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Abstract: Background: While certain studies suggest a relationship between hyperlipidemia and bone metabolism, the exact nature of 

proprotein convertase subtilisin/kexin 9 inhibitors (PCSK9i, targeted by, eg, alirocumab), which were originally developed for lowering 

LDL cholesterol inhibitors, with bone disease is still unclear. This research endeavors to uncover the potential causal relationship between 

PCSK9i and several most popular bone diseases (osteoporosis (OP), osteoarthritis (OA), rheumatoid osteoarthritis (RA)) using Mendelian 

randomization (MR). Methods: This study employed a comprehensive approach involving the extraction of single-nucleotide 

polymorphisms (SNPs) from genome-wide association studies (GWAS), followed by rigorous quality checks. PCSK9i instrumental 

variables were utilized to evaluate the effect of cholesterol-lowering drugs on osteoporosis, osteoarthritis, and rheumatoid arthritis. Results: 

PCSK9i instrumental variables were validated using familial combined hyperlipidemia summary data. Our analysis did not reveal a 

significant causal relationship between PCSK9i and OP. However, there was an observed an increased Lumbar-spine bone mineral density 

(LS-BMD) with PCSK9i intaking (OR=1.157, 95% CI: 0.963 to 1.330, P=0.044). PCKS9i significantly increased genetic risk of knee OA 

(OR=1.136, 95% CI: 1.027 to 1.228, P=0.013), but not for hip OA. Genetic risk of seropositive RA was strongly reduced while consuming 

PCSK9i (OR=0.796, 95% CI: 0.580 to 0.964, P=0.020) and this effect is independent with LDL levels, while we don’t observe causal 

relationships with PCSK9i on seronegative RA. Conclusions: This study elucidates the causal relationship between PCSK9i and genetic 

predisposition to OP, OA, and RA. PCSK9i would benefit LS-BMD and protect the genetic risk of seropositive RA. Meanwhile, PCSK9i 

might be a risk factor for knee OA. 
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1. Introduction 
 

Hyperlipidemia, a well-established risk factor for 

cardiovascular diseases [1], has been increasingly implicated 

in the pathophysiology of bone disorders [2, 3]. Osteoporosis 

(OP), osteoarthritis (OA), and rheumatoid arthritis (RA) are 

among the most prevalent bone diseases, each characterized 

by distinct pathological mechanisms yet sharing potential 

links with lipid metabolism [4-6]. Proprotein convertase 

subtilisin/kexin 9 inhibitors (PCSK9i), which could inhibit the 

PCSK9 protein to increase clearance of low-density 

lipoprotein cholesterol (LDL-C) from the bloodstream [7], 

have primarily been recognized for their role in 

hyperlipidemia treatment [8]. However, emerging evidence 

suggests that PCSK9i has implications beyond lipid 

metabolism [9]. In addition, another well-known cholesterol-

lowering drug, statins have been reported to improve BMD, 

as well as reduce risk of fractures [10]. This study aims to 

explore the potential impact of PCSK9i on bone diseases, in 

comparison to traditional statins, using Mendelian 

randomization (MR) to elucidate potential causal relationships. 

 

While studies have started to unveil the relationship between 

hyperlipidemia and bone mineral density (BMD), the role of 

PCSK9i in this context remains less understood. The current 

research employs a comprehensive approach, utilizing single-

nucleotide polymorphisms (SNPs) extracted from genome-

wide association studies (GWAS) to investigate the influence 

of PCSK9i on OP, OA, and RA. This approach provides a 

robust framework to assess the impact of PCSK9i on these 

bone diseases, thereby contributing to a more nuanced 

understanding of the systemic effects of lipid-lowering agents. 

This study not only aims to clarify the role of PCSK9i in bone 

disease management but also seeks to offer insights into the 

broader implications of cholesterol metabolism in skeletal 

health.  

