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Objective. To investigate the causal role of cardiometabolic risk factors in osteoarthritis (OA) using associated
genetic variants.

Methods. We studied 27,691 adults from the Malmé Diet and Cancer Study (MDCS) and replicated novel findings
among 376,435 adults from the UK Biobank. Trait-specific polygenic risk scores for low-density lipoprotein (LDL) and
high-density lipoprotein (HDL) cholesterol levels, triglyceride levels, body mass index (BMI), fasting plasma glucose
(FPG) levels, and systolic blood pressure (BP) were used to test the associations of genetically predicted elevations
in each trait with incident OA diagnosis (n = 3,559), OA joint replacement (n = 2,780), or both (total OA; n = 4,226)
in Mendelian randomization (MR) analyses in the MDCS, and with self-reported and/or hospital-diagnosed OA (n =
65,213) in the UK Biobank. Multivariable MR, MR-Egger, and weighted median MR were used to adjust for potential
pleiotropic biases.

Results. In the MDCS, genetically predicted elevation in LDL cholesterol level was associated with a lower risk of
OA diagnosis (odds ratio [OR] 0.83 [95% confidence interval (95% CI) 0.73-0.95] per 1SD increase) and total OA (OR
0.87 [95% CI 0.78-0.98]), which was supported by multivariable MR for OA diagnosis (OR 0.84 [95% CI 0.75-0.95))
and total OA (0.87 [95% CI 0.78-0.97]), and by conventional 2-sample MR for OA diagnosis (OR 0.86 [95% CI
0.75-0.98]). MR-Egger indicated no pleiotropic bias. Genetically predicted elevation in BMI was associated with an
increased risk of OA diagnosis (OR 1.65 [95% CI 1.14-2.41]), while MR-Egger indicated pleiotropic bias and a larger
association with OA diagnosis (OR 3.25 [1.26-8.39]), OA joint replacement (OR 3.81 [95% CI 1.39-10.4]), and total
OA (OR 3.41 [95% CI 1.43-8.15]). No associations were observed between genetically predicted HDL cholesterol
level, triglyceride level, FPG level, or systolic BP and OA outcomes. The associations with LDL cholesterol levels were
replicated in the UK Biobank (OR 0.95 [95% CI 0.93-0.98]).

Conclusion. Our MR study provides evidence of a causal role of lower LDL cholesterol level and higher BMI in OA.

INTRODUCTION

It has been hypothesized that there are pathophysiologic
links between cardiometabolic disease and osteoarthritis (OA)
(1,2). Several studies have previously shown that cardiometabolic
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risk factors and diseases are associated with an increased risk
of OA (2,3). Potential mechanisms could relate to systemic pro-
cesses, including cholesterol metabolism and associated inflam-
matory processes (2,4). OA encompasses changes in articular,
bone, and cartilage structures (5), and the current clinical focus
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is on the modification of mechanical loading as a causal factor,
treatment of psychosocial factors, or replacement of intraarticular
cartilage (6). Yet studies of generalized OA suggest a potential role
of systemic processes, which has raised the hypothesis that lipid
metabolism disorders (7,8) could be involved in pathogenic mech-
anisms of OA (9). Supporting evidence for this hypothesis includes
the shared mesenchymal origin of adipocytes and articular cells
(10,11), in vitro studies showing that higher lipid levels in the
synovial fluid can induce arthritic changes (12), and experimental
mouse models of atherosclerosis showing arthritic changes with a
high cholesterol diet (13,14). Epidemiologic studies have provided
further support for the hypothesis, indicating that cardiovascular
disease and OA commonly co-occur (15), share similar risk fac-
tors (16,17), and are both associated with higher mortality (18).

Observational studies, however, suffer from biases, mainly due
1o reverse causation and confounding, making it difficult to infer a
causal role between cardiometabolic traits and OA. Since genetic
markers are distributed randomly at conception, they can be used
to infer causal relationships between these traits and OA. This anal-
ysis has previously been performed in a Mendelian randomization
(MR) study using a genetic variant in the FTO locus associated with
adiposity measured as body mass index (BMI), and more recently
in the UK Biobank using polygenic risk scores (19). Those studies
have provided evidence supporting a causal role of higher BMI in
increasing the risk of OA (20). Similarly, genetic variants associated
with other cardiometabolic traits can be leveraged for deciphering
their causal role in OA. However, for genetic variants to be used
in MR studies they must be reliably associated with the exposure
of interest, should exert their effect on the outcome solely through
the exposure, and should not associate with other factors that
affect the outcome. Those assumptions are violated when variants
exhibit horizontal pleiotropy, meaning that variants have effects on
disease outside of their effect on the exposure, which leads to
bias in MR studies. Since combinations of many genetic variants
are needed to power most MR studies, there is an increased risk
of violations through horizontal pleiotropy. Several methods have
been developed to correct for such bias in the 2-sample MR set-
ting using exposure and outcome summary statistics for genetic
associations obtained from independent samples.

