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Abstract

Background The influence of the glucagon-like peptide-1 receptor (GLP-1R) on bone metabolism is well-estab-
lished. However, it has been observed that single nucleotide polymorphisms (SNPs) in the GLP-1R gene can par-
tially affect its function. Therefore, this study aims to investigate the association between SNPs in the GLP-1R gene
and postmenopausal osteoporosis (PMOP) within the Chinese Han population.

Methods This study employed a cross-sectional case—control design, recruiting a total of 152 participants, includ-
ing 76 patients with osteoporosis (OP) (case group) and 76 healthy individuals (control group). Seven tag SNPs of GLP-
1R were selected from the National Center of Biotechnology Information and Genome Variation Server. The associa-
tion between GLP-1R polymorphisms and PMOP risk was assessed using different genetic models and haplotypes,
while also exploring SNP-SNP and SNP-environment interactions.

Results Our results showed that minor alleles A at rs3765468, A at rs3765467 and G at rs4714210 showed signifi-
cant associations with an increased risk of OP. Individuals with rs3765468 AG-AA genotype and rs3765467 AG-AA
genotype exhibited a significantly higher risk of PMOP. Moreover, haplotype analysis revealed a significant associa-
tion of the GACACA haplotype on PMOP risk (P=0.033). Additionally, a multiplicative interaction was observed
between rs3765468 and rs3765467 that was associated with an increased risk of PMOP (P =0.012).

Conclusions Specific SNPs in the GLP-1R gene were linked to an increased risk of PMOP. This study improves our
understanding of the genetic basis of PMOP in this population and suggests that genetic screening can identify indi-
viduals at risk for developing PMOP, enabling early prevention.
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Background
Osteoporosis (OP) is a progressive systemic skeletal
disease characterized by low bone mass and micro-
architectural deterioration of bone tissue [1], leading to
increased susceptibility to fractures, particularly fragility
fractures. These fractures are a prevalent condition with
significant implications for global healthcare, emphasiz-
ing the importance of effective management strategies
to minimize morbidity and healthcare expenditures [2].
Postmenopausal osteoporosis (PMOP) is a prevalent
age-related metabolic bone disorder. Approximately 10%
of the global population is affected by OP [3]. In China,
the estimated prevalence of OP in adults aged >40 years
is 20.6% for women [4]. In the management of PMOP
or corticosteroid-induced OP, various medications have
shown efficacy [5, 6]. Recently, many studies used bone
turnover markers to monitor the efficacy and safety of
drugs influencing bone turnover and as therapy monitors
in PMOP [7, 8]. The anti-OP drugs, in particular, exhibit
a positive impact on bone mineral density (BMD) in post-
menopausal women with OP, making them a valuable
therapeutic option [9]. BMD is a reliable and quantifiable
indicator for the gold standard of OP diagnosis. How-
ever, BMD demonstrates a significant degree of genetic
heritability [10]. Research suggests that genetic factors
contribute to 60%—80% of variation in BMDs, with genes
accounting for 50%—85% of variation in the peak BMD
[11]. Although OP has a strong genetic propensity, the
identification of genetic molecular mechanisms associ-
ated with OP remains a formidable challenge. To date,
genome-wide association studies (GWAS) have identified
more than 500 loci that are linked to OP [12]. Moreover,
numerous other single nucleotide polymorphisms (SNPs)
have been discovered to be correlated with OP [13-15].
Glucagon-like peptide-1 receptor (GLP-1R), a member
of the B1 family of G-protein-coupled receptors, is com-
posed of 463 amino acids and exerts its function through
specific binding to glucagon-like peptide-1 (GLP-1).
Our previous studies have demonstrated that GLP-1R
agonists can promote bone formation while inhibiting
bone resorption [16—18]. Moreover, Meng et al. reported
that activation of GLP-1R could enhance the osteogenic
potential of bone marrow stromal cells to ameliorate
OP [19]. Additionally, mice lacking GLP-1R expression
(GLP-1R™") exhibited cortical osteopenia and increased
susceptibility to bone fragility due to augmented bone
resorption by osteoclasts [20, 21]. Zhang et al. also pro-
vided evidence indicating that the A allele at rs2295006
of the GLP-1R gene predicts a decrease in BMDs [22].
These findings underscore a critical role for GLP-1R in
regulating bone metabolism, with its genetic variation
profoundly impacting BMDs.
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However, there is currently a lack of research data
regarding the association between the GLP-1R gene and
OP. Given that OP is a multifactorial disease influenced
by both genetic and environmental factors [23], this
study aims to investigate the relationship between GLP-
1R SNPs (rs3765468, rs3765467, rs4714210, rs10305420,
rs10305445, rs761386, and rs761387), SNP-SNP and
SNP-environmental interactions on susceptibility to OP
in postmenopausal Chinese Han women. This investiga-
tion may provide valuable insights for genetic screening
of individuals at risk for OP, enhance our understanding
of OP pathogenesis, and establish an underlying genetic
basis for developing GLP-1R agonists as novel anti-osteo-
porotic agents.

