
Vol:.(1234567890)

Biochemical Genetics (2023) 61:1418–1432
https://doi.org/10.1007/s10528-022-10327-z

1 3

ORIGINAL ARTICLE

Effect Modification of LHCGR Gene Variant (rs2293275) 
on Clinico‑Biochemical Profile, and Levels of Luteinizing 
Hormone in Polycystic Ovary Syndrome Patients

Mudassir Jan Makhdoomi1,2 · Idrees A. Shah3 · Rabiya Rashid1,2 · Aafia Rashid2 · 
Saurabh singh1 · Zaffar Amin Shah4 · Mohd Ashraf Ganie2,3

Received: 27 August 2022 / Accepted: 28 December 2022 / Published online: 12 January 2023 
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 
2023

Abstract
 Polycystic ovary syndrome (PCOS) is a common multifaceted endocrine disorder 
among reproductive-aged women. Deranged luteinizing hormone levels and asso-
ciated downstream signaling cascade mediated by its receptor luteinizing hormone 
chorionic gonadotropin receptor (LHCGR​) are pivotal in the etiopathogenesis of 
PCOS. Genetic variations in the LHCGR​ have been associated with PCOS risk. 
However, the results are mixed and inconclusive. We evaluated the association of 
the LHCGR​ rs2293275 polymorphic variant with PCOS risk and its association with 
clinico-biochemical features of PCOS. 120 confirmed PCOS cases and an equal 
number of age-matched controls were subjected to clinical, biochemical, and hor-
monal investigations. Genotyping for rs2293275 was performed using polymerase 
chain reaction-restriction fragment length polymorphism. Logistic regression mod-
els were used to calculate odds ratios (ORs) at 95% confidence intervals (95% CIs). 
In the current study, PCOS cases reported a lower number of menstrual cycles per 
year than respective controls. A significantly higher BMI, Ferriman Galway score, 
levels of serum testosterone, insulin, TSH, FSH, and fasting glucose were observed 
in cases than in controls (p < 0.01). Compared to GG carriers, we observed a higher 
risk of developing PCOS in the subjects who harbored GA (OR 10.4, p < 0.0001) 
or AA (OR 7.73, p = 0.02) genotype. The risk persisted in the dominant model 
(GA + AA) as well (OR 10.29, p = 0.01). On stratification, a higher risk of devel-
oping PCOS was observed in variant genotype carriers who had a family history 
of either type two diabetes mellitus (OR 117; p < 0.0001) or hirsutism (OR 79; 
p < 0.0001). We also found significantly elevated levels of serum LH levels in the 
subject harboring GA and AA genotypes when compared to GG carriers. In the pre-
sent study, we report a significant association of the LHCGR​ rs2293275 variant with 
the PCOS risk.
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Introduction

Worldwide, polycystic ovary syndrome (PCOS) is the most prevalent female 
endocrinopathy (Castillo-Higuera et  al. 2021). This disorder starts early in life 
and significantly affects the reproductive phase of a woman’s life. It also has 
a lifelong impact on their metabolic health in the form of different comorbidi-
ties like type two diabetes mellitus (T2DM), cardiovascular diseases. (La Vign-
era et  al. 2020). Phenotypically, PCOS is characterized by hyperandrogenism, 
polycystic ovarian morphology, oligo-anovulation, irregular menstrual cyclic-
ity, infertility, alopecia, acne, hirsutism, and metabolic derangements including 
insulin resistance (IR), and hyperinsulinemia. Although these symptoms are non-
uniform and follow a heterogeneous pattern but do impact the physical, psycho-
sexual, emotional, and financial health of the women (Hiam, Moreno-Asso et al. 
2019). The global prevalence of PCOS ranges between 5 and 10%, depending 
on the diagnostic criteria used (Castillo-Higuera et  al. 2021). However, limited 
prevalence data from India suggests it to be a growing epidemic with 19–23% 
prevalence and is parallel to that of T2DM (Ganie and Kalra 2011).