In light of the conflicting evidence, we aimed to use previously
identified cardiometabolic genetic variants, and an MR approach,
to test the hypothesis that each of the 6 cardiometabolic traits,
including low-density lipoprotein (LDL) cholesterol, high-density
lipoprotein (HDL) cholesterol, triglycerides, BMI, fasting plasma
glucose (FPG), and systolic blood pressure (BP), plays a causal
role in the pathogenesis of OA.

MATERIALS AND METHODS

Study population. The Malm¢ Diet and Cancer Study
(MDCS) cohort includes nearly 30,000 adults ages 45-64
years recruited from the population between 1991 and

1996. Baseline data obtained with subject consent included
anthropometrics, body composition, cardiovascular physio-
logic measures, socioeconomic and lifestyle factors, and med-
ical history (21). The data on the MDCS population were linked
to clinical registries using the civil registration numbers that
uniquely identify all inhabitants of Sweden. The MDCS was
approved by the Regional Ethics Committee at Lund Univer-
sity (LU 51-90), and the final data provided to the research
team was anonymized. We also used the UK Biobank, a large
cohort of ~500,000 adults ages 40-69 years, to replicate
novel findings. We excluded samples with nonwhite ances-
try, sex mismatches, excess heterozygosity, missingness, and
second-degree relatives (22). Analyses in the UK Biobank
were conducted via application 7089 via a protocol approved
by the Partners HealthCare Institutional Review Board.

Baseline assessments of subjects in the MDCS. BP was
measured using a mercury-column sphygmomanometer after 10
minutes of rest in the supine position. A balance-beam scale was
used to measure weight (in kg) with subjects wearing light clothing
and no shoes. A fixed stadiometer was used to measure height (in
cm). BMI was measured as weight in kilograms divided by height
in meters squared. Fasting serum lipids and fasting blood glucose
were measured from blood samples obtained after an overnight
fast. Fasting blood glucose was converted to FPG by multiplying
the values by 1.13. Samples were analyzed by routine standard
methods at the Department of Clinical Chemistry, Malmé Univer-
sity Hospital (Malm®, Sweden). Fasting blood measurements were
only available in the MDCS Cardiovascular Cohort (n = 5,675).
Apolipoprotein B (Apo B) and Apo A-l were measured in nonfasting
plasma samples from all subjects in the MDCS in a blinded manner
(with regard to case or control status) by Quest Diagnostics, using
an immunonephelometry assay run on a Siemens BN Il system.
The interassay variability was <4.0% for both Apo A-l and Apo B.

Genetic data. In the MDCS, a matrix-assisted laser des-
orption ionization—time-of-fight mass spectrometer (Sequenom
MassArray) was used to genotype DNA samples using Seque-
nom reagents and protocols. Proxy single-nucleotide polymor-
phisms (SNPs) were identified using SNAP version 2.2.2 when
commercial primers were not available. SNPs that failed Seque-
nom genotyping were genotyped individually using TagMan or
KASPar allele discrimination on an ABI 7900HT (Applied Biosys-
tems, Life Technologies), according to the manufacturer’s instruc-
tions. Individuals with <60% of SNPs successfully genotyped, and
SNPs with a genotype success rate of <90% or deviation from
Bonferroni-corrected Hardy-Weinberg equilibrium in each set of
SNPs of the specific traits were excluded. Using these exclusion
criteria, genetic data were available for 26,435 individuals. Gen-
otyped SNPs were selected based on previous genome-wide
association studies (GWAS) and included 31 SNPs for BMI (23),
29 for systolic BP (24-26), 52 for LDL cholesterol (27,28), 41 for
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HDL cholesterol (27), 26 for triglycerides (27), and 15 for FPG (29).
Trait-specific MDCS-weighted polygenic risk scores were created
using Plink software (version 1.07).

In the UK Biobank, we extracted data on 185 lipid-associated
SNPs, including 76 independent LDL cholesterol-associated SNPs,
defined as SNPs showing associations with LDL cholesterol level
with a P value less than 5 x 1078, from the latest Global Lipids Genet-
ics Consortium GWAS (28). Additionally, gene-specific instruments
for HMIGCR, PCSK9, LDLR, and NPCT7L1 were constructed by
using independent LDL cholesterol-associated SNPs in each locus,
as previously described by Ference et al (30,31), to estimate the
causal effect of LDL cholesterol level through each of these genes.
Gene-specific genotype data were not available in the MDCS.