Methods

Recruitment of participants

The study recruited a total of 152 postmenopausal Chi-
nese Han females from the Endocrinology Department
of the Hebei Medical University Third Hospital between
March 2023 and June 2023. Among them, there were 76
patients with OP (the case group) and an equal number
of healthy individuals (the control group). The inclusion
criteria were as follows: 1) All participants were aged
between 45-80 years, with a natural menopause duration
of more than one year; 2) The diagnosis of OP in post-
menopausal women was based on the T-value according
to the criteria established by the World Health Organiza-
tion [a T-value < — 2.5 standard deviations (SD) indicated
OP, while a T-value > — 1.0 SD indicated normal BMD];
3) None of the participants had previously received any
anti-OP treatment.

The exclusion criteria included patients with thyroid
and parathyroid disease, autoimmune disease, diabe-
tes mellitus, severe cardiovascular, hepatic, and renal
disease, metabolic or hereditary skeletal disorders,
malignancy, long-term use of hormones or immunosup-
pressants, as well as any anti-OP drugs.

The study protocol was approved by the Medical Ethics
Committee of the Hebei Medical University Third Hospi-
tal [NO.2023-026-1]. The participants were required to
provide written informed consent in accordance with the
principles outlined in the Declaration of Helsinki prior to
their participation in the study.

Laboratory assessment

Demographic data from all participants were collected
encompassing nationality, age, menopause onset age,
height, weight, smoking and drinking habits, as well
as family history of OP. Standard laboratory methods
were employed for measuring serum levels of parathy-
roid hormone (PTH), 25-Hydroxy vitamin D, calcium,
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and phosphorus. Body mass index (BMI) was calculated
using the formula: BMI=weight/height* (kg/m?).

Measurement of BMDs

The BMDs of all 152 participants at the lumbar spine
(L1-L4), femoral neck, and total hip were assessed using
a Dual-energy X-ray absorptiometry device (Hologic Dis-
covery A, MA, USA). To ensure rigorous quality control
measures, the instrument underwent daily calibration.
The coefficient of variation for the BMDs of the lumbar
spine, femoral neck and total hip was found to be 1.14%,
1.29%, and 1.80%, respectively.

SNP selection, DNA extraction and genotyping

The tag SNPs were selected based on the databases of the
National Center of Biotechnology Information (NCBI)
(https://www.ncbi.nlm.nih.gov/SNP/) and the Genome
Variation Server (GVS) (https://gvs.gs.washington.
edu/GVS150/index.jsp). The selection criteria for these
SNPs included minor allele frequency (MAF)>0.01,
and linkage disequilibrium (LD) measured by an r?
value>0.33. After reviewing relevant research reports
[24-26], seven SNPs of the GLP-1R gene were identified,
namely rs3765468, rs3765467, rs4714210, rs10305420,
rs10305445, rs761386, and rs761387.

The genomic DNA was isolated from peripheral blood
leukocytes using the Genomic DNA Kit (Tiangen, Bei-
jing, China) following the manufacturer’s protocol. Sub-
sequently, we assessed the quality and concentration
of the extracted DNA by employing a NanoDrop 2000
(Thermo Fisher Scientific, Waltham, MA, USA). Geno-
typing was performed through the polymerase chain
reaction-ligase detection reaction. The primers sequences
for polymerase chain reaction were designed by Primer
Premier 5 software. Furthermore, the results were further
processed using the 3730 XL Gene Sequencer (Applied
Biosystems, MA, USA) and analyzed with GeneMarker
software version V2.6.3.

