034Hu). The con-
centrations of the hormones in the plasma were deter-
mined using the standard curve.

DNA isolation and PCR amplification
Genomic DNA from blood was isolated using the high
salt method [24]. The extracted DNA was assessed by a
nanodrop in terms of quality and quantity and used as a
template for polymerase chain reaction (PCR). The exact
genomic position of the human BMP15 and GDF9 genes
was described according to GenBank acc. no. NC_
000023.11 of the BMP15 and GenBank acc. no. NG_
047051.1 of the GDF9 (Figs. 1 (a) and 2 (a)). Three pairs
of specific PCR oligonucleotides were designed using
NCBI Primer Blast online server [25]. Since exon 4 is a
large exon of the GDF9 gene, the specified designing re-
quires two primer pairs to be covered for the most re-
gion, while for the BMP15 gene exon 1, the specified
designing requires one primer pair to be covered for the

most region. PCR experiments were conducted using
AccuPower® PCR PreMix (Bioneer, Korea) and initiated
by denaturation (95 °C) for 5 min, followed by 30 cycles
of denaturation (95 °C), annealing (62.9 °C), and exten-
sion (72 °C), for 30 s each, with a final extension of 5
min (Supplement Table 1). The specificity of PCR ampli-
cons was confirmed by agarose gel electrophoresis prior
to submission for SSCP protocols (Figs. 1 (b) and 2 (b)).

SSCP analyses
The initial denaturation of the PCR amplicons, as well as
SSCP protocol, was performed according to Al-Shuhaib
et al. protocol [26]. The PCR products (1 μl) were mixed
with the denaturating solution (95% formamide, 0.05%
bromophenol blue, 0.05% xylene cyanol, and 20mM
EDTA, pH 8) for 7 min at 94 °C, then a child on ice for
at least 10 min. Denaturated DNA was loaded on neutral
polyacrylamide gels (0.1-mm gel thickness, 10-cm
length, and 20-cm width), and the electrophoresis

Fig. 1 A schematic diagram of the current study to assess the GDF9 gene polymorphism. a The exact genomic position of the human GDF9
gene was described according to GenBank acc. no. NG_047051.1. b Agarose gel electrophoresis (2%) of polymerase chain reaction (PCR) product
of GDF9 gene. c SSCP analysis of PCR products of GDF9 gene. No polymorphisms were identified in the GDF9 gene (exon 4) for two loci
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Fig. 2 A schematic diagram of the current study to assess the BMP15 gene polymorphism. a The exact genomic position of the human BMP15
gene was described according to GenBank acc. no. NC_000023.11. b Agarose gel electrophoresis (2%) of polymerase chain reaction (PCR) product
of BMP15 gene. c Two SSCP patterns are visible, corresponding to AA and AC genotypes. (d) DNA sequencing alignment results for BMP15 gene
two genotypes with their reference sequence (GenBank acc. no. NC_000023.11) using DNA STAR, the Editseq software. Using ClustaW alignment,
several point mutations (SNPs) are observed between the BMP15 reference sequence and the two genotypes AA and AC themselves, with one
mutation (A/C) observed in AC genotype at locus 10 substitute than the AA genotype
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conditions were optimized as described in (Supplement
Table 2). Thereafter, the bands were fixed and stained
according to the protocol of Byun et al. [27].

Sequencing
Each detected SSCP banding pattern was sent for se-
quencing reactions from both termini according to in-
struction manual described by Macrogen laboratories
(Geumchen, Seoul, South Korea). The received chro-
matograms were edited and aligned by the EditSeq tool,
ver. 7.1.0 (DNA STAR, Lasergene). The observed muta-
tions were visualized and annotated by SnapGene
Viewer, ver. 4.0.4. (GSL. Biotech. LLC). The novelty of
the observed variants was checked by Ensemble genome
browser 96 (https://asia.ensembl.org/index.html).

