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Background

Osteoporosis (OP) is a systemic skeletal disease characterized by compromised bone strength leading to an increased risk of fracture. There is an ongoing debate on whether non-alcoholic fatty liver disease (NAFLD) is an active contributor or an innocent bystander in the pathogenesis of OP. The aim of this study was to assess the causal association between NAFLD and OP.





Methods

We performed two‐sample Mendelian randomization (MR) analyses to investigate the causal association between genetically predicted NAFLD [i.e., imaging‐based liver fat content (LFC), chronically elevated serum alanine aminotransferase (cALT) and biopsy-confirmed NAFLD] and risk of OP. The inverse variant weighted method was performed as main analysis to obtain the causal estimates.





Results

Imaging-based LFC and biopsy-confirmed NAFLD demonstrated a suggestive causal association with OP ([odds ratio (OR): 1.003, 95% CI: 1.001-1.004, P < 0.001; OR: 1.001, 95% CI: 1.000-1.002, P = 0.031]). The association between cALT and OP showed a similar direction, but was not statistically significant (OR: 1.001, 95% CI: 1.000-1.002, P = 0.079). Repeated analyses after exclusion of genes associated with confounding factors showed consistent results. Sensitivity analysis indicated low heterogeneity, high reliability and low pleiotropy of the causal estimates.





Conclusion

The two‐sample MR analyses suggest a causal association between genetically predicted NAFLD and OP.
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Introduction

Osteoporosis (OP) is a slowly progressing systemic metabolic bone disease caused by the imbalance between bone formation and bone resorption (1). The typical features of OP include bone loss, bone microstructure destruction and increased bone fragility, rendering patients prone to low-energy fractures (1). The global prevalence of OP was estimated to be 19.7%, which varied according to countries (from 4.1% in Netherlands to 52.0% in Turkey) and continents (from Oceania 8.0% to 26.9% in Africa) (2). In the United States, approximately 53.6 million Americans suffer from OP and approximately 2 million osteoporotic fractures occur annually (3), with related costs exceeding 95 billion dollars per year (4, 5). This condition greatly increases the economic costs and has become a major public health problem, highlighting the importance of taking measures to reduce the risk of OP. Therefore, identifying independent risk factors for OP and osteoporotic fractures, as well as patients who should be targeted with more intensive therapy has important implications.

Numerous risk factors for OP have been identified, including increasing age, female, sex hormone deficiency, body size, smoking, low physical activity, low vitamin D intake, use of certain drugs (e.g. glucocorticoids) and some chronic medical conditions (e.g. hypertension, diabetes) (6). Recent clinical studies revealed that non-alcoholic fatty liver disease (NAFLD) is associated with an increased risk of OP and osteoporotic fractures (7, 8). NAFLD is a spectrum of chronic liver diseases including fatty liver, bland steatosis, lobular necro-inflammation, and more aggressive non-alcoholic steatohepatitis (NASH), fibrosis and cirrhosis (9, 10). With a global prevalence of 25.2%, NAFLD has come to the forefront as one of the major causes of chronic liver disease (11), which not only increased the risk for end-stage liver disease and hepatocellular carcinoma, but also raised the danger of incident diabetes (12) and secondary cardiovascular diseases (13). However, some observational studies have reported no association between OP and NAFLD (14, 15). Therefore, conflicting evidence regarding the association between NAFLD and OP has been obtained thus far.

Despite the evidence on the association between NAFLD and OP, there is an ongoing discussion on whether NAFLD actively contributes to OP or is just an innocent bystander. It should be mentioned that NAFLD is related to risk factors of OP, such as type 2 diabetes (T2D) (12), which could be confounders in the assessment of their causal relationship. Mendelian randomization (MR) analysis, which uses genetic variants as instrumental variables (IVs), is a powerful statistical tool for investigating causal relationships which have grown in popularity in epidemiology (16). Genetic variants, which are unrelated to environmental factors, are randomly distributed at conception, which minimizes confounding and reverse causality. Here, we used two-sample MR analyses to assess the potential causal relationship between NAFLD and the risk of OP.





Methods

We performed two‐sample MR analyses with available large-scale summary‐level data, which were derived from publicly available genome‐wide association study (GWAS) in which ethical approval and informed consent were provided. Therefore, no separate ethical approval was required for this study.