Statistical analysis

Statistical analyses were performed using SPSS version
22.0. The normal distribution of variables was assessed
through the Kolmogorov—Smirnov test. Variables con-
forming to normality were presented as mean + SD, while
those deviating from normality were reported as median
(interquartile range). Student’s t-test was employed
for comparing normally distributed data, whereas the
Mann-Whitney U test was used for non-normally dis-
tributed data. Qualitative data were expressed as number
(%) and compared using the chi-square (x?) test. Hardy—
Weinberg equilibrium (HWE), allele and genotype fre-
quencies were analyzed using the x? test (P>0.05). The
online tool SHEsis (http://analysis.bio-x.cn/myAnalysis.
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php) was employed for LD and haplotype analysis. Binary
logistic regression was utilized to examine the associa-
tions between SNPs and PMOP. The SNPStats software
(https://www.snpstats.net/start.htm.) was employed to
investigate SNP-SNP and SNP-environmental interac-
tions. The optimal model selection was based on Akaike
Information Criterion (AIC) and Bayesian Information
Criterion (BIC). The statistical significance was deter-
mined at a significance level of P<0.05.

Results

Baseline characteristics of participants

The baseline characteristics of all participants are pre-
sented in Table 1. There were statistically significant
differences between the two groups in terms of age,
menopausal duration, BMI, and family history of OP
(P<0.05), which were identified as potential influencing
factors for PMOP between the case and control groups.
No statistically significant differences were observed in
terms of other variables (P> 0.05).

Genotype and allele frequencies of GLP-1R SNPs
Among the seven GLP-1R SNPs, rs10305445 was
excluded due to its non-conformity with the HWE in
the case group, indicating an underrepresentation of
this specific GLP-1R SNP in the target population. The
remaining six SNPs met both criteria of MAF >0.01 and
HWE. Therefore, our study participants provided a rep-
resentative sample of the population (Table 2).

The distribution of genotype and allele frequencies
for the GLP-1R SNPs is presented in Table 3. Signifi-
cantly higher genotype frequencies of rs3765468 and
rs3765467 G-carrier (GG and GA) were observed in the
case group compared to the control group (P=0.025,
0.035). Additionally, a significantly higher genotype fre-
quency of rs4714210 A-carrier (AA and AG) was found
in the case group than in the control group (P=0.022).
Moreover, minor alleles A at rs3765468, A at rs3765467,
and G at rs4714210 showed significant associations with
an increased risk of OP (P=0.009, 0.011, and 0.005,
respectively). However, no significant differences were
observed between genotypes or alleles for other GLP-1R
SNPs (rs10305420, rs761386, and rs761387) among both
groups (P>0.05).

Association of GLP-1R SNPs with the risk of PMOP

The association between GLP-1R SNPs and the risk
of PMOP was further investigated using binary logis-
tic regression analysis with different genetic models.
In the dominant model, individuals with rs3765468
AG-AA genotype and rs3765467 AG-AA genotype
exhibited a significantly higher risk of PMOP com-
pared to those with GG genotype (adjusted P=0.04,
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Table 1 Baseline characteristics of the study population

Variables Control group (n=76) Case group (n=76) PValue
Age (Years) 0.000
<50 6 (7.89) 0 (0.00)

50- 36 (47.37) 18 (23.68)

60— 24 (31.58) 29 (38.16)

>70 10(13.16) 29 (38.16)

Age of menopause (Years) 0.138
<50 27 (35.53) 36 (47.37)

>50 49 (64.47) 40 (52.63)

Menopausal duration (Years) 0.000
<10 42 (55.26) 14 (1842)

10- 22 (28.95) 33 (4342)

>20 12 (15.79) 29 (38.16)

BMI (kg/m?) 0.001
<24 18 (23.68) 36 (47.37)

24— 32(42.11) 30 (3947)

>28 26 (34.21) 10 (13.16)