The heterogenous aetio-pathophysiology of PCOS is a multifaceted and poorly 
understood orchestration of gene–gene and gene-environment interactions. Ele-
vated androgen levels are central in the clinical phenotypes of PCOS patients. 
Furthermore, instigating endocrine abnormalities include an aberrant increase in 
gonadotropin-releasing hormone (GnRH), elevated luteinizing hormone (LH), 
sub-optimal levels of follicle-stimulating hormone (FSH), and subsequent hyper-
androgenism leads to ovarian dysfunction and improper folliculogenesis. All of 
these hormonal derangements are implicated in the pathophysiology of PCOS. 
Normal ovarian function and follicular growth are a consequence of the comple-
mentary activities of FSH and LH. Any deviation of the ratio of LH to FSH from 
unity is an indication of abnormal ovarian function. The LH-mediated down-
stream cellular functions are transduced upon binding of LH to its receptor, the 
luteinizing hormone choriogonadotropin receptor (LHCGR). This G-protein cou-
pled receptor LHGCR is expressed on the ovarian theca cells and regulates the 
action of both LH and choriogonadotropin in steroid biogenesis. The binding of 
these ligands to LHCGR induces a conformational shift, leading to its activation 
and subsequent signaling via the second messenger (cAMP). This signaling cas-
cade is mediated by specific kinases to regulate the expression of genes involved 
in steroid biogenesis (Atoum et al. 2022). Therefore, any genetic variations alter-
ing the LHCGR protein structure or function would directly impact ovarian func-
tion and associated diseases including PCOS.

The gene encoding LHCGR​ is located on Chromosome 2 (Gromoll et al. 1992; 
Ulloa-Aguirre et al. 2014) and is highly polymorphic with more than 300 single-
nucleotide polymorphisms (SNPs) reported so far. Studies have persistently eval-
uated the association of these polymorphic variants with PCOS, and the results 
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are mixed and inconclusive. The variation in these results has been attributed to 
ethnic variations and study designs. Kashmir valley, a north Indian state repre-
sents an ethnically distinct population with a conserved genetic pool where con-
sanguineous marriages are common. The prevalence of PCOS has been reported 
to be as high as ~ 28.9% by NIH criteria and 34.3% by AE-PCOS criteria (Ganie 
et  al. 2020). Given these observations, the Kashmiri population offers a unique 
setting for evaluating the genetic predisposition of PCOS. Therefore, we con-
ducted a case–control study to evaluate the association of the LHCGR​ polymor-
phic variant (rs2293275) with the PCOS risk and its effect modification on the 
disease phenotypes.

Materials and Methods

Study Subjects, Their Clinical Assessment, and Anthropometric Assessment

We invited 137 women aged between 18 and 40 years for the current prospective 
case–control study visiting the PCOS clinic at the Department of Endocrinology, 
Sher-i-Kashmir Institute of Medical Sciences (SKIMS) Srinagar, Kashmir from 
January 2018 to January 2021. The subjects who agreed to participate underwent a 
complete clinical examination and anthropometric measurements like measurement 
of height, weight, waist-hip circumference ratio, and body mass index (BMI). The 
clinical history included information on the age of menarche, presence of acne, alo-
pecia, and menstrual history. The assessment for hirsutism was done using a modi-
fied Ferriman-Gallwey score by counting nine specified body areas. A score of > 8 
out of a total of 36 was taken as significant. The Rotterdam criteria were used for 
the diagnosis of PCOS which states that two out of three features need to be pre-
sent to make the diagnosis of PCOS. These features include (1) Oligo- or anovula-
tion (< eight menstrual cycles in the presenting year) (2) Clinical and/or biochemical 
signs of hyperandrogenism and (3) Polycystic ovaries (either 12 or more follicles 
measuring 2–9 mm in diameter, or an ovarian volume of > 10 mL or 12). However, 
women suffering from any endocrinological abnormality like congenital adrenal 
hyperplasia, Cushing’s syndrome, androgen-secreting neoplasms, androgenic/ana-
bolic drug use/abuse, syndromes of severe IR, hyperprolactinemia, and thyroid dys-
function were excluded from the study. Of all the invited subjects, 11 did not agree 
to participate and six were ineligible. We also recruited an equal number of age-
matched and apparently healthy subjects as controls (n = 120). The subjects were 
enrolled as controls only if they displayed no evidence of menstrual irregularity and 
clinical or biochemical hyperandrogenism from various medical camps organized 
across various colleges and universities in Kashmir valley. The study protocol was 
approved by the institutional ethics committee (IEC No.RP55/19), SKIMS. Written 
informed consent was collected from all the subjects.
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Sample Collection

Five milliliters of peripheral blood were collected from all the participating sub-
jects after 8–12 h of overnight fasting for analyzing various biochemical and hor-
monal parameters. Two milliliters of the collected blood were transferred into an 
EDTA vial and 3 ml were transferred into the clot-activated vial for the separation 
of serum. The blood and sera samples are stored at − 80 °C till further processing.