Study design

In this study, NAFLD was used as the exposure factor, and single nucleotide polymorphisms (SNPs) significantly related to NAFLD were used as IVs. OP was used as the outcome variable. Assumption 1 is that there is a significant correlation between the IV and the exposure factor; Assumption 2 is that the IV was not associated with any exposure-outcome confounding factor; Assumption 3 is that the IV does not affect the outcome unless it is possible to do so through association with exposure (Figure 1A).




Figure 1 | The basic principles of MR study. (A) Three principal assumptions. (B) Study flow diagram. To demonstrate causal estimates from genetically predicted exposures, MR analysis requires to meet three key assumptions. The relevance assumption is that the genetic instrument should be strongly related to the exposure of interest, which was attained as the study instrumented genome-wide significant SNPs from previous GWAS. The independence assumption is that the genetic effect should not be driven by a confounder. The exclusivity assumption means that there is no direct effect from a SNP to outcome. cALT, chronically elevated serum alanine aminotransferase; GWAS, genome-wide association studies; LFC, liver fat content; MR, Mendelian randomization; NAFLD, non-alcoholic fatty liver disease; NASH, non-alcoholic steatohepatitis; SNP, single-nucleotide polymorphism.







Selection of instrumental variables

We used genetic variants associated with three different NAFLD-related exposures, including imaging-based liver fat content (LFC), chronically elevated serum alanine aminotransferase (Calt), and biopsy‐confirmed NAFLD. We obtained gene‐exposure data from the UK Biobank for the imaging study of LFC (GWAS ID: GCST90016673), in which we included 32,859 participants of European ancestry who underwent the MRI scan (17). For each instrument, we chose independent, genome‐wide significant (P < 5×10-8) variants associated with LFC, which included 26 SNPs after removing linkage disequilibrium. We also used data derived from a recently published GWAS for Calt (GWAS ID: GCST90129601), in which NAFLD was defined as an elevated ALT > 40 U/L for men or >30 U/L for women during at least two time points at least 6 months apart within a 2‐year period, after exclusion of other liver diseases (18). This study reported 77 independent, genome‐wide significant SNPs in the discovery cohort (the Million Veteran Program), which included 90,408 cases and 128,187 controls of four ancestral groups (European‐Americans, African‐Americans, Hispanic‐Americans, and Asian‐Americans). Of these, 36 SNPs were subsequently replicated in another external validation cohort which is biopsy‐confirmed NAFLD (7,397 cases and 56,785 controls). Considering that NASH, fibrosis and cirrhosis are clinically important phenotypes in NAFLD and are more closely related to clinical complications, we furthermore collected data of NASH (157 cases and 377,120 controls) and liver fibrosis and cirrhosis (1,841 cases and 366,450 controls) from Ristey FinnGen website (https://r9.risteys.finngen.fi/endpoints/NASH, https://r9.risteys.finngen.fi/endpoints/K11_FIBROCHIRLIV). In the FinnGen study, NAFLD-related diseases were defined using the International Classification of Disease (ICD) code.

In this MR study, the following sets of IVs were used: (i) Imaging-based LFC‐associated SNPs (n = 26); (ii) Calt‐associated SNPs (n = 77); (iii) Calt‐associated SNPs with nominal significance and directional concordance in the biopsy cohorts (n = 36; the effect estimates for the biopsy data were used); (iv) NASH (n = 1); (v) Liver fibrosis and cirrhosis (n = 1). We used strict selection criteria to obtain qualified IVs. First, the clump (linkage disequilibrium r2 < 0.1, kb = 10,000) was conducted to ensure the independence among SNPs and remove the linkage disequilibrium. Second, because the independence assumption requires independence between IVs and confounding factors, SNPs associated with potential confounders were further excluded. The potential confounders associated with the selected SNPs were analyzed using the PhenoScanner database (http://www.phenoscanner.medschl.cam.ac.uk/). Third, palindromic SNPs with intermediate allele frequencies were excluded. We also calculated the F value to ensure the strength of the IVs in MR analyses, and only SNPs with an F-statistic of more than 10 were considered reliable (19). Finally, the remaining SNPs were used for MR analysis (Figure 1B). These SNPs are shown in detail in Supplementary Materials 1–3 (Supplementary Materials 1–3 showed SNPs for the effects of imaging-based LFC, Calt, and biopsy-confirmed NAFLD on OP, respectively).





Genetic associations with outcomes

The outcome data of OP were obtained from the main results of the public GWAS dataset (http://gwas-api.mrcieu.ac.uk/, GWAS ID: ukb-b-12141). The dataset was constructed by the MRC Integrated Epidemiology Unit consortium using Biobank UK, which included 462,933 Europeans (7,547 cases and 455,386 controls) with 9,851,867 SNPs. The detailed information of the included GWAS is presented in Table 1.