 

2. Materials and Methods 
 

2.1 Data Acquisition and Processing 

 

The BMD outcomes considered in this research pertained to 

BMD variation by specific skeletal sites. OA outcomes were 

split by hip and knee, and RA was characterized by 

seropositive or seronegative. Our foundational dataset 

incorporated GWAS summary outcomes: eBMD 

(N=265,627), Knee-OA (n=403,124), seronegative RA 

(n=174,771) and seronegative RA (n=177,430) from MRC-

IEU and TB-BMD (N=56,284), LS-BMD (N=28,498), FN-

BMD (N=32,735), and FA-BMD (N=8,143) from GEFOS 

(11), Hip-OA (n=14,275) from arcOGEN (12). Table 1 offers 

an overview of the data sources used and their respective 

participant demographics. The majority of participants were 

from European backgrounds. Given the study's dependence on 

existing GWAS summary datasets, there was no need for 

institutional board approval, though consent was acquired 

from all contributors. 
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Table 1: Overview of data resource 
Exposures or outcome Sample size Number of SNPs Ancestry Datasets in GWAS 

FCHL 39,961/309,261 14,502,301 European ebi-a-GCST90104006 

TB-BMD 56284 16,162,733 European ebi-a-GCST005348 

LS-BMD 28498 10,582,867 European ieu-a-982 

eBMD 265627 9851967 European ukb-b-8875 

FN-BMD 32735 10586900 European ieu-a-982 

FA-BMD 8143 9955366 Mixed ieu-a-977 

OP 3203/209,575 16380452 European finn-b-M13_OSTEOPOROSIS 

PMOP with fracture 621/122,861 16379783 European finn-b-OSTPOPATFRCTURE_POSTEMENO 

LDL cholesterol 173082 2437752 Mixed ieu-a-300 

Hip OA 3,266/11,009 1279007 European ieu-a-1169 

Knee OA 24955/378,169 29999696 European ebi-a-GCST007090 

Seropositiye RA 4,596/172,834 16380319 European finn-b-RHEUMA SEROPOS 

Seronegative R A 1937/172,834 16380301 European finn-b-RHEUMA SERONEG 

FCHL: Familial combined hyperlipidemia  FA-BMD: Forearm bone mineral density 

 TB-BMD: Total body bone mineral density OP: Osteoporosis 

 LS-BMD: Lumbar spine bone mineral density PMOP: postmenopausal osteoporosis 

 eBMD: Heel bone mineral density LDL: Low density lipoprotein 

 FN-BMD: Femoral neck bone mineral density RA: Rheumatoid arthrits 

 

2.2 Genetic Instrument Selection for PCSK9 Inhibitors 

 

Genetic associations with LDL cholesterol (LDL-C) was 

sourced from GWAS summary statistics encompassing 

173,082 individuals [13]. By identifying instrumental 

variables targeting PCSK9 to lower LDL-C, we aimed to 

mimic the effects of PCSK9 inhibitors [14]. To circumvent 

linkage disequilibrium issues, we established a linkage 

disequilibrium threshold (r2 ≤ 0.3) and excluded SNPs that 

exhibited strong LD with each other. Following this process, 

8 significant PCSK9i SNPs were retained, deemed appropriate 

as instrumental variables. In a complementary approach, 

FCHL as the positive control outcome, guided by the 

Consensus criteria (N=39,961 cases; 309,261 controls) 

derived from UK Biobank [15]. 

 

2.3 MR Analysis 

 

In our article, we highlight the importance of genetic variation 

as an instrumental variable (IV) in Mendelian Randomization 

(MR) studies. This requires adherence to three key 

assumptions: First, a significant correlation between the 

genetic variation and the exposure (e.g., protein levels); 

second, independence from confounding factors affecting 

both exposure and outcome; and third, the influence of the 

genetic variation on the outcome should occur solely through 

the exposure. Meeting these criteria ensures the accuracy and 

validity of causal inferences in MR studies. 

 

The overarching objective of our Mendelian Randomization 

(MR) examination was to validate PCSK9i instrumental 

variables, as well as PCSK9i on BMD, OP, OA, and RA. Our 

primary modus operandi was the inverse variance weighted 

(IVW) technique [16]. In a quest for heightened analytical 

rigor, we also engaged the MR-Egger regression and median-

based estimator techniques [17]. Situations with discernible 

horizontal pleiotropy saw the deployment of the MR-PRESSO 

outlier test [18]. Furthermore, our analyses leveraged both 

IVW and MR Egger regression to probe horizontal pleiotropic 

SNP effects, with Cochran’s Q-test being instrumental [19] in 

heterogeneity quantifications. To extend our results, we 

performed the same analytical procedure for LDL cholesterol 

and bone disease. 

