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Background: Ankylosing Spondylitis (AS) is an inflammatory condition affecting
the spine, which may lead to complications such as osteoporosis (OP). Many
observational studies have demonstrated a close relationship with strong
evidence between OP and AS. The combination of AS and OP is already an
indisputable fact, but the exact mechanism of AS complicated with OP is unclear.
To better prevent and treat OP in patients with AS, it is necessary to understand
the specific mechanism of OP in these patients. In addition, there is a study
showing that OP is a risk factor for AS, but the causal relationship between them
is not yet clear. Therefore, we conducted a bidirectional Mendelian
randomization (MR) analysis to determine whether there is a direct causal
effect between AS and OP and to investigate the co-inherited genetic
information between the two.

Methods: Bone mineral density (BMD) was used as a phenotype for OP. The AS
dataset was taken from the IGAS consortium and included people of European
ancestry (9,069 cases and 13,578 controls). BMD datasets were obtained from
the GEFOS consortium, a large GWAS meta-analysis study, and the UK Biobank
and were categorized based on site (total body (TB): 56,284 cases; lumbar spine
(LS): 28,498 cases; femoral neck (FN): 32,735 cases; forearm (FA): 8,143 cases;
and heel: 265,627 cases) and age (0-15: 11,807 cases; 15-30: 4,180 cases; 30-45:
10,062 cases; 45-60: 18,062 cases; and over 60: 22,504 cases).To obtain the
casual estimates, the inverse variant weighted (IVW) method was mainly used due
to its good statistical power and robustness. The presence of heterogeneity was
evaluated using Cochran’s Q test. Pleiotropy was assessed utilizing MR-Egger
regression and MR-pleiotropy residual sum and outlier (MR-PRESSO).
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Results: Generally, there were no significant causal associations between
genetically predicted AS and decreased BMD levels. The results of MR-Egger
regression, Weighted Median, and Weighted Mode methods were consistent
with those of the IVW method. However, there was a sign of a connection
between genetically elevated BMD levels and a decreased risk of AS (Heel-BMD:
OR = 0.879, 95% CI: 0.795-0.971, P = 0.012; Total-BMD: OR = 0.948, 95% ClI:
0.907-0.990, P = 0.017; LS-BMD: OR = 0.919, 95% CI: 0.861-0.980, P = 0.010).
The results were confirmed to be reliable by sensitivity analysis.

Conclusion: This MR study found that the causal association between genetic
liability to AS and the risk of OP or lower BMD in the European population was not
evident, which highlights the second effect (e.g., mechanical reasons such as
limited movement) of AS on OP. However, genetically predicted decreased BMD/
OP is a risk factor for AS with a causal relationship, implying that patients with OP
should be aware of the potential risk of developing AS. Moreover, OP and AS
share similar pathogenesis and pathways.

KEYWORDS

Mendelian randomization, ankylosing spondylitis, osteoporosis, bone mineral density,
single nucleotide polymorphisms, GWAS

Introduction

Ankylosing spondylitis (AS) is an autoimmune disease
characterized by chronic inflammation and new bone formation
involving the central axis bone and sacroiliac joints, along with
peripheral joint involvement and extra-articular involvement,
which can ultimately result in inflammatory low back pain and
spinal limitations. Approximately one-third of AS patients can be
incapacitated (1, 2). AS can affect individuals of any age, but it is
most commonly diagnosed in individuals between the ages of 20
and 30 years, with a male-to-female ratio of approximately 2:1 (1).
However, research suggests that the proportion of patients with AS
who are over 60 years old and the proportion of women with the
condition are increasing (2, 3). The prevalence of AS varies by
region and ethnicity and is estimated to range from 0.1% to 1.4%
(4). For example, the average prevalence of AS in the European
population is 23.8 cases per 10,000 individuals (4). Furthermore, a
retrospective cohort study based on the Korean population found
that from 2010 to 2015, the annual linear increase in AS incidence
was 7.7%, rising from 31.62 to 52.30 cases per 100,000 individuals
(5). The study also found that the incidence of AS in male patients
peaked in the 20-29 years age group, while the incidence in female
patients peaked in the 70-89 years age group (5).

Osteoporosis (OP) is a chronic metabolic bone disease that is
most commonly diagnosed through dual-energy X-ray
absorptiometry (DXA) and is characterized by decreased bone
mineral density (BMD) in clinical settings (6). OP is prevalent
globally, affecting approximately 200 million individuals, with the
incidence increasing with age and being more common among

women (7). Genetic factors, lifestyle, and medical history are also
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important factors that influence the incidence of OP (8). Early
diagnosis and treatment of OP can help reduce the risk of fractures
and improve quality of life.

Both AS and OP have strong genetic components. AS is strongly
associated with the HLA-B27 genotype, which is present in up to
90% of patients with AS. In addition, genes related to the immune
system and inflammation response, such as IL-23R, ERAPI, and
TNFRSFIA, can also impact the occurrence, progression, and
severity of AS (9-12). OP is a multifactorial disease involving
multiple genes and diverse modes of inheritance, primarily
associated with BMD. Many genes, including low-density
lipoprotein receptor-related protein 5 (LRP5), Sclerostin (SOST),
Wnt family member 16 (WNT16), estrogen receptor 1 (ESR1), and
vitamin D receptor (VDR), have been identified as being associated
with OP (13). These two kinds of complex diseases may share some
common genetic mechanisms and biological processes. For
example, pro-inflammatory cytokines such as TNF, IL-17, IL-6,
and IL-1 have been linked to OP (14), and they also play an
important role in the development of AS (15).

In addition, many observational studies have demonstrated a
close relationship with strong evidence between OP and AS. Vasdev
et al. (16-18) found that in patients with AS, the density of the
lumbar spine and femoral neck was lower than that of the normal
control group. High rates of OP have been documented in patients
with AS, ranging from 19% to 62% (19-21). The combination of AS
and OP is already an indisputable fact, but the exact mechanism of
AS complicated with OP is unclear.