Table 1 | Overview of gene-exposure and gene-outcome databases used for Mendelian randomization.







Statistical analysis

To yield an overall estimate of the causal effect of NAFLD on the risk of OP, the IVW MR analysis was used as the primary analysis for all IV sets. This method could obtain an unbiased causal estimate if there was no horizontal pleiotropy and heterogeneity (20). Three complementary MR methods, including the weighted-median, weighted mode and MR-Egger methods, were supplemented to provide a robust estimate of the association (21). Cochran’s Q statistic was calculated to quantify heterogeneity. MR‐Egger regression method was performed to assess the potential directional pleiotropy, and a statistically significant intercept will suggest directional pleiotropy which can violate the IV assumptions (22). We also examined possible pleiotropy of selected SNPs using the outlier (MR-PRESSO) test, and abnormal SNPs were removed (NbDistribution = 10,000) in order to reduce heterogeneity in the estimate of the causal effect (23). If potentially driving SNPs were found in the “leave-one-out” sensitivity analysis, conclusions should be made with caution. All analyses were performed using the R statistical software version 4.2.3 with the Two-Sample MR packages (24).






Results




Association between genetically predicted NAFLD and OP

Using 18 independent SNPs significantly associated with imaging-based LFC, the two-sample IVW MR analysis indicated a causal effect of imaging-based LFC on the risk of OP (OR: 1.003, 95% CI: 1.001-1.004, P < 0.001), which means an average 0.3% increased risk of OP per SD higher liver fat. Similar directional associations were observed with the other methods (weighted median, OR: 1.003, 95% CI: 1.001-1.005, P = 0.002; weighted mode, OR: 1.003, 95% CI: 1.001-1.005, P = 0.010), although the MR Egger analysis was not statistically significant (OR: 1.002, 95% CI: 1.000-1.005, P = 0.080; Table 2, Figures 2A, 3A). Cochran’s Q statistic indicated low heterogeneity and high reliability (Q = 12.341, P = 0.779; Supplementary Figure 4A). MR-Egger regression analysis indicated no evidence of horizontal pleiotropy (intercept = 4.086e-05, P = 0.749). “Leave one-out” sensitivity analysis indicated no single SNP dominated the causal estimate in the IVW (Supplementary Figure 5A), and no pleiotropic outliers were detected in the MR-PRESSO analysis (Pglobal test = 0.833; Table 3).


Table 2 | Causal relationship between genetically predicted NAFLD and osteoporosis.






Figure 2 | Scatterplots of the causal effect of three NAFLD-related traits on OP. (A) Causal effect of imaging‐based LFC on OP. (B) Causal effect of cALT on OP. (C) Causal effect of biopsy-confirmed NAFLD on OP. Analyses were conducted using IVW, weighted median, weighted mode and MR-Egger methods. The slope of each line corresponds to the estimated MR effect per method. cALT, chronically elevated serum alanine aminotransferase; IVW, inverse variance weighted; LFC, liver fat content; MR, Mendelian randomization; NAFLD, non-alcoholic fatty liver disease; OP, osteoporosis.






Figure 3 | Forest plot of MR estimates of three NAFLD-related traits on OP. (A) without adjustment of confounding factors. (B) with adjustment of confounding factors. cALT, chronically elevated serum alanine aminotransferase; IVW, inverse variance weighted; LFC, liver fat content; MR, mendelian randomization; NAFLD, non-alcoholic fatty liver disease; OP, osteoporosis; OR, odds ratio; SNP, single nucleotide polymorphism.




Table 3 | Sensitivity analyses for the causal results of the primary Mendelian randomization.



Using 60 independent SNPs associated with Calt, the two-sample IVW results suggested weak evidence for a causal role of Calt in the risk of OP (OR: 1.001, 95% CI: 1.000-1.002, P = 0.079). Similar directional associations were found with the weighted median, weighted mode and MR Egger methods (OR: 1.002, 95% CI: 1.000-1.003, P = 0.044; OR: 1.002, 95% CI: 1.000-1.003, P = 0.035; OR: 1.002, 95% CI: 1.000-1.005, P = 0.104; Table 2, Figures 2B, 3A). Heterogeneity was detected in sensitivity analyses as suggested by Cochran’s Q statistic (Q = 87.963, P = 0.009; Supplementary Figure 4B). MR‐PRESSO analysis identified one outlier (rs56094641), and correction of this outlier made the causal estimates become more significant (one outlier removed, OR: 1.001, 95% CI: 1.000-1.002, P = 0.004). “Leave one-out” sensitivity analysis indicated no SNP drove the results (Supplementary Figure 5B). The MR-Egger regression indicated no evidence of horizontal pleiotropy (intercept = -7.830e-05, P = 0.390; Table 3).