Biochemical and Hormonal Analysis

All the PCOS cases and controls were subjected to biochemical analysis for the fol-
lowing parameters: fasting blood glucose, oral glucose tolerance test (OGTT), tri-
glycerides (TG), low-density lipoprotein (LDL) high-density lipoprotein (HDL), 
total cholesterol, uric acid, urea, creatinine, alkaline transferase (ALT), aspartate 
aminotransferase (AST), alkaline phosphatase (ALP), bilirubin, albumin and total 
protein. The biochemical estimations were carried out using a fully automatic bio-
chemistry analyser (Response 910, Diasys) using standard commercially available 
kits following the manufacturer’s instructions. The immuno-chemical measurement 
of hormones including fasting insulin, FSH, LH, testosterone, prolactin, TSH, and 
T4 were analyzed by Electrochemiluminescence using Cobas e 411 (Roche diag-
nostics). The IR was evaluated in three different ways—Homeostasis model assess-
ment of insulin resistance (HOMA-IR), quantitative insulin sensitivity check-index 
(QUICKI), and fasting glucose to fasting insulin ratio (FGIR). The HOMA index 
was calculated as [fasting serum insulin (μIU/mL) × fasting glucose (mg/dL)]/405. 
The QUICKI was calculated as 1/[log fasting insulin (μIU/mL)+log fasting glu-
cose (mg/dL)]. High HOMA-IR, low QUICKI, and low FGIR scores denote insulin 
resistance (low insulin sensitivity). The BMI was calculated as body weight (kg) 
divided by body height squared (m2).

DNA Isolation and Genotype Analysis

Genomic DNA was isolated from the peripheral blood of all the subjects using the 
standard phenol–chloroform/Isoamyl-alcohol method. The quality and quantity were 
determined by measuring A260/A280 in a Nano-drop (Jenway Genova) and by run-
ning the samples on 1% agarose gel. DNA was stored at − 20 °C until further pro-
cessing. The targeted DNA fragment was amplified by PCR, using specific forward 
primer 5′-CCT​CTT​CTC​TTT​CAG​ACA​GA-3′ and reverse primer 5′-CAT​GCA​AAT​
ACT​TAC​AGT​GTT​TTG​GTA-3′ as per the published literature (Thathapudi et  al. 
2015). PCR was performed in three steps using Sure-thermocycler 8800 (Agilent 
Technologies). Briefly, the PCR conditions included an initial denaturation at 95 °C 
for 5 min, followed by 35 cycles of denaturation at 95 °C for 1 min, annealing at 
58.5 °C for 30 s, extension at 72 °C for 45 s, and a final extension at 72 °C for 5 min. 
The 111 bp amplified PCR product was then digested with RsaI Restriction enzyme 
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at 37 °C for 2 h and was electrophoresed on 3% agarose gel. The banding pattern 
demonstrated an undigested 111 bp in the case of GG (homozygous wild) genotype, 
111/86/25 bp in the case of GA (heterozygous) genotype, and 86/25 bp in the case 
of AA (homozygous mutant) genotype.

Statistical Analysis

All the categorical variables were presented as numbers and percentages while the 
continuous variables were presented as mean ± standard deviation. The clinical, 
anthropometric, hormonal, and metabolic variables were compared between PCOS 
and controls by unpaired student t-test. We used logistic regression models to cal-
culate odds ratios (ORs) as an estimate of risk at 95% confidence interval (CI). The 
p-value of the magnitude < 0.05 was considered statistically significant. All the sta-
tistical calculations were performed using STATA Software, version 16 (STATA 
Corp., College Station, TX, USA).