Smoking status (Yes/No) 2(2.63)/74(97.37) 4(5.26)/72 (94.74) 0.681
Drinking status (Yes/No) 12 (15.79)/64 (84.21) 9(11.84)/67 (88.16) 0481
Family history of OP (Yes/No) 15 (19.74)/ 61 (80.26) 27 (35.53)/ 49 (64.47) 0.030
FBG (mmol/L) 535+0.59 544+0.66 0.347
PTH (pg/ml) 52.83 (42.46-66.24) 49.96 (37.67-63.59) 0411
25(0OH)D (ng/ml) 21.28 (17.07-25.48) 18.19 (15.82-23.75) 0.097
Blood calcium (mmol/L) 227+0.11 226+0.13 0.642
Blood phosphorus (mmol/L) 1.22+0.17 1.22+0.18 0.887

BMI, body mass index; OP, osteoporosis; FBG, fasting blood glucose; PTH, parathyroid hormone; 25 (OH) D, 25-hydroxy vitamin D

Table 2 The characteristics of seven GLP-1R SNPs

SNPs Chr.position Alleles MAF in dbSNP MAF

Control group

HWE (P value)

Case group Control group Case group

Functions

1s3765468 39065817 G>A 009 0.092
rs3765467 39065819 G>A 004 0.178
rs4714210 39087709 A>G 0.24 0.21
rs10305420 39048860 C>T 0.17 0.138
rs10305445 39058761 C>T 0.18 0.053
15761386 39079095 C>T 0.16 0.151
15761387 39078425 A>G 020 0.158

0.197 0377 0487 Synonymous-codon

0.303 0.755 0.602 Nonsynon missense

0.355 0.799 0481 Non-coding transcript variant
0.184 0597 0.748 Missense

0.053 0.628 0.000 Intron-variant

0.105 0.120 0.305 Upstream-variant

0.118 0.102 0.942 Non-coding transcript variant

SNPs, single nucleotide polymorphisms; MAF, minimum allele frequency; dbSNP, the Genetic Variation Database of NCBI; HWE, Hardy-Weinberg equilibrium

0.037, respectively). Furthermore, in both the domi-
nant and recessive models, individuals carrying
AG-GG and GG genotypes of rs4714210 showed the
increased risk of PMOP (P=0.023, 0.021, respec-
tively), although these differences were not statisti-
cally significant after adjusting for confounding factors
(P=0.051, 0.19, respectively). Based on the AIC and
BIC values obtained from the analysis, the dominant

model was considered to be the optimal model for
these three SNPs (Table 4).

Haplotype analysis of GLP-1R SNPs with the risk

of PMOP

The LD analysis revealed a stronger LD among the six
GLP-1R SNPs, indicating that these SNPs were con-
sidered a linkage domain (Fig. 1). Haplotype analysis
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Table 3 Allele and genotype frequencies of GLP-1R SNPs
SNPs Genotypes/alleles  Control group [n Case group [n(%)]] X2 P value OR (95%Cl)
(%)]
rs3765468 GG 62 (81.6) 48 (63.2) 6.975 0.025
GA 14 (184) 26 (34.2)
AA 0(0.0) 2(2.6)
G 138(90.8) 122 (80.3) 6.803 0.009 242 (1.23-4.78)
A 14(9.2) 30(19.7)
1s3765467 GG 51 (67.1) 36 (47.4) 6.709 0.035
GA 23(30.3) 34 (44.7)
AA 2(26) 6(7.9)
G 125(82.2) 106 (69.7) 6.508 0011 2.01(1.17-3.45)
A 27(17.8) 46 (30.3)
rs4714210 AA 47 (61.8) 33 (43.4) 7.642 0.022
AG 26 (34.2) 32(42.0)
GG 3(39) 11(14.5)
A 120 (78.9) 98 (64.5) 7.848 0.005 2.07 (1.24-3.45)
G 32(21.1) 54 (35.5)
rs10305420 CcC 57 (75.0) 51 (67.1) 1.174 0.556
cT 17 (22.4) 22(289)
T 2(26) 3(3.9)
C 131 (86.2) 124 (81.6) 1.192 0.275 141(0.76-2.61)
T 21(13.8) 28(18.4)
rs761386 CcC 53 (69.7) 60 (78.9) 1.690 0.194
cT 23(30.3) 16 (21.1)
T 0(0.0) 0(0.0)
C 129 (84.9) 136 (89.5) 1441 0.230 0.66 (0.33-1.31)
T 23(15.1) 16 (10.5)
rs761387 AA 52 (68.4) 59 (77.6) 3.041 0219
AG 24 (31.6) 16 (21.1)
GG 0(0.0) 1(1.3)
A 128 (84.2) 134(88.2) 0.995 0319 0.72(0.37-1.38)
G 24 (15.8) 18(11.8)