IVW MR analysis for the biopsy‐confirmed NAFLD, including 26 independent SNPs, indicated a causal effect of biopsy‐confirmed NAFLD on the risk of OP (OR: 1.001, 95% CI: 1.000-1.002, P = 0.031), again with consistent results for analyses from the MR-Egger, weighted median and weighted mode methods (Table 2, Figures 2C, 3A). Heterogeneity was detected in sensitivity analyses as suggested by Cochran’s Q statistic (Q = 41.436, P = 0.021; Supplementary Figure 4C). MR‐PRESSO identified one outlier (rs56094641), and the causal association persisted after excluding this outlier (one outlier removed, OR: 1.001, 95% CI:1.000-1.002, P = 0.004). “Leave one-out” sensitivity analysis indicated no single SNP dominated the causal estimate in the IVW (Supplementary Figure 5C). The MR-Egger regression indicated no evidence of horizontal pleiotropy (intercept = -9.855e-05, P = 0.370; Table 3).

We also investigated whether severe NAFLD phenotypes, including NASH and liver fibrosis and cirrhosis, lead to the development of OP. However, only one significant SNP (rs3747207) as the genetic IV for NASH or liver fibrosis and cirrhosis was retained after a series of rigorous screenings, which limited the IVW analysis [NASH (OR: 1.001, 95% CI: 1.000-1.002, P = 0.026), liver fibrosis and cirrhosis (OR: 1.002, 95% CI: 1.000-1.003, P = 0.026)].





Association between genetically predicted NAFLD and OP after correction of confounding risk factors

We searched the human genotype-phenotype association database Phenoscanner V2 (http://www.phenoscanner.medschl.cam.ac.uk/) for associated phenotypes of NAFLD-associated SNPs at the genome-wide significance level to determine whether these SNPs were associated with known risk factors of OP (25).

Several SNPs affecting bone metabolism were observed, including BMI, T2D, smoking, and hypothyroidism. We repeated the analyses after excluding genes that are associated with the mentioned-above risk factors. IVW analysis for imaging-based LFC, with the remaining 14 SNPs, still showed a statistically significant causal association with the risk of OP (OR: 1.003, 95% CI: 1.000-1.005, P = 0.004). Consistently, IVW analysis for Calt and biopsy-confirmed NAFLD, with the remaining 50 and 18 SNPs, respectively, also indicated a significant causal association with the risk of OP (OR: 1.001, 95% CI: 1.000-1.003, P = 0.020; OR: 1.001, 95% CI: 1.000-1.002, P = 0.008). Similar associations were observed when the MR‐Egger, weighted median and weighted mode methods were applied (Table 2, Figure 3B).






Discussion

To our knowledge, this is the first study to evaluate the causal relationship between genetically predicted NAFLD and the risk of OP. This study explored the largest database, GWAS, and other relevant databases to investigate the causal associations between three NAFLD-related traits, including imaging-based liver fat, Calt and biopsy-confirmed NAFLD, and the risk of OP. Our findings suggest a causal relationship between NAFLD and the risk of OP. With our efforts to attain the MR assumptions, this study supports that the presence of NAFLD may causally increase the risk of OP.

NAFLD is usually considered as the hepatic manifestation of metabolic syndrome, since it is bidirectionally associated with metabolic comorbidities including obesity, T2D and dyslipidemia (26). NAFLD is also identified as a risk factor for cardiovascular disease, such as hypertension, coronary heart disease, cardiomyopathy and cardiac arrhythmias (27). In NAFLD, an increased accumulation of dysfunctional visceral and ectopic fat, and an activation of inflammatory response, together with the subsequent release of fat-derived toxic metabolites, triggers a series of local and systemic pathophysiological changes that ultimately leads to the development of both hepatic and peripheral metabolic dysfunction (28). Recently, a global multi-society has decided to replace the term NAFLD with “metabolic dysfunction-associated steatotic liver disease” (MASLD), which is defined as the presence of hepatic steatosis along with at least one of five cardiometabolic risk factors that align with the components of metabolic syndrome (29). Scientists further evaluated how the new definition of MASLD impacted disease epidemiology in the US, and found that while the prevalence of disease was similar compared with previous definitions, 90% of the US population could be diagnosed with metabolic dysfunction according to the consensus criteria (30).