 

 

2.4 Robust Analysis 

 

We employed the Cochran Q-test metrics to measure 

heterogeneities. To evaluate possible horizontal pleiotropic 

impacts of the SNPs, we used IVW (random effect) and MR-

Egger regression techniques. Moreover, we executed a "leave-

one-out" sensitivity assessment to pinpoint any SNPs that 

might have a pronounced influence. In this approach, we 

sequentially removed each SNP to ascertain if it drove the 

observed association.  

 

2.5 Statistical Analysis 

 

Bonferroni correction (corrected p=0.05/X*Y, where X 

represents the number of exposures and Y represents the 

number of outcomes) was used to adjust for multiple tests in 

this MR analysis. All statistical analyses employed the Two-

Sample MR (version 0.5.7) [20] R software (version 4.1.3). 

 

3. Results 
 

3.1 Positive Control Analysis for PCSK9 Inhibitors 

Instrumental Variables 

 

PCSK9 inhibitors (PCSK9i), known for their effectiveness in 

hyperlipidemia treatment. Using the ieu-a300 dataset, we 

identified eight significant SNPs associated with PCSK9 

inhibitors as instrumental variables (Table 2). To validate 

identified PCSK9i instrumental variables, we chose GWAS 

summary data of Familial Combined Hyperlipidemia (FCHL), 

which is characterized by high blood cholesterols [21] as 

positive controls for PCSK9i instrumental variables. As 

expected, our Mendelian Randomization (MR) analysis 

revealed that PCSK9i significantly reduced the risk of FCHL 

(Odds Ratio: 0.3311, 95% CI: 0.286-0.383, P.adj=3.2e-50; 

Figure 1). 

 
Figure 1: Causal impact of PCSK9i on FCHL. The Forest 

plot was drawn using IVW results. OR: odds ratio; IVW: 

inverse variance weighting; CI: confidence interval 
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Table 2: PCSK9 instrumental variables 
beta.exposure pos.exposure se.exposure pval.exposure chr.exposure SNP eaf.exposure 

0.0342 55496556 0.0059 3.52E-08 1 rs2495495 0.8654 

0.064 55518467 0.0054 7.28E-30 1 rs2495477 NA 

0.0642 55504650 0.0041 2.51E-50 1 rs2479409 0.6675 

0.0776 55538552 0.0102 2.54E-14 1 rs10493176 0.1148 

0.497 55505647 0.018 8.57E-143 1 rs11591147 0.01715 

0.0352 55509872 0.0056 4.27E-11 1 rs4927193 0.1306 

0.0386 55486064 0.0041 1.58E-19 1 rs2479394 0.715 

0.0831 55496039 0.005 2.38E-53 1 rs11206510 0.1544 

3.2 PCSK9 Inhibitor Usage Associated with Higher 

Lumbar Spine BMD 

 

We next conduct two sample Mendelian Randomization 

analysis for PCSK9i and osteoporosis (OP), which is marked 

by reduced Bone Mineral Density (BMD) and impaired bone 

integrity [22]. In conclusion, our results have not shown a 

causal effect between PCSK9i on susceptibility of OP neither 

postmenopausal osteoporosis (PMOP) with fracture. However, 

a positive association of PCSK9 inhibitors with increased 

Lumbar Spine-BMD (LS-BMD; OR=1.157, 95% CI: 0.963 -

1.330, p.adj=0.0442) was identified (Figure 2). The 

relationship we did is similar with previous research [23], as 

shown in Figure 3. 

 
Figure 2: Causal impact of PCSK9i on OP and BMD. The 

Forest plot was drawn using IVW results. OR: odds ratio; 

IVW: inverse variance weighting; CI: confidence interval 

 
Figure 3: Our other study also showed a positive correlation 

between PCSK9 inhibitors and increased Lumbar Spine-

BMD 

3.3 PCSK9i Intake Leads to High Genetic Risk of Knee 

OA 

 

We utilized data from two Genome-Wide Association Studies 

(GWAS) cohorts diagnosed with hip and knee osteoarthritis, 

respectively. This approach allowed us to explore the potential 

influence of PCSK9i on these specific subtypes of 

osteoarthritis at a genetic level. 