SNPs, single nucleotide polymorphisms; OR, odds ratio; Cl, confidence interval

demonstrated that the GGCACA haplotype had the
highest frequency and could be selected as the refer-
ence haplotype. Furthermore, we observed a significant
association between the GACACA haplotype and an
increased risk of PMOP, even after adjusting for con-
founding factors (P=0.033) (Table 5). Importantly, none
of the remaining four haplotypes showed a significant
impact on PMOP (P> 0.05) (Table 5).

Association between GLP-1R SNP-SNP

and SNP-environment multiplicative interactions
and PMOP risk

To further investigate the association between GLP-1R
SNP-SNP and SNP-environment interactions and the
risk of PMOP, we performed multiplicative interaction
analysis using the dominant model (Tables 6 and 7). The

analysis revealed a significant multiplicative interac-
tion between rs3765468 and rs3765467 of the GLP-1R
gene, which was associated with an increased risk of
PMOP (adjusted P;,;,4cti0n = 0-012) (Table 6). And Table 7
shows the multiplicative interactions between GLP-1R
SNPs and environmental factors in relation to PMOP
risk. However, no significant association was observed
between the multiplicative interactions of GLP-1R SNP-
environment and PMOP risk (P,,,.4ction > 0-05).

Discussion

GLP-1R is widely distributed in various organs, includ-
ing the pancreas, gastrointestinal tract, bone, brain, and
heart. Consequently, it exerts significant effects on glu-
cose regulation, weight loss, bone metabolism, cardiovas-
cular function, and nervous system activity [26]. GLP-1R
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Table 4 Genetic model analysis of the association of GLP-1R SNPs with the risk of PMOP

SNPs Genotypes Control group Case group OR (95%Cl) Pvalue AIC BIC OR*(95%Cl) P*value AIC* BIC*

rs3765468

Dominant GG 62 (81.6) 48 (63.2) 1 0.010 2082 2142 1 0.040 178.1 2084
AG-AA 14 (18.4) 28(36.8) 2.58(1.23-5.44) 250 (1.02-6.10)

Recessive GG-AG 76 (100.0) 74(97.4) 1 0.094 2119 218 1 0.061 1788 209.1
AA 0(0.0) 2(26) - -

Overdominant GG-AA 62 (81.6) 50 (65.8) 1 0.026 2098 2158 1 0.110 179.7 2100
AG 14 (18.4) 26 (34.2) 2.30(1.09-4.87) 2.07 (0.85—5.06)

153765467

Dominant GG 51(67.1) 36 (47.4) 1 0.014 2086 2147 1 0.037 177.0 2072
AG-AA 25(329) 40 (52.6) 227(1.17-437) 2.34(1.04-522)

Recessive GG-AG 74 (97.4) 70(92.1) 1 0.140 2125 2186 1 0.260 1774 2076
AA 2(2.6) 6(7.9) 3.17(0.62—-16.24) 3.30(0.90-17.09)

Overdominant GG-AA 53(69.7) 42 (55.3) 1 0.065 2113 2174 1 0.250 1810 2112
AG 23(30.3) 34(44.7) 1.87 (0.96—-3.63) 1.59(0.72—-3.51)

rs4714210

Dominant AA 47 (61.8) 33(434) 1 0.023 2092 2151 1 0.051 1764 206.6
AG-GG 29 (38.2) 43 (56.6) 2.11(1.10-4.04) 2.70(0.99-6.14)

Recessive AA-AG 73 (96.0) 65 (85.5) 1 0.021 2094 2154 1 0.190 1768 207.0
GG 3(4.0) 11 (14.5) 4.12(1.10-1541) 447 (0.87-16.49)

Overdominant AA-GG 50 (65.8) 44 (57.9) 1 0.320 2137 2198 1 0.280 1812 2114
AG 26 (34.2) 32 (42.1) 1.40(0.72—-2.70) 1.55(0.70—3.44)