In silico prediction
Many computational tools were utilized to assess the con-
sequences of the observed missense variants on the result-
ing mutant protein structures and functions, namely SIFT
[28], PolyPhen-2 [29], Provean [30], and SNAP2 [31], and
its stability upon mutation was evaluated by I-Mutant2.0
[32]. Then, the 3D structure of BMP15 was generated by
RaptorX server before and after mutation [33] and vali-
dated by verify3D and PROCHECK servers (http://servi-
cesn.mbi.ucla.edu/Verify3D/).

Association study and statistical analysis
Association analyses were performed using SPSS v23.0 (IBM,
NY, USA).The significant effect of group and genotype on
the various parameters studied was analyzed using Student’s
t test. Repeated measures’ analysis of variance (RM-ANOVA)

was used to determine differences across duration of disease.
In addition, the mean of physiological parameters between
genotypes across duration of disease was analyzed by
ANOVA-repeated measures. Multiple pairwise comparisons
between main factors were performed using Bonferroni test,
which is statistically significant at level of P < 0.05. The logis-
tic regression analysis was used to examine the relationship
between polymorphisms with diabetes and between the
BMP15 genotype with duration of diabetes. The correlation
was analyzed using the Pearson correlation coefficient, and
significance was set at P < 0.05. The allele and genotype fre-
quencies were analyzed using PopGen32 software, v. 1.31
[34]; Hardy-Weinberg equilibrium among patients and con-
trols was calculated by χ2 statistics.

Results
The genetic polymorphism and in silico tools
No polymorphisms were identified in the GDF9 gene
(exon 4) for two loci (Fig. 1 (c)), while the genotyping in-
vestigations revealed two types of banding patterns ( AA
and AC genotypes) in BMP15 gene (exon 1) (Fig. 2 (c)).
Sequencing results confirmed the genotypes observed in
this study. Several single nucleotide polymorphisms
(SNPs) were obtained between the two resolved geno-
types and between the genotypes and the BMP15 gene
reference sequences which are shown in Fig.2 (d). DNA
sequencing analysis revealed that the AC genotype had
one SNP (NC_000023.11;exon1: c. 50653991A>C or
M4L) substitute than the AA genotype.
Hardy-Weinberg equilibrium (HWE) and the genotype

distribution results of the human BMP15 gene are pre-
sented in Table 1. Chi-squared goodness-of-fit test of the
studied genotypes revealed that the studied SNP was in
Hardy–Weinberg equilibrium (Table 1). To further clarify
the association between genotypes and diabetes mellitus
type 2, the logistic regression analysis was used (Table 2).
It was noted that T2DM patients showed a significantly
higher frequency of heterozygote genotype AC with
higher risk to develop T2DM with impaired fertility in
healthy controls (P = 0.001, OR (95% CI) =3.405 (0.946-
12.255)).According to the duration of the disease, the
genotypic frequency did not exhibit significant differences
among T2DM (Table 3).
Out of five detected variants, only M4L was

highlighted in the present study as it was only

Table 1 Hardy-Weinberg equilibrium for the BMP15 gene

Genotype Control T2DM

Observed Expected Observed Expected

AA 16 24 52 56

AC 44 28 38 30

CC 0 8 0 4

P value 0.730 0.011

F − 0.578 − 0.267

Deviation from Hardy-Weinberg equilibrium expectations were determined
using the chi-squared test
F inbreeding coefficient

Table 2 Association analysis of BMP15 genotype for T2DM and
control

Genotype frequencies (n) Logistic regression analysis

Control T2DM Odds ratio(95%CI) P value

AA 0.73 (44) 0.42 (38) Reference –

AC 0.27 (16) 0.58 (52) 3.405 (0.946–12.255) 0.001

The P value with statistical significance is indicated in bold numbers
CI confidence interval

Table 3 Association analysis of BMP15 genotype for T2DM
according to the duration of disease

Genotype Duration of disease OR(95% CI) P
value0–5 > 5–10 > 10

AA 16(53%) 12(40%) 10(33%) 0.576(0.087-3.805) 0.067

AC 14(47%) 18(60%) 20(67%) 0.880(0.117-6.639)