The most commonly cited explanations in the literature include
mechanical causes, inflammatory factors, bone metabolic imbalances,
and iatrogenic factors (22, 23). Early mechanical reasons proposed by
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Rubinstein (24) are more widely accepted. Patients with AS may
experience limited movement due to pain, morning stiffness, or even
bone breaking, resulting in insufficient outdoor exercise and sunshine
time, which will undoubtedly lead to wasting by osteoporosis.
However, this hypothesis alone is insufficient in explaining the
occurrence of OP in the early stages of AS when mobility remains
unimpaired. An alternative explanation is an inflammatory
hypothesis, which suggests that inflammation triggers both bone
resorption and formation in AS (25). The activation of osteoclasts
by proinflammatory cytokines, such as interleukin-6 and tumor
necrosis factor-alpha, can result in reduced bone mineral density
and increased fracture risk (25). Furthermore, there is growing
evidence suggesting that genetic factors may also contribute to the
development of OP in patients with AS. For instance, certain genetic
variations related to bone metabolisms, such as the VDR gene and the
receptor activator of the nuclear factor kappa-B ligand (RANKL) gene,
have been shown in some studies to potentially affect BMD and
fracture risk in patients with AS (26, 27). This genetic hypothesis
suggests that identifying such genetic markers could aid in predicting
the risk of OP in patients with AS, thus facilitating tailored preventive
and therapeutic strategies. However, the complexity of the issue is
heightened by the significant differences among individuals with AS.
Furthermore, the shared pathophysiological pathways, as well as
similar risk factors between AS and OP, make the relationship
between these two conditions even more intricate. To better prevent
and treat OP in patients with AS, it is necessary to understand the
specific mechanism of OP in these patients. Moreover, despite the
genetic and physiological links between OP and AS, few studies have
examined how OP affects the occurrence and development of AS.
Only one report has suggested that OP is a risk factor for AS (28), but
whether there is a causal relationship between the two conditions
remains unclear.

Therefore, determining whether AS has a direct influence on OP
or vice versa will be the primary concern of this study. Due to the bias
introduced by confounding factors, the inference of causality from
these prior observations is constrained. Randomized controlled trial
(RCT) design is the gold standard for determining causality, but it is
time-consuming, expensive, and ethically restricted.

Mendelian randomization (MR) is a method for investigating causal
relationships and can effectively circumvent the aforementioned
limitations by employing genetic variants as exposure instruments
(29). Recently, an MR study explored the causality between psoriasis
and osteoporosis (30). Similarly, we investigated the genetic relationship
between AS and OP using summary data from publicly available
genome-wide association studies (GWAS). In the first stage, we
examined whether AS has causal effects on BMD measurements. In
the second stage, we detected whether BMD measurements are causally
associated with AS.

Methods
Study design and data sources

Figure 1 depicts the study design overview and the MR study’s
assumptions. In the analysis of the association between AS and
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BMD, genetic instruments for the exposure (i.e., AS) were obtained
from the IGAS consortium, and the outcomes of the study included
BMD by site and age. BMD measured by DXA is widely considered
the gold standard for OP diagnosis in clinical practice and is
typically assessed at the lumbar spine, forearm, and femoral neck
(31). However, regional BMD measurements may be unreliable in
skeletally immature children and adolescents. Therefore, whole-
body BMD assessment is often employed to examine age-specific
OP (32). Furthermore, ultrasound-based heel BMD estimation,
while not as standardized as DXA, offers the advantages of a large
sample size (due to convenience and affordability) and high
heritability (33). In addition, it exhibits a strong correlation with
DXA-based BMD (34) and an independent association with
fracture risk (35). These factors ensure its reliability as a proxy
for OP. Based on the above facts, we selected BMD of five sites,
including the total body (TB) BMD, lumbar spine (LS) BMD,
femoral neck (FN) BMD, forearm (FA) BMD measured by dual-
energy X-ray absorptiometry (DXA), and Heel-BMD by ultrasound,
whose datasets were from the GEFOS consortium (FN-BMD, LS-
BMD, and FA-BMD), a large GWAS meta-analysis study (TB-
BMD), and the UK Biobank (Heel-BMD). Based on the DXA-
detected TB-BMD, BMD by age was categorized into five distinct
age ranges: 0-15, 15-30, 30-45, 45-60, and over 60. Similarly, in the
reverse analysis (i.e. BMD’s effect on AS), we collected the genetic
instruments for BMD and treated AS as the outcome, which was
defined by the modified New York criteria (36). Table 1 provides
details regarding the data sources used and the demographic
profiles of AS and BMD. As this study was based on previously
published GWAS summary data, approval from an institutional
review board was not necessary, and all participants provided
informed consent beforehand.

Genetic instrument selection

In our bidirectional Mendelian randomization (MR) analysis,
we selected genetic instruments based on a consistent standard. To
ensure the identification of genetic instrumental variables (IVs) that
conformed to the three MR assumptions, we implemented a series
of quality control procedures.

First, we employed a genome-wide significance criterion with a
threshold of P<5E-8 (to mitigate the impact of weak instrument
bias) and minor allele frequency (MAF) > 0.01 to identify genetic
instruments for AS and BMD. Second, to address the issue of
significant linkage disequilibrium (LD), we performed a clumping
procedure with R? < 0.001 and a window size of 10,000 kb, utilizing
data from the European ancestry-based 1000 Genomes Project (37).
In cases where SNP pairs displayed a high LD R* value, the SNP
with the lower P-value was retained. Third, when the targeted SNPs
were not present in the outcome genome-wide association study
(GWAS), we sought proxy SNPs that shared high levels of LD (R* >
0.8) with the target SNPs. Finally, to generate a summary set where
each SNP in the exposure and outcome corresponded to the same
effect allele, we excluded SNPs with discordant alleles and
palindromic SNPs by harmonizing the exposure and outcome
datasets. These carefully selected SNPs served as the final genetic
IVs for our subsequent MR analysis.
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FIGURE 1

Study design overview and assumptions of the MR design. Assumption 1 indicates that the genetic variants proposed as instrumental variables should
be robustly associated with the risk factor of interest, assumption 2 indicates that the used genetic variants should not be associated with potential
confounders, and assumption 3 indicates that the selected genetic variants should affect the risk of the outcome merely through the risk factor, not
via alternative pathways. MR design can improve causal inference between exposure and outcome by reducing confounding and reverse causality,
which are common sources of bias in traditional observational studies. The basis of this is that genetic variants, selected as instrumental variables for
studying the effect of modifying the exposure, are randomly allocated at conception and are therefore less vulnerable to confounding from
environmental factors and reverse causation. IVW, inverse-variance weighted.