*Adjusted the age, menopausal duration, family history of OP, and BMI

OR, odds ratio; Cl, confidence interval; AIC, Akaike Information Criterion; BIC, Bayesian Information Criterion
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Fig. 1 Linkage disequilibrium diagram of the GLP-1R SNPs

gene is located on chromosome 6 (chr 6p21) and con- a genetic perspective, extensive research has been con-
sists of 13 exons and 12 introns [27]. In order to further  ducted on GLP-1R polymorphisms. SNPs, which are the
elucidate the physiological mechanism of GLP-1R from  most common type of DNA sequence variations at the
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Table 5 Correlation analysis between GLP-1R SNPs haplotypes and PMOP risk (Frequence > 1%)

Haplotypes Frequence OR (95% CI) Pvalue
rs3765468 rs3765467 rs10305420 rs4714210 rs761386 rs761387

G G C A C A 0327 1.00 Referent
G A C A C A 0.155 424 (1.14-15.72) 0.033

G G C G C A 0.143 5.36(0.98—-25.33) 0.055

G G T A C A 0.102 2.01(0.48-8.36) 0.340
A G @ A T G 0.069 4.64 (0.99-20.96) 0.050

G A C G C A 0.049 2.89(045-1843) 0.260
OR are adjusted for age, menopausal duration, family history of OP, and BMI

OR, odds ratio; Cl, confidence interval

Table 6 The association between the multiplicative interaction of GLP-1R SNP-SNP and PMOP risk

SNP*SNP Control group (1=76) Case group (1=76) OR (95% Cl) Pinteraction
rs3765468%rs3765467 0012

GG GG 41 12 1.00

AG-AA GG 10 24 7.70 (240—-24.68)

GG AG-AA 21 36 590(2.14-16.29)

AG-AA AG-AA 4 4 3.37(0.64—-17.81)

rs3765468*rs4714210 0.330

GG AA 41 21 1.00

AG-AA AA 6 12 3.65(0.90-14.71)

GG AG-GG 21 27 3.09 (1.19-8.03)

AG-AA AG-GG 8 16 446 (1.33-14.92)

rs3765467*rs4714210 0.950

CcC AA 32 14 1.00

AC-AA AA 15 19 2.36(0.76—7.36)

CC AG-GG 20 22 2.73(0.94-7.95)

AC-AA AG-GG 9 21 6.81(2.00—-23.15)

P value was adjusted by age, menopausal duration, family history of OP, and BMI
SNP, single nucleotide polymorphism; OR, odds ratio, Cl, confidence interval

genomic level caused by single nucleotide changes [28],
represent the predominant form of human heritable vari-
ation. In recent years, numerous studies have investigated
the biological effects associated with GLP-1R SNPs.
Continuing this line of investigation, specific GLP-1R
SNPs have been implicated in various disease susceptibil-
ities. For instance, the G allele of the GLP-1R rs3765467
variant has been identified as a risk allele for susceptibil-
ity to T2DM in the Asian population [29]. The presence
of GLP-1R rs3765467 can significantly reduce insulin
secretion by pancreatic beta cells and the concentration
of AMP in circulation, promoting apoptosis of beta cells
[30]. Moreover, there is a significant association between
the GLP-1R rs3765467 polymorphism and individual var-
iations in both GLP-1 concentration and blood glucose
levels [30]. Meanwhile, GLP-1R rs3765467 (G/A) variant
was related to dyslipidemia incidence and might serve as

a risk factor for Chinese patients with T2DM [31]. Fur-
thermore, an association between GLP-1R rs4714210
and the risk of coronary artery disease in T2DM patients
within the Chinese Han population was identified [32].
GLP-1R rs10305420 is not only associated with inter-
individual variations in glycated hemoglobin reduction
but also with weight loss. In a study involving 285 obese
Chinese patients with T2DM, GLP-1R rs10305420 gene
was genotyped after six months of exenatide treatment.
The results demonstrated significant reductions in both
glycated hemoglobin levels and BMI among patients
following the six-month treatment period. Further-
more, consistent correlations were observed between
the minor allele T of rs10305420 and reductions in
weight and glycated hemoglobin during exenatide ther-
apy. Therefore, GLP-1R rs10305420 holds potential as
a genetic biomarker for precision medicine targeting
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Table 7 The association between the multiplicative interaction
of GLP-1R SNP-environment and PMOP risk