CI confidence interval
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detected in the AC banding pattern, whereas the
other 4 variants were found in all the studied popula-
tion. Therefore, a series of computational tools were
utilized to assess the final consequences of this mis-
sense variant on the altered BMP15 protein (Supple-
ment Table 3). This observation was revealed by
several computational tools that were used to assess
the potential deleterious effect of a particular nsSNP
on protein structure and function, such as SIFT [28],
PolyPhen-2 [29], Provean [30], and SNAP2 [31], and
its stability upon mutation was evaluated by I-
Mutant2.0 [32] (Supplement Table 3, Fig. 3). All of
these tools were given destabilizing signals for the
assessed M4L, which entailed further risky role for
this variant (Table 4).

Association analysis
The association analysis results of this study revealed a
significant difference (P < 0.01) in physiological parame-
ters between diabetic groups and control (Table 5).
There was significant elevation (P < 0.01) in the waist,
FBG, and HbA1c in diabetes patients than in the control
group. According to the durations of disease, the results
showed significant elevation (P < 0.01) in BMI, HbA1c,
and level of LH in the second and third durations of dis-
ease (Table 6). Pearson’s correlation analysis was per-
formed to assess relationships between the duration of

diabetes and clinical parameters (Table 7). Duration of
diabetes was found to correlate positively and signifi-
cantly with A1c (r = 0.240, P < 0.05) and LH (r = 0.255,
P < 0.05), while no significant correlation with the other
clinical parameters was found. Moreover, association
analysis of BMP15 polymorphism refers to numerous
physiological changes that occur in this study (Table 8).
The levels of FBG, HbA1c, and LH were significantly
higher (P < 0.05) in AC genotype than AA genotype.
Similarly, the AC genotype showed a significant eleva-
tion in BMI in the first duration, while HbA1c and level
of LH showed significant elevation (P < 0.01) in the sec-
ond and third durations of disease than in AA genotype
(Table 9).

Discussion
The results of this study demonstrated a significant ele-
vation in waist circumference in diabetes patients com-
pared to the control (Table 5). An increase in waist
circumference may induce alterations in insulin secre-
tion associated with insulin resistance (IR) of type 2 DM
[35, 36]. The higher risk of type 2 DM in people with
high waist circumference (WC) has been attributed to
increased visceral fat accumulation [37]. Besides, visceral
fat accumulation is strongly related to overall adiposity,
and this makes it mandatory to account for obesity [38].
Diabetic patients have insulin resistance and insulin

Fig. 3 Three-dimensional profile of BMP15 which exhibited the in silico prediction of BMP15 SNPs. a reference type and (b) mutant type

Table 4 The in silico analysis of the observed nonsynonymous SNPs in BMP15 using several bioinformatics tools

SNP SIFT PolyPhen-2 PROVEAN SNAP2 I-Mutant2

Score Prediction Score Prediction Score Prediction Score Prediction Score Prediction

M4L 0.00 Deleterious 0.994 Probably damaging − 2.643 Deleterious 48 Effect − 0.08 (DDG-kcal/mol) Decrease stability

M methionine, L leucine
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deficiency [17], which results in an elevation of FBG and
HbA1c in diabetic patients (Table 5). A highly significant
correlation exists between HbA1c and FBG with diabetes
[39, 40]. Pasupathi et al. [41] observed that the levels of
FBG and HbA1c have significant elevation in diabetic
subjects than in non-diabetic subjects. In diabetic pa-
tients according to the duration of disease, the results
showed a significant elevation in BMI in the first dur-
ation (Table 6). This result is supported by the studies of
looker et al. [42] and Taggart et al. [43] that observed
that the BMI tended to decrease with a longer duration
of diabetes. A longer duration of diabetes was associated
with poor glycemic control and increased HbA1c levels,
whereas weight and dyslipidemia were decreased over
time. This could be attributed to the progressive loss of