TABLE 1 Data sources used in this study.

Exposures or Sample size (total or Ancestry Consortia PubMed ID or URL of URL of available
outcome cases/controls) original research datasets
IGAS https://gwas.mrcieu.ac.uk/
Ankylosi dyliti 9,069/13,578 E 23749187
nlylosing spondylitis / uropean Consortium datasets/ebi-a-GCST005529/
F al neck by GEFOS https: .mrcieu.ac.
em.or nec .one 32735 European : 26367794 ps://gwas. lmrc1eu ac.uk/
mineral density Consortium datasets/ieu-a-980/
Lumbar spine bone GEFOS https://gwas.mrcieu.ac.uk/
. . 28498 European . 26367794 .
mineral density Consortium datasets/ieu-a-982/
Forearm bor.le mineral 8143 Mixed GEFQS 26367794 https:// gwas.fnrcneu.ac.uk/
density Consortium datasets/ieu-a-977/
Heel bone mineral . https://data.bris.ac.uk/data/ https://gwas.mrcieu.ac.uk/
densi 265627 European UKBiobank dataset/ datasets/ukb-b-8875/
v pnoat8cxo0u52p6ynfaekeigi
Total body bone mineral GWAS meta- https://gwas.mrcieu.ac.uk/
. 56284 European . 29304378 X
density analysis study datasets/ebi-a-GCST005348/
Total body bone mineral 11807 Mixed (more than GWAS meta- 29304378 https://gwas.mrcieu.ac.uk/
density (age 0-15) 86% European) analysis study datasets/ebi-a-GCST005345/
Total body bone mineral 4180 Mixed (more than GWAS meta- 29304378 https://gwas.mrcieu.ac.uk/
density (age 15-30) 86% European) analysis study datasets/ebi-a-GCST005344/
Total body bone mineral 10062 Mixed (more than GWAS meta- 29304378 https://gwas.mrcieu.ac.uk/
density (age 30-45) 86% European) analysis study datasets/ebi-a-GCST005346/

(Continued)
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Exposures or Sample size (total or Ancestry Consortia PubMed ID or URL of URL of available
outcome cases/controls) original research datasets
Total body bone mineral GWAS meta- https://gwas.mrcieu.ac.uk/
. 18805 European . 29304378 . e
density (age 45-60) analysis study datasets/ebi-a-GCST005350/
Total body bone mineral 22504 Mixed (more than GWAS meta- 29304378 https://gwas.mrcieu.ac.uk/
density (age over 60) 86% European) analysis study datasets/ebi-a-GCST005349/

Furthermore, in order to assess the reliability and validity of
each SNP as a genetic IV in our MR analysis, we calculated the F-
statistics for each SNP using the equation F=R*(N - 2)/(1 - R?),
where R” represents the proportion of variance in the exposure
variable explained by the IV and N represents the sample size of the
original GWAS that served as the outcome variable (38). To
compute R* for each IV, we utilized the formula R* = (2xEAF(1-
EAF)xbeta’2)/[(2xEAF(1-EAF)xbeta2) + (2xEAF(1-EAF)xNx(SE
(beta)A2))], where EAF denotes the effect allele frequency, beta
represents the estimated genetic effect on the outcome, N refers to
the sample size of the GWAS, and SE stands for the standard error
of the genetic effect (39). IVs with F-statistics less than 10 were
considered unreliable and were excluded from the subsequent
MR analysis.

MR analysis

MR analysis was first conducted to evaluate the causal effect of
AS on BMD and then performed in the opposite direction to obtain
the causal directionality of the relationship between the two traits.

For the primary MR analysis, we employed the random-effects
inverse variance weighted (IVW) technique, which provides a more
accurate estimation in the presence of heterogeneity (40). As long as
all genetic variants are valid instruments, the IVW can produce
unbiased estimates (40). In order to enhance the reliability of our
findings, we also applied two additional MR methods: the MR-
Egger regression (41) and the median-based estimator, which
includes both the weighted median and weighted mode (42). The
MR-Egger method has the advantage of being less susceptible to
directional pleiotropy and allows for all genetic variants to violate
the instrumental variable assumptions. However, the statistical
power of MR-Egger is low (43). In contrast, the median-based
estimator method is less sensitive to outliers and can provide valid
estimates even when up to 50% of the genetic variants are invalid
(42). Additionally, when horizontal pleiotropy was detected in
certain cases, we applied the MR-PRESSO outlier test to further
validate our results, as this method can correct for pleiotropic effects
and improve the accuracy of causal estimates (44).

Heterogeneity, pleiotropy, and
sensitivity analysis

To assess horizontal pleiotropy, MR-Egger regression and MR-

PRESSO global tests were conducted. The MR-Egger regression’s
intercept term indicates the mean pleiotropic effect of the IVs (41).
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A skewed funnel plot can also suggest the presence of horizontal
pleiotropy (40). To detect heterogeneity, we applied Cochrane’s Q
statistic and conducted a leave-one-out analysis to check if a single
SNP drives the association. In addition, we examined the
relationship between the selected SNPs and any possible
confounding factors that might affect the association between AS
and BMD by searching the PhenoScannerV2 website (http://
www.PhenoScanner.medschl.cam.ac.uk/) using linkage
disequilibrium (LD) traits (set: P for trait-associated SNPs < 5E-8,
R? for LD > 0.8 in EUR). Lastly, in the analysis of the impact of AS
on BMD, we analyzed the functional information of potential causal
genes at the locus of the IVs to confirm that the IVs are not only
associated with AS but are also likely to be causative.