Age  Menopausal Family history BMI

duration of OP

rs3765468

P-dominant 0.160 0400 0.310 0.550
P-recessive - - 1.000 1.000
P-overdominant 0360 0.260 0310 0.450
rs3765467

P-dominant 0.240 0200 0.770 0.680
P-recessive 0.130  0.057 - 0.120
P-overdominant 0.600  0.290 0.770 0.540
14714210

P-dominant 0.170  0.260 0.058 0.200
P-recessive 0.620  0.660 0.530 0470
P-overdominant 0300 0480 0.069 0.290

Adjusted confounders
OP, osteoporosis; BMI, body mass index

overweight individuals with comorbid T2DM [33]. GLP-
1R rs10305420 allele was found to be associated with
both HbAlc levels and weight loss in patients treated
with exenatide [34]. Additionally, a study revealed that
GLP-1R rs10305445 could potentially increase the risk of
cardiovascular disease within a five-year period among
chronic kidney disease patients undergoing hemodialysis
[35]. GLP-1R rs761386 (C/T) polymorphism exhibited an
association with obesity in the Chinese population [36].
Moreover, individuals with the GLP-1R rs761386 CT/
TT genotype demonstrated elevated glucose levels at 2 h
during a 75 g oral glucose tolerance test among patients
with poorly controlled T2DM [37]. The G allele of GLP-
1R rs761387 was linked to higher levels of both GLP-1
and glucose but not insulin [38]. However, the current
research investigating the correlation between GLP-1R
SNPs and bone metabolism remains significantly limited.

Studies have demonstrated the presence of GLP-
1R on the surface of osteoblast-like MC3T3-E1 cells,
osteoclasts and bone marrow stromal cells [16-19].
Meanwhile, GLP-1R agonists, have been shown to
stimulate bone formation and inhibit bone resorption
through multiple signaling pathways [39, 40]. By bind-
ing to GLP-1R and acting on osteoblasts, Liraglutide, a
GLP-1R agonists, activated phosphoinositide 3-kinase
(PI3K)/protein kinase B (AKT) and cyclic adenosine
monophosphate (cAMP)/protein kinase A (PKA) sign-
aling pathways, thereby promoting osteogenic differ-
entiation and bone formation [18]. Feng et al. reported
that exendin-4 increased the mRNA levels of key factors
involved in osteogenic differentiation such as alkaline
phosphatase (ALP), collagen-1 (Col-1), osteocalcin (OC)
and runt-related transcription factor 2 (Runx2) through

Page 8 of 11

mitogen-activated protein kinase (MAPK) activation
[41]. Furthermore, liraglutide can suppress osteoclas-
togenesis through the inhibition of NF-kB and MAPK
pathways via GLP-1R [17]. Meng et al. confirmed that
activating GLP-1R promoted osteogenic differentiation
while inhibiting adipogenic differentiation by regulating
the B-catenin signaling pathway [19]. In conclusion, the
impact of GLP-1/GLP-1R is pivotal in the regulation of
bone metabolism.

The regulation of bone metabolism by GLP-1/GLP-
1R, as discussed, plays a crucial role in maintaining
bone health and density. This is particularly significant
in the context of OP, a condition characterized by thin-
ning bones and decreased bone density, which makes the
lumbar spine more vulnerable to degenerative changes.
As OP weakens the structural integrity and stability of
bones, the lumbar spine becomes increasingly suscep-
tible to injury and degeneration under load. Lumbar
degenerative diseases can further aggravate OP by caus-
ing disc degeneration and joint degenerative conditions,
thereby perpetuating a vicious cycle of decreased bone
density and spinal instability. Notably, the importance of
addressing OP in surgical contexts, such as lumbar spinal
fusion procedures, has been emphasized, with preopera-
tive screening for OP highlighted as a critical step to mit-
igate complications [42]. In this regard, recent research
exploring the impact of targeted mud therapy on serum
serotonin levels in patients with lumbar degenerative
diseases provides additional insights into potential thera-
peutic interventions that could modulate biomarkers and
influence pathological conditions [43]. Understanding
the intricate interplay between bone metabolism regula-
tion by GLP-1/GLP-1R and the pathophysiology of OP, as
well as exploring novel therapeutic approaches, is essen-
tial for developing comprehensive strategies to manage
and prevent lumbar degenerative diseases and their asso-
ciated complications.