 

While we found no causal relationship between PCSK9i 

intake and hip osteoarthritis, we observed a different scenario 

for knee osteoarthritis. Notably, our results indicated that the 

genetic risk of knee osteoarthritis was significantly increased 

with PCSK9i intake (OR=1.136, 95% CI: 1.027-1.228, 

p.adj=0.0126, Figure 3). MR analysis of LDL and genetic risk 

for knee OA suggests that this effect is related to reduced LDL 

levels (OR=0.909, 95% CI: 0.859-0.951, p.adj=5.46e-5, 

Figure 4).  

 
Figure 4: Causal impact of PCSK9i on hip OA and knee 

OA. The Forest plot was drawn using IVW results. OR: odds 

ratio; IVW: inverse variance weighting; CI: confidence 

interval 

3.4 PCSK9i Intake Reduces the Risk of Seropositive RA 

and is Independent of LDL Levels 

 

Rheumatoid arthritis (RA) is a chronic inflammatory disease 

that affects the joints. RA can be classified into seropositive 

RA and seronegative RA based on the presence or absence of 

rheumatoid factor (RF) and anti-citrullinated protein 

antibodies (ACPA) in the blood [24]. Seropositive RA is more 

common and tends to have a more severe course and worse 

prognosis than seronegative RA [25, 26]. A notable outcome 

of our study is the lack of evidence supporting a significant 

risk association between PCSK9i and seronegative RA. More 

interestingly, the analysis revealed that the genetic 

susceptibility to seropositive RA could be significantly 
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mitigated by the intake of PCSK9i (OR=0.796, 95% CI: 

0.580-0.964, p.adj=0.0202, Figure 5). The subsequent LDL 

MR analysis corroborates this conclusion, showing that the 

beneficial role of PCSK9i in seropositive RA is not a 

consequence of LDL reduction, since LDL levels do not 

correlate with genetic risk of seropositive RA (OR=1.034, 95% 

CI: 0.932-1.135, p.adj=0.506, Figure 5). This observation is 

particularly significant as it implies a potential therapeutic role 

of PCSK9i in the management of seropositive RA, 

independent of its lipid-lowering effects. 

 
Figure 5: Causal impact of PCSK9i on seronegative RA and 

seropositive RA. The Forest plot was drawn using IVW 

results. OR: odds ratio; IVW: inverse variance weighting; 

CI: confidence interval 

3.5 Robustness 

 

The MR-Egger regression method was utilized to investigate 

the potential existence of horizontal pleiotropy among the 

SNPs and the result. Our results did not identify any evidence 

of such pleiotropy (all p > 0.05) (Table 3). Similarly, the 

funnel plots did not display any apparent horizontal pleiotropy 

for the evaluated outcomes (Figure 6). Additionally, the leave-

one-out sensitivity charts revealed that no individual SNP 

significantly impacted the causal association, emphasizing the 

strength of our conclusions (Figure 7).  

Table 3: There is no evidence found for the potential 

existence of horizontal pleiotropy among the SNPs and the 

result 
Exposure Outcome RSSobs Pvalue 

PCSK9i Femoral neck bone mineral density 2.471581 0.833 

 Forearm bone mineral density 2.471581 0.833 

 Heel bone mineral density 12.69921 0.415 

 Lumbar spine bone mineral density 2.471581 0.833 

 Osteoporosis 10.76772 0.49 

 
Postmenopausal osteoporosis with 

pathological fracture 
6.2634 0.735 

 Seronegative rheumatoid arthritis 10.79563 0.407 

 Seropositive rheumatoid arthritis 3.500835 0.926 

 Hip osteoarthritis 5.666026 0.687 

 Knee osteoarthritis 7.401209 0.659 
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Figure 6: The funnel plots did not display any apparent 

horizontal pleiotropy for the evaluated outcomes 
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Figure 7: No individual SNP significantly impacted the 

causal association 

4. Discussion 
 

Although previous studies indicating that a reduction in 

genetically predicted low-density lipoprotein cholesterol 

(LDL-C) is linked to an increase in bone mineral density [23], 

furthermore the osteoporosis [27]. Our finding that PCSK9i 

does not significantly impact overall osteoporosis (OP) risk 

contrasts with some literature suggesting statins may 

positively influence bone health [28]. This discrepancy 

underscores the complexity of lipid-lowering agents' effects 

on bone metabolism. While statins are thought to exert 

osteoanabolic effects possibly via the mevalonate pathway 

[29], the mechanism through which PCSK9i might affect bone 

density remains less clear. The observed increase in lumbar-

spine bone mineral density (LS-BMD) with PCSK9i use, 

demands a more refined understanding, particularly when 

contrasted with the broader systemic effects of statins. 