Statistical power calculating

We assessed the statistical power using the mRnd website
(https://shiny.cnsgenomics.com/mRnd/) (40). The primary factors
of statistical power are the sample size of the outcome and the
proportion of variance in the exposure variable explained by the

genetic instrument.

Statistical significance

All statistical analyses were performed using the Two-Sample
MR package in R statistical software version 4.2.1. (R Foundation).
To account for multiple testing, we considered associations with P
values below 0.005 (where P = 0.05/10) to represent strong evidence
of causal associations, and associations with P-value below 0.05 but
above 0.005 were considered to be suggestive evidence of
associations in the MR analysis.

Results

Causal effects of AS on BMD by site or at
different ages

In our study, 26 independent SNPs were incorporated as
instrumental variables (IVs) for AS. However, SNP rs130075 was
excluded due to the unavailability of the necessary information for
MR tests. Several SNPs were absent from the BMD summary
statistic, and some of these were replaced with proxy SNPs, while
others were eliminated. Details of the SNP screening process are
presented in Supplementary Table 1. Each of the final used SNPs
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had an F-statistic value greater than 10. Supplementary Table 2
provides specific information regarding IVs for AS. The variance
explained by these IVs was approximately 23% for AS.

The results of the causal analysis of AS on BMD by site or BMD
at different ages are presented in Figures 2 and 3, respectively.
Overall, no significant relationship between genetically predicted
AS and decreased BMD levels was found. The main results of
IVW showed that there was no statistical link between a higher risk
of AS and a lower level of BMD. The same was true for the MR-
Egger regression and the median-based estimator (weighted median
and weighted mode). Notably, the median-based method showed a
causal relationship between genetically predicted AS and an
increased level of Heel-BMD (WM: OR 1.045; 95% CI 1.013-
1.079; P = 0.006), while heterogeneity (Cochrane’s Q in IVW
=70.35, P=1.93e-06; Cochrane’s Q in MR-Egger =66.88, P=3.66e-
06, Table 2) and horizontal pleiotropy (P for MR-Egger intercept
0.29; P for MR-PRESSO Global Test 0.001, Table 2) may have had
an influence on the result (Table 2). So we conducted MR-PRESSO
to further test the relationship and found no causal effect between
them after removing two outlier variants (OR 0.994; 95% CI 0.969-
1.019; P = 0.812, Figure 2). For BMD at other sites and at different
ages, there was no heterogeneity between the individual SNPs
(Table 2). The results of the MR-Egger regression and MR-
PRESSO global test suggested that horizontal pleiotropy was
unlikely to bias the causation relationship (Table 2). A leave-one-
out analysis revealed that causal estimates for AS and BMD were
not influenced by a single SNP (see Supplemental Figures 1, 2). The
leave-one-out analysis plots, forest plots, and funnel plots are shown
in Supplementary Figures 1, 2. The scatter plots for effect sizes of

10.3389/fimmu.2023.1163258

SNPs for AS on BMD by site or at different ages are shown in
Figures 4 and 5. Further analysis of the functional involvement of
potentially causal genes at the locus of IV revealed that 13 of the 25
instrumental SNPs detected were in or near genes that are
functionally linked to AS (see Supplementary Table 3). MR
analysis by including the 13 casual IVs yielded similar MR results
(see Supplementary Figures 3, 4).

To further strengthen our MR assumption, we examined the
traits related to our instrumental SNPs. The results of the trait
association analysis (see Supplementary Table 4) indicated that
some SNPs, such as rs1041926, rs4129267, and rs7191548, were
associated with certain autoimmune conditions and several
potential confounders, such as inflammatory bowel disease,
rheumatoid arthritis, levels of C-reactive protein, and frequency
of alcohol intake, which may have some impact on OP. Sensitivity
analysis by removing these SNPs revealed similar results (see
Supplementary Figures 5, 6).

Causal effects of BMD on AS

We incorporated 359, 85, and 24 independent SNPs with a P-
value of less than 5x10-8 for Heel-BMD, TB-BMD, and LS-BMD,
respectively. However, some SNPs were removed based on the
aforementioned reasons. Finally, 8 SNPs of TB-BMD, 17 SNPs of
Heel-BMD, and 5 SNPs of LS-BMD were used as IVs for the
analysis of BMD and the risk of AS. All the final chosen IVs had F-
statistic values over 10. Detailed information on IVs for BMD is
listed in Supplementary Table 5. The variation explained by these

Outcome Method nsnp OR (95%Cl) P
TB-BMD VW 25 —— 0.984(0.933-1.037) 0.539
MR Egger 25 —_— 0.922(0.843-1.009) 0.090
Weighted median 25 — 0.972(0.902-1.048) 0.459
Weighted mode 25 — 0.969(0.903-1.040) 0.393
FN-BMD vw 23 e — 0.999(0.918-1.088) 0.987
MR Egger 23 - 0.923(0.804-1.059) 0.266
Weighted median 23 —_— 1.008(0.915-1.109) 0.876
Weighted mode 23 —_— 1.000(0.906-1.104) 0.996
LS-BMD VW 23 e — 1.013(0.933-1.099) 0.763
MR Egger 23 - 1.005(0.877-1.152) 0.941
Weighted median 23 L 1.018(0.912-1.137) 0.752
Weighted mode 23 L 1.022(0.920-1.136) 0.688
FA-BMD Ivw 25 _— 0.951(0.827-1.094) 0.481
MR Egger 25 <« 0.843(0.664-1.071) 0.175
Weighted median 25 i 0.911(0.754-1.101) 0.334
Weighted mode 25 L 0.918(0.758-1.112) 0.391
Heel-BMD vw 25 e 1.007(0.971-1.045) 0.704
MR Egger 25 —.— 1.036(0.973-1.103) 0.280
Weighted median 25 —— 1.045(1.013-1.079) 0.006
Weighted mode 25 —— 1.049(1.018-1.081) 0.005
MR-Presso 24 —— 0.994(0.969-1.019) 0.812
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FIGURE 2