Power Calculations

Power calculations were carried out using the GAS power calculator (csg.sph.umich.
edu/abecasis/gas_power_calculator). Using the dominant model, post hoc power 
analysis revealed that the study is significantly powered to detect any associations 
(power of the study:1-β = 87% at the significance level α = 0.01).

Results

Clinical, and Biochemical Profile of the Study Subjects

The anthropometric, clinical, and biochemical parameters of PCOS cases and 
controls are given in Table  1. The mean age (± SD) of case and controls was 
22.72 ± 4.53 and 23.37 ± 3.03, respectively. The number of menstrual cycles/
years was significantly lower in cases (7.51 ± 3.25) than in controls (11.95 ± 0.20), 
(p < 0.0001). Unlike controls, the BMI (24.58 ± 4.02 vs. 21.98 ± 3.72) and FG 
(12.04 ± 4.45 vs. 5.96 ± 0.99) score was significantly higher in cases. The hor-
mone levels including testosterone, TSH (3.65 ± 2.01) vs. 3.02 ± 1.48), insulin 
(18.99 ± 15.20) vs. (6.26 ± 3.25), and LH to FSH ratio were higher in cases than 
controls (p < 0.001). The indices of glycaemic control including fasting blood glu-
cose (mg/dL) and fasting insulin levels (μIU/mL) were considerably higher in cases 
compared to controls (87.47 ± 8.58 vs. 83.67 ± 9.23; P = 0.001 and 18.99 ± 15.20 
vs. 6.26 ± 3.25; P < 0.0001). Likewise, Insulin resistance assessed by HOMA-IR, 
QUICKI, and FGIR was significantly higher in PCOS patients when compared to 
controls (P < 0.0001). Moreover, in PCOS cases, significantly higher levels of liver 
and renal function parameters, and lipid profile indicators were observed when com-
pared to controls (P < 0.0001), Table 1. 
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Table 1   Anthropometric, clinical, and biochemical parameters in PCOS cases and healthy controls

BMI body mass index, FGIR fasting glucose insulin ratio, FG score Ferrimen Gallwey score, FSH fol-
licular stimulating hormone, HDL high-density lipoprotein, HOMA-IR: homeostasis model assessment 
insulin resistance index, LDL low-density lipoprotein, LH luteinizing hormone, QUICKI quantitative 
insulin sensitivity index. Student’s t-test was used to calculate p values. p value of < 0.05 was considered 
statistically significant (in bold numbers)

Parameters PCOS (N = 120) mean (± SD) Controls (N = 120) 
mean (± SD)