Conflicting evidence regarding the association between NAFLD and OP has been obtained thus far. In previous observational studies, it has been reported no association between bone mineral density and NAFLD (14, 15). Inconsistently, recent clinical studies have revealed that NAFLD is significantly associated with an increased risk of OP and osteoporotic fractures (7, 8). The risk of OP or osteoporotic fractures was increased by 33% in patients with NAFLD compared with those without NAFLD (7). However, existing evidence is limited to observational studies, which were all based on case-control or cross-sectional designs, leaving it uncertain whether NAFLD are prospectively associated with an increased risk of OP. In addition, NAFLD and OP share some common risk factors, which may act as the key confounders in determining their independent associations (31), suggesting that they may be linked beyond a simple coincidence. In this study, using genetic variants as instruments, we identified a significant causal linkage between NAFLD and OP, which supports that the presence of NAFLD causally increases the risk of OP. Further repeated MR analyses after excluding genes with significant effects on OP revealed that the causal relationship between NAFLD and OP still preserved after removing the confounding variables, supporting a direct causal effect of NAFLD on OP. In our analyses, there were 2 SNPs (rs58542926 and rs738408) showing more significant SNP effect on exposures, and exclusion of them influenced the significance of the causal effect. Both rs58542926 and rs738408 are well-acknowledged NAFLD-associated SNPs. Scientists have reported that TM6SF2 rs58542926 mutation is one of the important genetic factors leading to NAFLD (32), and it is also associated with advanced hepatic fibrosis/cirrhosis independent of potential confounding factors such as age, BMI, T2D (33). PNPLA3 rs738408 is another genetic factor having strong association with hepatic steatosis, as well as the severity of NAFLD-associated fibrosis/cirrhosis (34, 35). We consider that both of them are important NAFLD-related SNPs and could be used as a proxy of NAFLD, which should be retained in the analyses. This study proved that NAFLD is an active contributor in the pathogenesis of OP. The results suggested an average 0.3% increased risk of OP per SD (5%) higher liver fat by imaging, and that cALT and biopsy-confirmed NAFLD casually increased the risk of OP by 0.1% compared with patients without NAFLD. Although the magnitude of the estimated causal effect is small, we still cannot ignore the impact of NAFLD on OP in clinical practice, especially in patients with NAFLD and concomitant OP and higher fracture risk. Considering that the more severe phenotypes of NAFLD, such as NASH and cirrhosis, may be more strongly associated with OP, large-scale GWAS datasets and additional potentially related genetic variants for severe NAFLD genotypes are required for further validation.

The mechanisms underlying the association between NAFLD and OP have not been well established. We propose that the mechanisms underlying this causal association are as follows: Firstly, in a chronic inflammatory state of liver, the production of pro-inflammatory cytokines, such as IL-6, IL-1 and TNF-α, not only enhance osteoclast genesis and function (36), but also indirectly increase osteoclast activity by promoting the production of nuclear factor kappa-B ligand which is a key player in the pathogenesis of OP (37, 38), thus promoting the process of bone resorption. In this regard, NAFLD, especially NASH characterized as a state of chronic hepatic and systemic inflammation, could adversely affect bone metabolism. Secondly, insulin-like growth factor 1 (IGF-1) is a hepatocyte-derived growth hormone which has anabolic effects on bone growth, through inhibiting osteoblast apoptosis and enhancing osteoblast genesis by stabilizing the Wnt/β-linked protein pathway (39). IGF-1 can also activate mammalian target of rapamycin (Mtor)-induced osteoblast differentiation, migration and chemotaxis, and thus it plays a role in the recruitment of mesenchymal stem cells during bone remodeling (40). Decreased hepatic synthesis function and portal shunt in NAFLD could reduce IGF-1 levels (41), which further decreases osteoblast activity and leads to a bone resorption ratio greater than bone synthesis, thus promoting the development of OP. Thirdly, osteopontin, known as a bone bridging protein which regulates the migration and adhesion of osteoclasts to the bone matrix thus facilitating bone resorption (42), has been shown to be involved in the pathogenesis of NAFLD (43). Previous studies showed that knockout of osteopontin protected mice on a high-fat diet from obesity-induced hepatic steatosis (44), while anti-osteopontin antibodies attenuated NASH and hepatic fibrosis in NASH mouse models (45). Therefore, osteopontin may serve as a mediator in the causal linkage between NAFLD and OP. In addition, altered insulin metabolism in NAFLD may be another important factor that causes both osteoblast and osteoclast malfunctions (46). The concomitant hyperinsulinemia and hyperglycemia in NAFLD could induce osteoblast apoptosis, deteriorate osteoblast proliferation and activity, but enhance osteoclast-mediated bone resorption, leading to uncoupled bone remodeling and slowdown in bone turnover (46, 47). This condition could ultimately lead to inadequate healing of microcracks, poor bone quality and increased fracture risk. On the whole, as a hepatic manifestation of metabolic syndrome, NAFLD may affect OP in several ways, including insulin resistance, chronic inflammatory states, and the release of multiple pro-inflammatory cytokines and bone-affecting molecules. Further experimental studies are needed to clarify the mechanisms underlying the relationships between NAFLD and OP.