Causal effects of AS on BMD at different sites. AS, Ankylosing spondylitis; FN-BMD, femoral neck bone mineral density; LS-BMD, lumbar spine bone
mineral density; TB-BMD, total body bone mineral density; FA-BMD, forearm bone mineral density; Heel-BMD, heel bone mineral density; IVW,
inverse variance weighted; nsnp, number of single nucleotide polymorphisms; CI, confidence interval
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Outcome Method nsnp OR (95%Cl) P
15 or less VW 25 . 0.961(0.840-1.100) 0.563
MR Egger 25 —— 0.855(0.683-1.071) 0.186
Weighted median 25 ——— 0.942(0.805-1.103) 0.459
Weighted mode 25 —— 0.958(0.821-1.118) 0.591
15-30 VW 25 1.107(0.833-1.472) 0.483
MR Egger 25 «— @ 0.735(0.454-1.189) 0.222
Weighted median 25 L 1.077(0.785-1.478) 0.646
Weighted mode 25 i 1.029(0.752-1.406) 0.861
30-45 VW 25 e — 1.082(0.912-1.283) 0.367
MR Egger 25 ————— 0.870(0.654-1.158) 0.351
Weighted median 25 — 1.083(0.891-1.318) 0.423
Weighted mode 25 — 1.089(0.888-1.335) 0.422
45-60 Ivw 25 e 0.970(0.879-1.070) 0.544
MR Egger 25 1.022(0.861-1.213) 0.807
Weighted median 25 f 0.991(0.865-1.135) 0.894
Weighted mode 25 0.984(0.866-1.117) 0.801
60 or more Ivw 25 e 0.941(0.854-1.036) 0.215
MR Egger 25 —.— 0.951(0.802-1.127) 0.568
Weighted median 25 ——T 0.940(0.827-1.067) 0.338
Weighted mode 25 —— 0.942(0.830-1.069) 0.361

FIGURE 3

Causal effects of AS on BMD in different age groups. AS: Ankylosing spondylitis; BMD: bone mineral density; VW, inverse variance weighted; nsnp,

number of single nucleotide polymorphisms; Cl, confidence interval.

TABLE 2 MR sensitivity analyses of AS and BMD at different sites and in different age groups.

Heterogeneity tests

Directional horizontal pleiotropy test

Exposure Outcome
Methods Cochran’sQ (P) MR-Egger intercept (P) Ppleiotropy*
AS TB-BMD 25 MR Egger 22.02(0.52) 3.89E-03(0.10) 0.468
VW 25.01(0.41)
AS FN-BMD 23 MR Egger 29.48 (0.10) 5.01E-03(0.17) 0.114
VW 32.25(0.07)
AS LS-BMD 23 MR Egger 19.76(0.54) 4.67E-04(0.90) 0.666
VW 19.78(0.60)
AS FA-BMD 25 MR Egger 18.16(0.75) 7.22E-03(0.25) 0.757
VW 19.58(0.72)
AS Heel-BMD 25 MR Egger 66.88(3.66¢-06) -1.80E-03(0.29) 0.001
VW 70.35(1.93¢-06)
AS 15 or less 25 MR Egger 31.73 (0.11) 7.34E-03(0.22) 0.110
VW 33.92(0.09)
AS 15-30 25 MR Egger 33.24(0.08) 2.27E-02(0.06) 0.055
VW 39.08(0.027)
AS 30-45 25 MR Egger 32.69(0.09) 1.29E-02(0.08) 0.059
VW 37.38(0.04)
(Continued)
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TABLE 2 Continued

Heterogeneity tests

10.3389/fimmu.2023.1163258

Directional horizontal pleiotropy test

Exposure Outcome
Methods Cochran’sQ (P) MR-Egger intercept (P) Ppleiotropy*
AS 45-60 25 MR Egger 16.94(0.81) -3.11E-03(0.47) 0.844
IVW 17.47(0.83)
AS 60 or more 25 MR Egger 28.03(0.21) -6.65E-04(0.88) 0.300
VW 28.06(0.26)
TB-BMD AS 8 MR Egger 5.17(0.52) 4.27E-03(0.29) 0.155
IVW 6.49(0.48)
LS-BMD AS 5 MR Egger 4.47(0.21) 1.98E-02(0.44) 0.333
vw 5.65(0.22)
Heel-BMD AS 17 MR Egger 26.12(0.04) -5.89E-04(0.88) 0.049
VW 26.17(0.05)
* detected by MR-PRESSO Global Test.
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FIGURE 4

Scatter plot of the causal relationships between AS and BMD at different sites using different MR methods. (A) Causal estimates for AS on FN-BMD.
(B) Causal estimates for AS on LS-BMD (C) Causal estimates for AS on FA-BMD. (D) Causal estimates for AS on Heel-BMD. The slope of each line
corresponds to the causal estimates for each method. Individual SNP effect on the outcome (point and vertical line) against its effect on the
exposure (point and horizontal line) is delineated in the background.
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FIGURE 5

Scatter plot of the causal relationships between AS and BMD in different age groups using different MR methods. (A) Causal estimates for AS on TB-
BMD (age 15-30). (B) Causal estimates for AS on TB-BMD (age 30-45). (C) Causal estimates for AS on TB-BMD (age 45-60). (D) Causal estimates for
AS on TB-BMD (age over 60). The slope of each line corresponds to the causal estimates for each method. Individual SNP effect on the outcome
(point and vertical line) against its effect on the exposure (point and horizontal line) is delineated in the background.

IVs was 2.1% for TB-BMD, 1.8% for LS-BMD, and 2.2% for
Heel-BMD.