P-value

Mean age (years) 22.72 (± 4.53) 23.37 (± 3.03) 0.193
Age at menarche (years) 13.12 (± 1.75) 13.49 (± 1.23) 0.061
Menstrual cycles /year 7.51 (± 3.25) 11.95 (± 0.20) 0.000
BMI(Kg/m2) 24.58 (± 4.02) 21.98 (± 3.72) 0.000
Systolic blood pressure(mm/Hg) 118.46 (± 13.51) 113.51 (± 10.75) 0.002
Diastolic blood pressure(mm/Hg) 79.30 (± 11.25) 77.94 (± 8.47) 0.309
Height(cm) 157.4 (± 6.01) 156.4 (± 5.39) 0.176
Weight(kg) 61.23 (± 10.73) 53.82 (± 9.49) 0.000
FG Score 12.04 (± 4.45) 5.96 (± 0.99) 0.000
T4(μg/dL) 8.52 (± 1.96) 8.13 (± 1.70) 0.146
TSH(μI/mL) 3.65 (± 2.01) 3.02(± 1.48) 0.008
FSH(IU/L) 7.74 (± 6.76) 6.66 (± 2.50) 0.163
Testosterone(ng/mL) 66.96 (± 34.04) 24.79(± 9.95) 0.000
LH:FSH 1.66 (± 1.25) 1.10 (± 0.87) 0.000
Prolactin(ng/mL) 21.40 (± 14.90) 13.34 (± 8.70) 0.146
Serum fasting blood glucose(mg/dl) 87.47 (± 8.58) 83.67 (± 9.23) 0.001
LH(IU/L) 10.96 (± 7.50) 6.09 (± 3.23) 0.000
Fasting insulin(μIU/mL) 18.99 (± 15.20) 6.26 (± 3.25) 0.000
HOMA IR 3.84 (± 2.96) 1.32 (± 0.724) 0.000
QUICKI 0.327 (± .04) 0.378 (± 0.03) 0.000
FGIR 9.25 (± 14.57) 17.13 (± 8.92) 0.000
SerumAST/OT (IU/L) 25.86 (± 14.99) 25.66(± 10.14) 0.908
SerumALT/PT (IU/L) 28.79 (± 25.33) 23.20 (± 15.09) 0.044
Serum bilirubin(mg/dL) 0.78 (± 0.97) 0.62 (± 0.31) 0.127
SerumALP (IU/L) 95.37 (± 30.22) 88.71 (± 35.46) 0.141
Serum total protein(g/dl) 7.73 (± 0.60) 7.15 (± 1.57) 0.000
Serum albumin (gm/L) 4.49 (± 0.49) 4.53 (± 0.96) 0.680
Serum urea(mg/dL) 20.96 (± 6.50) 27.92 (± 2.78) 0.002
Serum creatinine(mg/dL) 0.82 (± 0.17) 1.02 (± 0.85) 0.017
Serum uric acid(mg/dL) 4.84 (± 1.28) 4.26 (± 0.93) 0.001
Serum total cholesterol(mg/dL) 170.5 (± 31.16) 156.89 (± 151.58) 0.000
Serum triglyceride(mg/dL) 120.63 (± 54.79) 118.67 (± 46.26) 0.769
Serum HDL (mg/dL) 50.14 (± 15.23) 44.65 (± 12.20) 0.005
Serum LDL (mg/dL) 91.34 (± 19.35) 83.51 (± 20.34) 0.009
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Distribution of LHCGRrs2293275 Genotypes and Alleles

The genotypic and allele frequencies of rs2293275 LHCGR​c.G935A (Ser312Asn) in 
PCOS cases and controls are presented in Table 2. The frequency of heterozygous 
(GA) and homozygous (AA) genotypes in cases was significantly higher in cases 
than in controls. The variant allele (A) was significantly overrepresented in cases 
than the respective controls (p < 0.0001). We observed a higher risk of developing 
PCOS in the subjects who harbored either GA (OR 10.4, p < 0.0001) or AA (OR 
7.73, p = 0.02) genotype. The risk persisted in the dominant model (GA + AA) as 
well (OR 10.29, p = 0.01), (Table 2). 

Risk Modification by the Variant Genotype of rs2293275 LHCGR in Presence 
of Other PCOS Modulators

Like earlier reports (Rashid et  al. 2022), we also found a significant association 
between the family history of T2DM and hirsutism with the PCOS risk (Table 3). 
On further stratification of the participants, we observed a higher risk of developing 
PCOS in the subjects who harbored the variant genotype and had a family history 
of either T2DM (OR 117; p < 0.0001) or hirsutism (OR 79; p < 0.0001) when com-
pared to the wildtype carriers who did not have any above-mentioned positive fam-
ily histories. We observed a synergistic effect modification by the variant genotype 

Table 2   Genotype and allele frequencies of LHCGR rs2293275 SNP in PCOS cases and controls

Data are presented as the number (%); GG represents the wild type, GA as heterozygous and AA as 
homozygous mutant genotypes, PCOS polycystic ovary syndrome, OR odds ratio, CI confidence interval, 
significant p-value < 0.05, (in bold numbers)

LHCGR (rs2293275) PCOS (N = 120) % Control (N = 120) % OR (95% CI) P-value

Frequency of genotypes
GG 10 (8.3) 58 (48.3) Ref.
GA 106 (88.3) 59 (49.1) 10.4 (4.95–21.9)  < 0.0001
AA 04 (3.3) 03 (2.5) 7.73 (1.49–39.8) 0.02
GA+AA 110 (91.6) 62 (51.6) 10.29 (4.96—20.60) 0.001
Frequency of allele types
G 126 (52.5) 175 (72.9) Ref.
A 114(47.5) 65 (27.1) 2.43 (1.66–3.56)  < 0.0001
Inheritance models
Dominant
GG 10 (8.3) 58 (48.3) Ref.
GA+AA 110 (91.6) 61 (50.8) 10.45 (4.98–21.9)  < 0.0001
Recessive
GG+GA 116 (96.6) 117 (97.5) Ref.
AA 04 (3.3) 03 (2.5) 1.34 (0.29–6.14) 0.99
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of rs2293275 in the subjects whose BMI was ≥ 24 (OR 204; p < 0.0001), albeit with 
wider confidence intervals due to low numbers in the model.