Building on the understanding of the crucial role of
GLP-1/GLP-1R in bone metabolism and its implica-
tions for OP, our team has delved deeper into the genetic
aspects of this relationship. Recently, our team has found
that the A allele of GLP-1R rs1042044 was closely associ-
ated with an increased risk of PMOP, and this risk was
significantly amplified through an SNP-SNP interac-
tion with rs2268641 [44]. Given the multitude of muta-
tion sites and intricate interactions of the GLP-1R gene,
we expanded the scope of our research to comprehen-
sively comprehend the genetic mechanism underlying
GLP-1R gene mutations and susceptibility to OP. After
thorough review of numerous references, we identified
seven significant SNPs for in-depth analysis. In this study,
we found that individuals carrying rs3765468 AG-AA
genotype and rs3765467 AG-AA genotype exhibited
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a significantly higher risk of PMOP for Chinese Han
women. Furthermore, we also observed a significant
association between the GACACA haplotype and an
increased risk of PMOP, even after adjusting for con-
founding factors. Notably, there was a significantly mul-
tiplicative interaction between rs3765468 and rs3765467
that further contributed to an increased susceptibility to
PMOP.

GLP-1R rs3765467 (p.Argl31Gln) is a non-synon-
ymous mutation in which arginine is replaced by glu-
tamine at position 131 on exon 5 of GLP-1R [29].
Therefore, it is hypothesized that the rs3765467 varia-
tion may potentially affect the binding efficiency of the
ligand to GLP-1R and thus interfere with downstream
signal transduction. However, the rs3765468 variant
located in exon 4 does not result in any alteration to the
amino acid sequence of the translated protein. Interest-
ingly, our study discovered a SNP-SNP multiplicative
interaction between rs3765467 and rs3765468. Epistasis,
a genetic phenomenon, may involve one gene masking
or modifying the phenotype of another gene [45]. The
close proximity of rs3765468 to rs3765467 on the same
chromosome suggests that it could exert genetic effects
through SNP-SNP interactions or strong linkage disequi-
librium with other biologically impactful SNPs.

The occurrence of PMOP is influenced by a combina-
tion of genetic variations and environmental factors,
thereby suggesting that gene-environment interactions
may partially contribute to the missing genetic predis-
position. Unfortunately, this study did not uncover the
relationship between the multiplicative interaction of
GLP-1R SNP-environment and PMOP risk. Furthermore,
although the GACACA haplotype showed a statistically
significant association with an increased risk of PMOP,
its specific mechanism remains unknown, necessitating
further comprehensive research. Nevertheless, exploring
genetic markers at the haplotype level could reveal novel
insights into genetic alterations.

In conclusion, specific SNPs of GLP-1R gene were iden-
tified to be correlated with increased risk of PMOP for
Chinese Han ethnicity. This study contributes to a deeper
comprehension of the genetic underpinnings of PMOP
among Chinese populations and suggests that genetic
screening could serve as a valuable tool for identifying
individuals at risk of developing this condition, thereby
facilitating early preventive measures.

However, our study has several limitations. Firstly, this
study was conducted at a single center and only included
participants from a local region, potentially introducing
sample selection bias. Secondly, the limited sample size
and number of SNPs may restrict the generalizability of
our findings. Thus, it is important to consider that other
polymorphisms of GLP-1R gene could also influence
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susceptibility to OP. Thirdly, we solely focused on the
clinical aspects of OP. Further studies should explore the
functional implications of genetic variations in GLP-1R
loci in order to gain a better understanding of its under-
lying pathophysiological mechanism. Overall, while our
finding regarding gene polymorphism are limited in
scope, identifying significant SNPs impacting OP and
comprehending their cellular and molecular functions
will significantly contribute to elucidating the pathophys-
iological mechanism of OP. If our results are validated
by prospective studies, GLP-1R polymorphisms could
potentially serve as predictors for PMOP in the Chinese
Han population.

Conclusions

Specific SNPs in the GLP-1R gene were linked to an
increased risk of PMOP. This study improves our under-
standing of the genetic basis of PMOP in this popula-
tion and suggests that genetic screening can identify
individuals at risk for developing PMOP, enabling early
prevention.
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