According to the IVW estimator, there were signs of a
connection between genetically elevated BMD levels and a
decreased risk of AS (Heel-BMD: OR = 0.879, 95% CI: 0.795-
0.971, P = 0.012; Total-BMD: OR = 0.948, 95% CI: 0.907-0.990, P =
0.017; LS-BMD: OR = 0.919, 95% CI: 0.861-0.980, P = 0.010,
Figure 6). The MR-Egger, median-based estimator generated
similar findings despite some with lower statistical power. While
directional pleiotropy (P for MR-Presso Global test = 0.049) and
heterogeneity (Cochran’s Q in MR-Egger = 26.12 P = 0.04) were
hypothesized in the study of Heel-BMD with AS, there was no
indication of heterogeneity or horizontal pleiotropy in the findings
of the other MR tests (Table 2). The IVW leave-one-out analysis
demonstrated that most of the identified relationships were not
altered by a single SNP associated with BMD, whereas rs4807630
may have weakened the causal relationship between Heel-BMD and
risk of AS (overall P-value: 0.011; after removing rs4807630, P-
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value: 6.42 x 10, The scatter plot for effect sizes of SNPs for BMD
on AS, leave-one-out analysis plots, forest plots, and funnel plots are
depicted in Supplementary Figure 7.

Traits association analysis (see Supplementary Table 6) showed
that rs6684375 in Heel-BMD, rs10493013 in TB-BMD, and
rs7524102 in LS-BMD are associated with inflammatory bowel
disease, which may have some effect on the risk of AS. Sensitivity
analysis by removing the SNPs revealed similar results, though with
lower statistical power (see Supplementary Figure 8).

Statistical power of the MR analysis

Our MR study produced sufficient statistical power for the
analysis of genetically predicted AS with BMD (see Supplementary
Table 7). We had over 80% power to detect an OR greater than
1.025 or less than 0.976 between AS and TB-BMD, an OR greater
than 1.034 or less than 0.967 between AS and FN-BMD, an OR
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Exposure method nsnp OR (95%Cl) P
Heel-BMD VW 17 —— 0.879(0.795-0.971) 0.012
MR Egger 17 - 0.898(0.693-1.164) 0.429
Weighted median 17 —— 0.813(0.722-0.915) 0.001
Weighted mode 17 L 0.808(0.687-0.950) 0.020
TB-BMD Ivw 8 e 0.948(0.907-0.990) 0.017
MR Egger 8 _— 0.902(0.820-0.992) 0.077
Weighted median 8 —— 0.949(0.895-1.005) 0.073
Weighted mode 8 —— 0.953(0.896-1.014) 0.176
LS-BMD VW 5 ——— 0.919(0.861-0.980) 0.010
MR Egger 5 <& 0.704(0.390-1.271) 0.328
Weighted median 5 —— 0.910(0.841-0.984) 0.019
Weighted mode 5 i 0.902(0.794-1.024) 0.187

005 075 Tos
FIGURE 6

Mendelian randomization analysis results for the effects of BMD on AS. AS, Ankylosing spondylitis; LS-BMD, lumbar spine bone mineral density; TB-
BMD, total body bone mineral density; Heel-BMD, heel bone mineral density; IVW, inverse variance weighted; nsnp, humber of single nucleotide

polymorphisms; Cl, confidence interval

greater than 1.036 or less than 0.965 between AS and LS-BMD, and
an OR greater than 1.011 or less than 0.989 between AS and Heel-
BMD. Similar results were observed in the analysis of AS on bone
mineral density by age (see Supplementary Table 7). However, in
the analysis of the association between genetically predicted BMD
and AS, our MR study yielded less power (see Supplementary
Table 8). The powers to detect an OR of 0.8 for TB-BMD and
AS, LS-BMD and AS, and Heel-BMD and AS were 65%, 58%, and
67%, respectively.

Discussion

In this study, we used a bidirectional MR method to determine
whether genetically predicted AS is causally related to OP or vice
versa. Through the largest public GWAS summary data, we failed to
detect a causal relationship between genetically elevated AS risk and
lower BMD/OP. Associated sensitive analyses proved the reliability
of our results. In addition, our study discovered a correlation
between genetically increased BMD and a lower risk of AS.

The relationship between AS and OP has been a topic of interest
in the medical community, with multiple hypotheses put forth to
explain their connection. While OP is already considered one of the
common extra-articular manifestations in patients with AS (45), the
exact mechanism underlying the coexistence of these conditions is
not well understood. Generally, there are two types of contributing
factors: intrinsic attributes of AS, including genetic and
inflammatory causes, and secondary effects, such as the impact of
lower body exercises or medication (e.g. glucocorticoids). The
results of our MR study provide evidence in support of the
secondary effect hypothesis, which is in line with the early
theories proposed by Rubinstein (24). Patients with AS can suffer
from significant pain, stiffness, and loss of mobility, which will
undoubtedly lead to disuse OP. Besides the mechanical factor, it is
not uncommon for patients with AS to have medically induced OP
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due to prolonged medication use, particularly reduced feeding and
impaired nutrient absorption due to gastrointestinal adverse effects
associated with prolonged use of NSAIDs (46) and glucocorticoid-
related OP (47). Therefore, the secondary effects mechanism of AS-
associated OP still needs to be studied in a large sample of clinical
data in order to target the prevention and treatment of AS-
associated OP. Appropriate exercise can improve BMD, maintain
bone structure, and reduce the risk of falls and fragility fractures
(48). However, no studies have investigated whether physical
activity can improve BMD in patients with AS. Large RCTs will
be required in the future to determine the impact of functional
exercise on the improvement of OP in patients with AS.
Concerning the “inflammatory hypothesis” of AS merging OP,
Grataeos et al. (49) conducted a cohort study with 34 patients,
which revealed a significant association between elevated levels of
erythrocyte sedimentation rate (ESR) and C-reactive protein (CRP)
with OP in patients with AS. Similar results were obtained in
another cohort study involving 54 patients by Maillefen et al.
(50). However, the conclusions drawn from these studies should
be interpreted with caution due to the limited sample size and
potential confounding variables. In contrast, Huang et al. (51)
conducted an MR study that showed no causal link between
high-sensitivity CRP and lower BMD. In addition to ESR and
CRP, it has been suggested that a low level of 1,25-
dihydroxyvitamin D3 (1,25(OH)2D3) may contribute to OP in
patients with AS by inhibiting osteogenesis and reducing osteoblast
activity (52). However, an MR study by Tang Yanchao et al. (53) did
not find a causal relationship between genetically determined
vitamin D levels and BMD. Nevertheless, given the limited
statistical power of the aforementioned MR study, further
research is warranted to explore the potential inflammatory
mechanisms underlying the development of OP in patients with AS.
Apart from the possible inflammatory mechanisms, the
contribution of genetics to the comorbidity of AS and OP is also
a subject of interest in this topic. The heritability of AS has been
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estimated to be approximately 32.7% (54), while the heritability of
OP has been estimated to be as high as 50-85% (55). This suggests a
significant genetic component to both conditions. Currently,
GWAS have identified many genetic markers for OP and have
explained approximately 5% of its heritability (56). GWAS analysis
of AS has identified multiple susceptible sites, including HLA-B27,
which has explained approximately 28% of the heritability of AS
(54). In our study, 24 SNPs were used as the IVs that explained
more than 20% of the heritability of AS. Through this high
statistical power, our MR study failed to detect a causal
relationship between genetically predicted AS and OP.
Nevertheless, this does not mean that the genetic effects of AS do
not influence the risk of concomitant OP. Because of the intricate
and multifaceted impact of AS on bone health, AS patients may
concurrently experience bone formation and bone resorption. This
may, to some extent, hinder the identification of a clear causal link
between AS and OP.