To evaluate the correlation between serum LH levels and the genotype of LHCGR​ 
rs2293275, we categorized all the subjects based on their genotype. Compared to GG 
carriers, we observed a significant linear increase in the serum LH levels in the subjects 
that harbored GA genotypes. The LH levels were further increased in the AA carri-
ers compared to both GA or GG carriers (Fig. 1). Besides, we found a strong risk of 
developing PCOS in the subjects who had LH levels ≥ 12.5 (mIU/mL) and harbored the 
variant genotype of the rs2293275 (Table 3). We also found a synergistic effect modi-
fication of the PCOS risk in the subjects carrying the variant genotype and presented 
either alopecia (OR 34.29; p < 0.0001), acne (OR 9.42; p < 0.0001) or acanthosis (OR 
16.8; p < 0.0001) (Supplementary table S 1).

Table 3   Stratification of subjects based on LHCGRG rs2293275 genotypes and PCOS phenotypes

 +  + present; –absent, n number of individuals, F/H family history, DM diabetes mellitus, LH luteinizing 
hormone, BMI basal metabolic index, variant: GA+AA genotype.  Significant p-value <  0.05, (in bold 
numbers)

Phenotype PCOS (N = 120) Control (N = 120) OR (95%CI) p-value

Family history of T2DM
Absent 38 (33.93) 89 (74.79) Referent
Present 74 (66.07) 30 (25.21) 5.78 (3.29–10.30) 0.000
Family history of T2DM
F/H DM− + Wildtype 02 (1.79) 39 (32.77) Referent
F/H DM− + Variant 08 (7.14) 19 (15.97) 8.21 (1.62–40.07) 0.010
F/H DM++ +Wildtype 36 (32.14) 50 (42.02) 14.04 (3.48–61.04) 0.000
F/H DM++ +Variant 66 (58.93) 11 (9.24) 117.0 (27.0–511. 9) 0.000
Family history of hirsutism
Absent 73 (68.22) 113 (94.17) Referent
Present 34 (31.78) 07 (5.83) 7.52 (3.13–18.77) 0.000
Family history of hirsutism
F/H Hirsutism− + Wildtype 07 (6.54) 54 (45.00) Referent
F/H Hirsutism− + Variant 03 (2.80) 04 (3.33) 5.79 (1.21–25.52) 0.059
F/H Hirsutism++ +Wildtype 66 (61.68) 59 (49.17) 8.63 (3.64–21.44) 0.000
F/H Hirsutism++ +Variant 31 (28.97) 3 (2.50) 79.71 (19.65–273.5) 0.000
LH level (mIU/ml)
LH ≤ 12.5+Wildtype 08 (6.67) 43 (35.83) Referent
LH ≥ 12.5+Wildtype 02 (1.67) 15 (12.50) 0.71 (0.14–3.75) 0.999
LH ≤ 12.5+Variant 76 (63.33) 50 (41.67) 8.17 (3.52–17.58)  < 0.0001
LH ≥ 12.5+Variant 34 (28.33) 12 (10.00) 15.23 (5.43–39.06)  < 0.0001
BMI (Kg/m2)
BMI < 24+Wildtype 03 (2.50) 41 (34.17) Referent
BMI ≤ 24+variant 39 (32.50) 49 (40.83) 28.75 (3.48–237.3) 0.002
BMI ≥ 24+Wildtype 07 (5.83) 17 (14.17) 7.32 (0. 72–73.93) 0.091
BMI ≥ 24+variant 71(59.17) 13(10.83) 204.9(21.95–1912.6) 0.000
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Discussion

The present case–control study evaluated the association of a polymorphic variant 
rs2293275 of LHCGR​ (p.S312N) with the PCOS risk and its correlation with the 
clinical and biochemical indices. We found a significant association of rs2293275 
with the PCOS risk and linearly increased LH levels in the subjects harboring het-
erozygous (GA) and the mutant (AA) genotype when compared to the wild-type 
(GG) genotype carriers.