function for the pancreatic β cells, and it might be re-
lated to the attending physician’s inertia in which thera-
peutic changes are sometimes introduced after several
years of uncontrolled HbA1c levels [44]. A significant
positive correlation was found between the duration of
diabetes and HbA1c (Table 7). With the increase in the
duration of diabetes, the HbA1c values showed signifi-
cance [45]. HbA1c and level of LH showed significant
elevation (P < 0.01) in the second and third durations of
disease. Khattab et al. [46] stated that longer duration of
diabetes was known to be associated with poor control,
possibly because of progressive impairment of insulin se-
cretion with time because of β cell failure. Changes in
insulin concentration with increasing duration of dia-
betes could be one mechanism by which levels of LH are
influenced by diabetes duration and because the insulin
is known to facilitate gonadotropin-releasing hormone
(GnRH) secretion by hypothalamic neurons [42, 47]. In-
sulin is a co-gonadotropin with LH, causing increased
steroidogenesis and altered follicular maturation. While
the insulin resistance is associated with LH

Table 5 Comparison of some physiological parameters
between type 2 diabetic patients and control subject

Indices LSM ± SE P-value

Control (60) T2DM (90)

Average age (years) 50.26 ± 2.89a 51.61 ± 1.26a 0.62

T2DM duration (years) – 7.63 ± 0.71 –

BMI (kg/m2) 28.94 ± 1.31a 30.65 ± 0.66a 0.25

Waist circumference (cm) 95.01 ± 2.70a 102.31 ± 1.35b 0.01**

FBG (mmol/l) 5.05 ± 0.91a 12.15 ± 0.45b 0.001**

HbA1c (%) 4.82 ± 0.43a 7.74 ± 0.21b 0.001**

FSH (mIU/ml) 22.62 ± 3.32a 27.60 ± 3.68a 0.27

LH (mIU/ml) 14.54 ± 2.45a 15.09 ± 1.23a 0.84

Estradiol (pg/ml) 22.26 ± 2.25a 22.46 ± 1.13a 0.93

T2DM type 2 diabetes mellitus, BMI body mass index, FBG fasting blood
glucose, HbA1c glycolytic hemoglobin, FSH follicle stimulating hormone, LH
luteinizing hormone
Least square means ± standard error, *P < 0.05, **P < 0.01
a,bSignificant differences in means represent by different letters in the
same raw

Table 6 Comparison of physiological parameters of type 2
diabetic patients among duration of disease

Indices Diabetes groups (LSM ± SE) P value

0–5 (30) > 5–10 (30) > 10 (30)

BMI (kg/m2) 31.68 ± 0.74a 30.38 ± 1.17b 29.33 ± 0.86b 0.02**

Waist
circumference
(cm)

103.80 ±
1.64a

101.13 ±
1.63a

101.60 ±
3.02a

0.53

FBG (mmol/l) 11.30 ± 1.15a 11.96 ± 0.72a 13.16 ± 0.91a 0.27

HbA1c (%) 7.27 ± 0.36b 7.79 ± 0.36a 8.16 ± 0.49a 0.04**

FSH (mIU/ml) 33.82 ± 5.50a 30.40 ± 3.48a 31.26 ± 2.13a 0.95

LH (mIU/ml) 10.52 ± 1.22b 16.50 ± 3.03a 17.96 ± 1.46a 0.004**

Estradiol
(pg/ml)

20.89 ± 0.42a 22.35 ± 1.93a 21.67 ± 0.33a 0.36

BMI body mass index, FBG fasting blood glucose, HbA1c glycolytic hemoglobin,
FSH follicle stimulating hormone, LH luteinizing hormone
Least square means ± standard error, *P < 0.05, **P < 0.01
a,bSignificant differences in means represent by different letters in the
same raw

Table 7 Correlation between type 2 diabetes duration and
other clinical parameters