In clinical practice, AS is closely associated with OP. This
association may be driven not only by the secondary effects of AS
but also by the common pathogenesis or metabolic interaction of the
two conditions. Our study revealed that these two conditions share
many common genetic loci, mainly distributed in genes such as IL23R,
RUNX3, LRP5, TBKBP1, and WNT16 (see Supplementary Table 9).
These genes primarily participate in signaling pathways such as JAK-
Stat, TGF-B, Wnt, and TNF, which are known to be involved in both
AS and OP. The Wnt signaling pathway is a critical regulator of bone
formation, homeostasis, inflammation, and immune responses (57).
Moreover, in the context of AS, this pathway has received significant
attention due to its reported dysregulation in the pathogenesis of AS,
which may further exacerbate the disease’s progression (57, 58).
Specifically, elevated expression levels of Wnt proteins have been
found in the spinal tissues and serum of patients with AS when
compared to healthy controls (58). The intensity of inflammation and
cytokines, such as TNF, which is elevated in AS, also influences the
Wnht signaling pathway (58). Additionally, this pathway may mediate
the effects of inflammation on bone formation and immune
suppression in AS by activating downstream pathways such as
mTORCI, PD-L1, and PKC§ (58). The Wnt signaling pathway also
plays an important role in OP (59), which promotes osteoblast
differentiation and function while inhibiting osteoclast development
and activity, thereby stimulating bone formation (59, 60). Furthermore,
the Wnt signaling pathway is activated by the binding of Wnt ligands
to receptors on the cell surface, such as LRP5 and LRP6 (59, 60), and
previous studies have shown that mutations or functional variations in
these receptors can lead to low or high human bone density phenotypes
(61). The Transforming growth factor-beta (TGF-f3) signaling pathway
is also a hot topic in research due to its involvement in regulating
various physiological processes, such as inflammation, differentiation,
and fibrosis (62). TGF-B is closely related to the pathogenesis of AS
(63-65) and multiple studies have shown that the level of TGF-f in the
serum of patients with AS is significantly elevated, regardless of disease
activity level (65-68). TGF-B could potentially facilitate the
development of AS by triggering osteoblast differentiation and bone
formation, augmenting fibroblast proliferation and collagen synthesis,
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as well as regulating immune responses and cytokine production (67,
69, 70). TGE-P also plays a role in OP (71) by promoting osteoblast
differentiation and inhibiting osteoclast development, which can
stimulate bone formation (72). Nevertheless, it’s worth noting that
TGF-B may also have detrimental effects on bone quality and strength.
Specifically, it can induce excessive collagen synthesis and cross-linking,
impair bone mineralization, and decrease the bone turnover rate (72).
Inflammation and mechanical stress in AS can dysregulate Wnt and
TGF-B pathways, leading to low bone density and impaired bone
formation. In addition to TGF-f and Wnt signaling pathways,
polymorphisms in vitamin D receptor, estrogen receptor, type Iotl
collagen, and osteoprotegerin genes are also associated with OP and AS
(25). Further research is needed to elucidate their exact roles and
mechanisms in the relationship between the two.

Considering the shared pathogenic mechanisms between AS and
OP, it is important to investigate the potential cross-effects of drug
treatments for these diseases. Additionally, since the mechanism of
OP in patients with AS varies due to individual differences, the
proportion of different factors (physical activity, genetic factors, and
inflammation-related factors) in the pathogenesis is also different.
Therefore, it is worth exploring whether there are targeted drug
treatments for different AS patients with OP instead of using a one-
size-fits-all treatment model.

Currently, it is unclear whether medications used to treat AS are
effective in treating OP. One such medication is tumor necrosis
factor-alpha (TNF-o) inhibitors. These drugs work by blocking the
binding of TNF-a to its receptor, which can help balance bone
metabolism and reduce inflammation (73, 74). The efficacy of TNF-o
inhibitors in treating patients with AS has been validated in clinical
practice, including improvements in joint function, pain relief,
reduced BASDALI scores, and lower CRP levels (75). However, their
effectiveness in treating OP is still uncertain. Some studies suggest
that TNF-o inhibitors may help increase bone density and lower
bone turnover markers, which could prevent or treat OP (76).
However, other studies have found no significant effects or even
negative consequences on OP (77). IL-17A inhibitors, as biological
agents, are also frequently utilized in the management of AS.
However, their potential efficacy in treating OP remains
inconclusive. A review article critically evaluated the intricacies of
IL-17A signaling in bone remodeling, postulating that IL-17A
exhibits both positive and negative effects on the process.
Therefore, further research is needed to determine the effectiveness
of IL-17A in treating OP (78).