Based on the pathophysiological considerations mentioned above, it seems rational that the more severe phenotypes of NAFLD are more strongly associated with OP, mainly due to the chronic, low-grade inflammatory state of NASH and liver fibrosis. However, limited current evidence cannot clarify whether the advanced phenotypes of NAFLD are more closely associated with increased risk of OP than simple liver steatosis, which requires further researches.

Our findings suggest that therapeutics targeting NAFLD might work for OP in clinical practice. Some of the current and emerging medical options for NAFLD have exhibited possible anti-osteoporotic properties, while others have been identified associated with increased risk of fractures and should be avoided in patients with NAFLD and concomitant OP. In view of the causal association between NAFLD and OP, a medication targeting both diseases would be a great advancement. Pioglitazone, recommended as an off-label treatment for NASH, has been reported to be associated with an increased risk of osteoporotic fractures (48). Therefore, this medicine should be avoided in patients with NAFLD and concomitant OP, especially those with higher fracture risk. In contrast, vitamin E, also proposed as an off-label treatment for NASH, has been suggested as a bone-protecting agent via its anti-inflammatory properties, anti-oxidants and promotion of growth factors (49, 50), which should be preferred. Additionally, glucagon-like peptide-1 receptor agonists (GLP-1RAs), which is another class of antidiabetic drug currently under evaluation for NAFLD, has been shown bone-protective effects, probably through the activation of GLP-1R/MAPK signaling pathway, GLP-1R/PI3K/AKT signaling pathway and Wnt/β-catenin pathway. Clinical evidence indicates that GLP-1RA contributes to an improvement of liver histology in NASH patients (51, 52). Meanwhile, it was also indicated increased bone mineral density (53) and reduced fracture risk (54) after receiving GLP-1RAs. Therefore, GLP-1RAs seem to be an appealing therapeutic option for patients with NAFLD and concomitant OP.

This study has several strengths and limitations. The major strength is the MR design which can minimize confounding and reverse causality to a large extent. We extensively mined the largest-scale database, GWAS, to investigate the causal association between exposure and outcome. We used gene‐exposure data of three different NAFLD‐related traits in combination with the use of four different MR methods, contributing to the robustness and validity of our findings. Our results remained overall consistent across several sensitivity analyses. In addition, we confined our analysis to the population of European descent, which effectively reduce the bias caused by the population structure bias. However, the study population of consistent ancestry may limit the generalizability of our findings to other populations. Even though we used several sensitivity analyses to eliminate outlier variants and improve the robustness of the results, horizontal pleiotropy cannot be totally excluded, which means selected genetic IVs influence the risk of outcome not via the exposure but other alternative pathways. In the present study, we detected limited evidence on pleiotropy from MR-Egger intercept test for all traits. Further MR-PRESSO analysis observed few outliers and the association remained consistent or became stronger after removal of outlying SNPs. Another limitation is that the original GWAS was not distinct between different histological stages, therefore, we cannot clarify whether the advanced phenotypes of NAFLD, such as NASH or cirrhosis, are more closely associated with OP. Given that there have only been a few GWAS of NAFLD based on liver biopsy, large-scale GWAS datasets and additional potentially related genetic variants are required for further validation.

In summary, this two‐sample MR study provides evidence to support that NAFLD is a causal risk factor for OP. The presence of NAFLD deserves a thoughtful OP risk assessment in clinical practice, to detect individuals who might benefit from lifestyle and therapeutic interventions aimed at prevention and management of OP and osteoporotic fractures.
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