Variables Type 2 diabetes duration

r P value

BMI − 0.073 0.313

Waist − 0.013 0.466

FBS 0.248 0.052

A1c 0.240 0.050

FSH − 0.051 0.366

LH 0.255 0.042

Estradiol 0.042 0.390

P < 0.05: significant, P > 0.05: not significant
BMI body mass index, FPG fasting plasma glucose, A1c glycosylated
hemoglobin, FSH follicle stimulating hormone, LH luteinizing hormone

Table 8 Effect of BMP15 genotypes on some physiological
parameters of type 2 diabetic and control subject

Indices LSM ± SE P value

AC (68) AA (82)

BMI (kg/m2) 30.05 ± 0.82a 30.74 ± 0.79a 0.55

Waist circumference (cm) 101.16 ± 1.75a 100.00 ± 1.69a 0.63

FBG (mmol/l) 12.10 ± 076b 9.08 ± 0.74a 0.006**

HbA1c (%) 8.55 ± 0.43b 6.69 ± 0.32a 0.05*

FSH (mIU/ml) 33.52 ± 4.68a 29.07 ± 4.53a 0.49

LH (mIU/ml) 17.53 ± 1.51b 12.54 ± 1.46a 0.02**

Estradiol (pg/ml) 23.61 ± 1.38a 21.21 ± 1.34a 0.21

BMI body mass index, FBG fasting blood glucose, HbA1c glycolytic hemoglobin,
FSH follicle stimulating hormone, LH luteinizing hormone
Least square means ± standard error, *P < 0.05, **P < 0.01
a,bSignificant differences in means represent by different letters in the
same raw
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hypersecretion, female infertility, hypertestosteronemia,
and induces in GnRH secretion via activation of the
IGF-1 receptor [48, 49], it was not related to concentra-
tions of estradiol hormone [50]. In addition, follicle cells
likely become resistant to gonadotropin hormone due to
higher levels of LH [51]. LH hypersecretion promotes
follicle stagnation in the early stages of development
(initial antral), inhibiting the development of a dominant
and ovulatory follicle and leading to chronic anovulation
and infertility [52].
Genetic factors contribute to female reproductive dis-

orders. In this study, a significant association between
the two observed genotypes of the BMP15 gene and
physiological parameters was identified. The levels of
FBG, HbA1c, and LH were significantly higher (P <
0.01) in AC genotype than in AA genotype (Table 8).
Polymorphism in BMP15 contributes to hyper gonado-
trophic ovarian failure [53]. Two polymorphisms in
BMP15 were associated with anovulation and infertility
in PCOS [54]. It is now widely recognized that insulin
resistance and PCOS are the keys to impairing female fe-
cundity [55, 56]. This association may be explained by
linking the diabetic disease to PCOS, the most common
hormonal disorder among diabetic women of reproductive
age, which is a leading cause of infertility [3]. This syn-
drome presents defects in primary cellular control mecha-
nisms that result in the expression of chronic anovulation,
hyperandrogenism, and polycystic ovaries [57]. Women
with PCOS had higher serum LH levels than peer normal
women [58]; this could contribute to anovulation [59, 60].
Similarly, the AC genotype showed a significant elevation
in BMI in the first duration, while HbA1c and level of LH
showed significant elevation (P < 0.01) in the second and
third durations of disease than AA genotype (Table 9). A
crucial Met4Leu variant of AC genotype is being a highly
deleterious non-synonymous single nucleotide poly-
morphism (nsSNP) observed in diabetic patients. It was
noted that T2DM patients showed a significantly higher