Our results demonstrated a significant difference in genotypic as well as allelic 
frequencies of rs2293275 between PCOS cases and controls, indicating that women 
with GA and AA genotypes are at higher risk for developing PCOS. The higher 
frequency of the A allele found in PCOS cases confered a > twofold increased risk 
of developing PCOS in our study. These findings are in agreement with the earlier 
studies from different ethnicities (Capalbo et  al. 2012; Bassiouny et  al. 2014; Ha 
et al. 2015; El-Shal et al. 2016). However, no significant association of this variant 
with the risk of PCOS was reported in Caucasian and Bahraini populations (Valk-
enburg et al. 2009; Almawi et al. 2015). On the contrary, Thathapudi et al. revealed 
that the GG (major allele), rather than AA, conferred a > threefold risk of develop-
ing PCOS in South Indian women (Thathapudi et al. 2015). However, a recent meta-
analysis reported a ~ fourfold increased risk of developing PCOS for minor allele 
(AA) carriers (Zou et al. 2019). These conflicting results among the studies might 
be attributed to differences in sample size, non-uniform diagnostic criteria, ethnic 
background, and study design.

The LH is an associated member of the glycoprotein family that stimulates fol-
licular development, steroid biogenesis, corpus luteum formation, and ovulation 
(Dufau 1998; Ascoli et al. 2002). The LH acts by binding with LHCGR, and sub-
sequent signal transduction plays a vital role in the ovulation process (Dufau 1998; 

Fig. 1   Correlation of LH levels 
and the harbored genotypes 
of rs2293275 of LHCGR​. The 
data presented is mean and SD. 
One way ANOVA was used to 
compare the differces between 
the three groups. ***p = 0.0004; 
**** < 0.0001; *p = 0.0198
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Qiao and Han 2019). LHCGR​  gene is one of the few candidate genes recognized 
as susceptibility loci and consistently associated with the risk of PCOS in diverse 
ethnicities.

Abnormal LH signaling is believed to play a crucial role in augmenting ovar-
ian androgen production in PCOS cases leading to anovulation (Balen 1993; Nor-
man et al. 2007). Zhihua et al. showed that mutation in LHCGR causes abnormal 
LHCGR glycosylation, decreased LHCGR protein level, effects on subcellular local-
ization, and reduced cellular ATP consumption. These observations indicated defec-
tive signal transduction that could lead to abnormal ovulation (Zhang et al. 2020). 
Reports have shown that enhanced expression or overactivation of LHCGR might 
contribute to the development of PCOS (Kanamarlapudi et  al. 2016). In addition 
to the two-cell—two-gonadotrophin theory, LH modulates mRNA levels of mul-
tiple genes in the granulose cells through the LHCGR receptor, which can aid in 
the growth of follicles (Sasson et  al. 2004; Lindeberg et  al. 2007). The secretion 
of androgen hormones by ovarian theca cells promoted by LH may result in fol-
licular maturation arrest. Consequently, the variation in the levels of LH may poten-
tially influence the reproductive process including menstruation and fertility, thereby 
orchestrating the PCOS risk (Laven et al. 2002).

The LHCGR​ variant rs2293275 (p.S312N) lies in juxtaposition with the glyco-
sylation signals of the LHCGR protein. Any variations in this vicinity might affect 
the trafficking and stability of the LHCGR, thereby increasing the risk of PCOS 
(Thathapudi et  al. 2015). An earlier study reported that inactivating gene variants 
of the LHCGR​ cause gonadal resistance to LH thereby increasing the LH levels and 
subsequent anovulation (Segaloff 2009). Moreover, a recent study showed a strong 
association of LHCGR​ rs2293275 polymorphism with high LH levels and LH/FSH 
ratio in women with PCOS. The study suggested that high serum LH levels in PCOS 
subjects are important for PCOS diagnosis and may be useful as a molecular marker 
for the early detection of PCOS cases (Atoum et al. 2022). Given the important piv-
otal role of LH in androgen metabolism and ovulation, it can be a plausible explana-
tion for the enhanced PCOS risk in the women that harbored the variant genotype of 
LHCGR​  in our study. However, further mechanistic studies are warranted to eluci-
date LHCGR​ (rs2293275) mediated PCOS etiology. On stratification analysis, simi-
lar to earlier reports, we found a significantly increased serum LH level in subjects 
with PCOS who harbored variant genotypes when compared to healthy controls 
(Piersma et al. 2006; El-Shal et al. 2016).