Studies investigating the impact of OP medications on AS have
predominantly focused on bisphosphonates. Bisphosphonates are
commonly used to treat OP by preventing bone resorption and
reducing the risk of fractures. Recent studies have suggested that
bisphosphonates may also have anti-inflammatory benefits for
patients with AS (79). A review article noted that bisphosphonates
can reduce joint damage in autoimmune arthritis by regulating the
generation of pro-inflammatory cytokines and affecting T and B cell
function, in addition to their anti-resorptive effects (80). However, the
effectiveness and safety of bisphosphonates in treating AS is still
uncertain. While an RCT found that intravenous injection of
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bisphosphonates improved clinical and laboratory indicators in
patients with AS, including reducing levels of CRP, erythrocyte
sedimentation rate, and serum amyloid A (79), another meta-
analysis did not find significant differences between patients with
AS treated with bisphosphonates and those who did not use the drug,
except for follow-up ESR (81). Aside from their potential anti-
inflammatory effects, bisphosphonates may also affect bone
formation and repair in patients with AS, but the evidence is
insufficient. For example, a study found that alkaline phosphatase
is highly expressed in patients with AS, which may contribute to
stiffness and could be a potential therapeutic target (82). Research has
suggested that bisphosphonates can inhibit alkaline phosphatase,
which may reduce stiffness in patients with AS through this
pathway. Other OP drugs, such as selective estrogen receptor
modulators (SERMs), calcitonin, and methylnaltrexone, may also
have non-typical effects on AS treatment beyond changes in bone
density. Further research is necessary to determine the most tailored
drug regimen for AS patients with concurrent OP.

While our study did not identify a significant impact of genetic
liability to AS on the OP, we did observe a potential link between
the genetic prediction of changes in BMD and susceptibility to AS.
The impact of changes in BMD on AS suggests the involvement of
bone remodeling mechanisms in the pathogenesis of AS, implying
that OP in patients with AS may not only be a secondary
phenomenon caused by inflammation and movement disorders
but also a primary manifestation of AS (25). The causes of OP in
patients with AS may vary from person to person. While
Rubinstein’s early mechanical theory was widely accepted, it fails
to explain the development of OP in the early stages of AS (18, 83),
leading to the emergence of the inflammatory hypothesis. Our study
suggests that the development of OP in patients with AS in the early
stages may not be secondary to inflammation, but instead, may
occur alongside AS due to the impact of bone metabolism-
associated mechanisms on AS development. For instance, the
gene WNT16, in which the BMD-associated SNP rs3801387 is
located (see Supplementary Table 9), has been proven to regulate
the formation of the spine and muscles through signals from the
notochord and dermomyotome (84), which may have an effect on
AS. Besides, from a clinical point of view, our results show that OP
is a risk factor for AS. Though clinical studies on the effect of BMD
on the development of AS are rare, one article on screening risk
factors for autoimmune arthritis (including AS) found that OP was
a risk factor for the development of AS (OR 2.93, 95% CI 2.00-4.29)
(28), which is consistent with our findings. This implies that
individuals diagnosed with OP, especially those who are youthful
and have a familial history of hereditary OP, should be made aware
of the potential risk of developing AS. The application of polygenic
risk scores (PRSs) could serve as a promising approach to aid in the
identification of AS in this population (85). Furthermore, additional
clinical research is required to determine whether screening for
BMD in young patients can aid in the early diagnosis of AS. A study
compared the clinical characteristics of AS in individuals with early-
onset (onset age <50 years) and late-onset (onset age 50 years) and
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found that late-onset AS has different clinical characteristics
compared to early-onset AS, suggesting that these groups may
have distinct underlying causes or mechanisms of the disease
(86). Based on this finding and our results, we believe that genetic
and environmental factors related to bone metabolism and
inflammation may interact to cause the emergence of late-onset
AS after the onset of senile osteoporosis. Therefore, we suggest that
elderly patients with OP should also be aware of the risk of
having AS.

The major strengths of this research work include large-scale
GWAS cases, detailed analyses of IV selection, and multiple
methods used to obtain a robust result. To our knowledge, our
study has the largest sample size to date of any study examining the
relationship between AS and BMD. However, our study also has
some limitations. First, due to sample limitations, this study did not
stratify early-stage patients from late-stage patients. High BMD
measured by DXA in late-stage AS patients due to ossification of
several areas of the spine (e.g., ligamentous tuberosity, vertebral
ligament ossification, small joint fusion, etc.) may have introduced
some bias, but we compensated for this by using BMD measured by
multiple methods and BMD at different site and age. In addition,
DXA can only measure surface area BMD and is insufficiently
sensitive; the absence of a decrease in surface area BMD does not
rule out local to-point bone loss. Compared to DXA, QCT measures
true volumetric bone density in mg/cm3, which is a more sensitive
reflection of BMD changes in osteoporosis (87, 88). Further studies
are still needed in the future using data from QCT. Second, the
current study did not distinguish between the sex of the patients,
but it is good to note that the original study was adjusted for sex.
Third, the present study contains only summary data and no
specific clinical data, such as activity level or medication use, so
future research will have to examine the mediating effects of activity
level and medication use on the development of osteoporosis in AS
and their proportion. Finally, the population of this study is mainly
European, so the effect on other ethnic groups is unknown.

In conclusion, this MR study found that the causal association
between genetic liability to AS and the risk of OP or lower BMD in
the European population was not evident, which highlights the
second effect (e.g., mechanical reasons such as limited movement)
of AS on OP. Functional exercise might be an effective strategy to
treat and prevent OP in patients with AS. Simultaneously, our study
revealed a causal relationship between genetically predicted
decreased BMD/OP and AS, indicating that OP is a significant
risk factor for AS. Therefore, patients with OP should be vigilant
about the possibility of developing AS. These findings also suggest
the potential for developing new diagnostic and therapeutic
strategies for AS through the exploration of OP-related pathways.
Additionally, the shared pathogenesis and pathways of OP and AS
suggest that there may be potential drug interactions between
treatments for both diseases. Further research is needed to
determine whether more optimized and individualized treatment
regimens for patients with concurrent osteoporosis and ankylosing
spondylitis can be developed.
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