frequency of heterozygote genotype AC (52%) with higher
risk (3.405) to develop T2DM with impaired fertility in
healthy controls. All of the utilized in silico tools give the
same deleterious predictions for the Met4Leu, which re-
duced the ability of protein to undertake its scheduled task
in follicle development and ovulation. It may be respon-
sible for the hormonal disorder and a higher level of LH
in female diabetic patients which made them more likely
to develop PCOS. Nonetheless, the BMP15 and GDF9
play a critical role in follicle development, oocyte matur-
ation, ovulation, and embryo development [61]. However,
the in vivo and in vitro studies have suggested that GDF9
and BMP15 polymorphism contribute to the formation of
the pathogenesis of PCOS [3, 62]. The A-G transition at
position 704 of the BMP15 gene results in a non-
conserved substitution of Y235C in the pro region of
BMP15 proprotein that was associated with hypergonado-
tropic ovarian failure in women [4]. Besides, the variant
788insTCT of the BMP15 gene was observed in
PCOS patients. This variant was not found in any of
the control subjects, while no variant was observed in
the GDF9 gene in either patients or controls [63]. Ac-
cording to the duration of the disease, the genotypic
frequency did not exhibit significant differences
among T2DM (Table 5). In agreement with this re-
sult, Khalaf et al. [64] found no significant differences
were observed between the PAI-1 genotypes and the
diabetes duration.
As earlier mentioned, several researches have stud-

ied the association of the GDF9 and BMP15 genes
polymorphism with PCOS, but there are no reports
on the association of GDF9 and BMP15 polymorph-
ism with diabetic patients. Therefore, this is the first
research to study the association of the GDF9 and
BMP15 polymorphism with diabetic patients and
foretell the onset of PCOS in diabetic patients by
genotyping of the BMP15 gene. BMP15 polymorph-
ism could be used as a predictor for the impairing

Table 9 Effect of BMP15 genotypes on some physiological parameters of Type 2 diabetic patients among duration of disease

Indices Diabetes groups (LSM ± SE) P
valueAC AA

0–5 > 5–10 > 10 0–5 > 5–10 > 10

BMI (kg/m2) 30.55 ± 0.95a 28.07 ± 1.11b 30.76 ± 1.66a 32.96 ± 1.01a 30.77 ± 1.18b 29.94 ± 1.78b 0.02**

Waist circumference (cm) 101.87 ± 2.20a 104.00 ± 2.01a 103.12 ± 4.25a 106.00 ± 2.35a 97.85 ± 2.15a 99.85 ± 4.54a 0.33

FBG (mmol/l) 12.76 ± 1.52a 12.17 ± 1.02a 14.27 ± 1.22a 9.64 ± 1.63a 11.71 ± 1.09a 11.90 ± 1.30a 0.31

HbA1c (%) 7.55 ± 0.50a 7.97 ± 0.51b 8.11 ± 0.70b 6.15 ± 0.54a 7.12 ± 0.54b 7.62 ± 0.75b 0.04**

FSH (mIU/ml) 26.22 ± 3.19a 30.12 ± 3.88a 28.82 ± 2.08a 32.50 ± 5.69a 29.29 ± 3.56a 34.05 ± 4.78a 0.97

LH (mIU/ml) 11.84 ± 1.65a 19.99 ± 4.23b 17.18 ± 2.06b 9.51 ± 1.77a 12.64 ± 4.52b 13.73 ± 2.21b 0.02**

Estradiol (pg/ml) 20.89 ± 0.60a 21.83 ± 0.40a 21.66 ± 0.47a 20.88 ± 0.65a 22.37 ± 0.77a 21.68 ± 0.50a 0.35

BMI body mass index, FBG fasting blood glucose, HbA1c glycolytic hemoglobin, FSH follicle stimulating hormone, LH luteinizing hormone
Least square means ± standard error, *P < 0.05, **P < 0.01
a,bSignificant differences in means represent by different letters in the same raw
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female fecundity in the second and third durations
of diabetes and development of PCOS. Observing the
HbA1c and LH hormone in the end of first duration
could reduce the risk of women developing PCOS.

Conclusion
In conclusion, the current research provides the first in-
dication regarding the tight association of BMP15 poly-
morphism with the impairing female fecundity among
diabetic patients. A pivotal role is played by the novel
(Met4Leu) SNP that can be used as a predictor for the
impairing female fecundity in the second and third dura-
tions of diabetes while no polymorphism was found in
exon 4 of the GDF9 gene.
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