Maternal family history of PCOS is considered a risk factor in daughters 
(Rashid et al. 2022). PCOS is thought to be a heritable disorder based on famil-
ial case clustering (Rosenfield and Ehrmann 2016). The pervasiveness of PCOS 
or its clinical manifestations among first-degree relatives suggests that genetic 
and familial factors play a role in the disorder (Bruni, Capozzi et al. 2021). We 
found an enhanced risk in the subjects who had a family history of T2DM or 
hirsutism and harbored the variant genotype of rs2293275. These observations 
also suggest the heritability associated with the rs2293275 in PCOS women. 
Although in absence of a direct correlation, positive family history of T2DM has 
been previously associated with the development of PCOS (Kulshreshtha et  al. 
2013; Yilmaz et al. 2018). Vrbikova et al. reported that defective early beta cell 
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function was characteristic of patients with PCOS who had a positive family his-
tory of T2DM (Vrbikova et al. 2009). They also reported a significant difference 
in glucose and lipid metabolism between PCOS patients with and without a fam-
ily history of T2DM (Wang et al. 2021). A literature survey suggests that T2DM 
appears to be an important factor in predicting the risks of metabolic abnormali-
ties in women with PCOS (Ehrmann et al. 2005; Vrbíková et al. 2008; Lerchbaum 
et al. 2014). However, further replicative and mechanistic studies are required to 
validate and unveil the underlying role.

Compared to healthy controls, we found an enhanced PCOS risk in subjects 
that harbored variant genotypes of rs2293275 and had either alopecia, acne, or 
Acanthosis nigricans. With 58–82% of hyperandrogenic women having PCOS, 
the androgen excess is considered to be the hallmark feature of PCOS (Pinola 
et al. 2017). Elevated LH levels or increased testosterone production from poly-
cystic ovaries may cause hyperandrogenaemia (Ashraf et al. 2019). Elevated insu-
lin levels may also trigger increased testosterone levels in women and thus modu-
late the risk of PCOS (Nestler et al. 1998). Consequently, the resulting androgen 
excess (hyperandrogenism) acts as the main promoting factor inducing anovula-
tion and follicular arrest (Qiao and Feng 2011).

Obesity is a common finding in PCOS that worsens its phenotypes and is 
considered one of the most crucial pathophysiological features in PCOS. It also 
aggravates menstrual irregularity and increases serum total testosterone levels 
(Xita and Tsatsoulis 2006; Baldani et al. 2013). These elevated androgen levels 
in turn can affect follicle growth, metabolic process, and insulin levels, thereby 
enhancing the PCOS risk in obese women. Furthermore, a recent study showed 
that increased testosterone level promotes visceral fat accumulation and IR by 
inhibiting lipolysis and promoting lipogenesis (Rosenfield and Ehrmann 2016). 
Dysregulated lipid metabolism and IR are in turn associated with suppressed ovu-
lation and high LH levels (Roth et  al. 2014). In the current study, we found a 
synergistic effect on the PCOS risk in the subjects carrying the LHCGR​ variant 
genotype (GA+AA) and having BMI greater than ≥ 24; albeit with wider CIs due 
to low numbers in the model. Our findings are consistent with previous studies 
that highlight the contribution of BMI and LHCGR​ polymorphism to PCOS phe-
notypes (Thathapudi et al. 2015; Atoum et al. 2022). While the current study was 
statistically powered to detect any associations, however, the low number in the 
subsequent stratification analysis might be a concern of the present study.

Conclusion

The present study indicated the potential influence of LHCGR​ (rs2293275) pol-
ymorphism on the development and clinical course of PCOS. More replicative 
studies are warranted to substantiate our findings.
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