 

The study’s revelation of an increased genetic risk for knee 

osteoarthritis (OA) but not hip OA. This specificity suggests 

a potential biomechanical or local metabolic factor influenced 

by PCSK9i that differentially affects joints. The mechanistic 

pathways linking cholesterol metabolism, PCSK9i action, and 

joint-specific OA development need to be rigorously 

investigated. This could pave the way for joint-specific 

therapeutic strategies and possibly uncover unforeseen side 

effects of PCSK9i therapy in susceptible individuals. Statins 

have been hypothesized to exert anti-inflammatory and 

chondroprotective effects [30], potentially beneficial in OA 

management [31]. The joint-specific risk increase associated 

with PCSK9i raises critical questions about the differential 

impact of cholesterol-lowering drugs on joint health. It 

suggests that the systemic lipid-lowering effect might not 

uniformly translate into protective benefits across all joints. 

 

The discovery that PCSK9 inhibitors can reduce the genetic 

risk of seropositive rheumatoid arthritis (RA) is a significant 

advancement in understanding the interplay between lipid 

metabolism and autoimmune diseases. However, an intriguing 

aspect of this finding is the lack of a direct correlation between 

low-density lipoprotein (LDL) cholesterol levels and the risk 

of RA. This suggests that the beneficial effects of PCSK9 

inhibitors in reducing the risk of seropositive RA might not be 

solely due to their primary role in lowering LDL cholesterol 

levels. 

 

One possible explanation for this phenomenon could be the 

pleiotropic effects of PCSK9 inhibitors. Beyond their well-

known impact on lipid levels, PCSK9 inhibitors may exert 

additional biological effects that influence immune response 

and inflammation [32, 33], two key factors in the pathogenesis 

of RA. Another hypothesis is that the mechanism by which 

PCSK9 inhibitors reduce RA risk may involve modulation of 

lipid subfractions or other metabolic pathways [34], rather 

than a straightforward reduction in LDL cholesterol. 

Alterations in these components can have significant effects 

on inflammatory processes and immune responses, potentially 

contributing to the observed reduction in RA risk.  

 

Considering these findings, it is paramount to adopt a 

critically analytical lens towards the application of PCSK9i in 

bone diseases. While the potential benefits in LS-BMD 

enhancement and seropositive RA risk reduction are 

promising, the risk of exacerbating knee OA poses a 

significant clinical dilemma. Future research should aim to 

dissect the molecular and cellular pathways through which 

PCSK9i exerts these differential effects on bone and joint 

health. Investigating the role of PCSK9i in bone remodeling, 

joint-specific cartilage metabolism, and immune modulation 

could unravel the complex interplay between lipid metabolism 

and musculoskeletal diseases. Ultimately, these efforts could 

aid in developing more nuanced and effective treatment 

strategies for bone diseases. 

 

5. Conclusion 
 

This research clarifies the causal link between PCSK9 

inhibitors (PCSK9i) and genetic susceptibility to osteoporosis 

(OP), osteoarthritis (OA), and rheumatoid arthritis (RA). The 

study suggests that PCSK9i positively impacts lumbar spine 

bone mineral density (LS-BMD) and may offer protective 

effects against the genetic risk associated with seropositive 

RA. However, it also indicates that PCSK9i could potentially 

be a risk factor for the development of knee OA. 

 

6. Abbreviation 
 

MR: Mendelian Randomization 

IVs: Instrumental variables 

FCHL: Familial combined hyperlipidemia 

BMD: Bone mineral density 

TB-BMD: Total body-bone mineral density 

LS-BMD: Lumbar spine bone mineral density 

FN-BMD: Femoral neck bone mineral density 

FA-BMD: Forearm bone mineral density 

eBMD: Heel bone mineral density  

RA: Rheumatoid osteoarthritis 

OP: Osteoporosis 

PMOP: postmenopausal osteoporosis 

OA: Osteoarthritis 

IVW: Inverse variance weighted 

SNPs: single nucleotide polymorphisms 

OR: Odds ratio 
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