Cardiovascular and OA-related outcomes. Cardiovascu-
lar disease cases were defined as fatal or nonfatal myocardial infarc-
tion (M) or stroke, or death due to ischemic heart disease, and iden-
tified using the Swedish Hospital Discharge Register, the Swedish
Cause of Death Register, and the Stroke Register of Malmd. Ml cases
were defined using codes 410 and 121 (in the International Classifi-
cation of Diseases, Ninth Revision [ICD-9] and ICD-10, respectively),
and stroke cases were defined using codes 430, 431, 434, and 436
of the ICD-9, and codes 160, 161, 163, and 164 of the ICD-10.

Data from national registries provided by the Swedish Board
on Health and Welfare (Swedish National Discharge Registers)
and by Statistics Sweden were used to define the following 3 main
study outcomes: incident OA diagnosis (a clinical record of either
knee or hip OA), incident OA joint replacement (a record of either
a hip or knee joint arthroplasty), and total OA (either a diagnosis or
joint replacement). Incident outcome was defined as a new case
occurring at any point during the follow-up period after the base-
line screening date (1996) to the end of 2014, which means there
was a nearly 20-year mean follow-up period for the study partici-
pants. The case definitions for the outcomes were based on ICD
coding systems that covered the time period from the 1970s to
the current version (ICD-10). For OA arthroplasty the codes were
8423, 8424, 8428, 8433, NGB09, NGB19, NGB29, NGB39, and
NGB49 (for knee arthroplasty) and 8410, 8411, NFB29, NFB39,
and NFB49 (for hip arthroplasty). Additionally, participants with
both joint replacements and a record of fractures (any cause)
were excluded from the OA outcomes sample, to ensure that the
indication was likely to be related to OA. In the MDCS, based on
ICD-10 codes, a total of 3,559 individuals had an OA diagnosis,
2,780 had an OA joint replacement, 2,113 had both an OA diag-
nosis and an OA joint replacement, and 4,226 were included in
the category “total OA” (1,446 who had an OA diagnosis only, 667
who had a joint replacement only, and 2,113 who had both an OA
diagnosis and a joint replacement).

In the UK Biobank the OA definition was based on self-
reported medical history and/or ICD-9 and ICD-10 codes in
hospital-based medical records. A total of 65,213 individuals had
either self-reported or medical records-based OA, 36,128 had

self-reported OA, 483,744 had medical records—based OA, and
14,659 had both.

Statistical analysis. In this study, we performed several
different MR analyses. In the MDCS, we performed 1-sample
conventional and multivariable MR using SNP exposure and
SNP outcome data from the MDCS, and 2-sample conven-
tional and multivariable MR using SNP exposure data from
publicly available GWAS databases and SNP outcome data
from the MDCS (32,33). For significant associations, we con-
tinued with further methods to control for pleiotropy. We used
2-sample MR-Egger analyses and estimation of the Egger
intercept, which reflects total horizontal pleiotropy (34), and
2-sample weighted median MR which can provide accurate
estimates given that at least 50% of the variants are valid
instruments (35). For LDL cholesterol, we performed replica-
tion analyses in the UK Biobank using 2-sample conventional
MR, and correcting for pleiotropy by multivariable MR, MR-
Egger, and weighted median MR. In the MDCS, prevalent OA
cases were excluded and controls were defined as all individu-
als who did not develop OA during the follow-up period. In the
UK Biobank, cases included both prevalent and incident OA
and controls were defined as all individuals without OA.

In order to achieve normality of distribution and compara-
bility between the traits studied, values for all of the traits (LDL
cholesterol, HDL cholesterol, triglycerides, BMI, systolic BP, and
FPG) were natural log-transformed and converted to Z scores in
the MDCS. Linear regression was used to study the association
between the weighted polygenic risk scores and their respective
traits. To estimate the unconfounded causal effect of the trait on
incident cases, we performed a conventional 1-sample MR anal-
ysis using a 2-stage regression. The predicted fitted values from
the linear regression of the traits by their respective polygenic risk
scores were used as the predictor variables for OA outcomes in
logistic regression models adjusted for age and sex.

The polygenic risk scores included pleiotropic SNPs, which
may have biased our results. Excluding these SNPs would have
largely weakened the polygenic risk scores as instrumental var-
iables; therefore, we used a previously described and applied
inverse-variance-weighted multivariable MR approach (36). In
this approach, the SNP outcome B coefficients obtained from
logistic regression of 168 independent SNPs (r* < 0.2) on inci-
dent OA were included as outcome variables in a multivariable
model with SNP-LDL cholesterol, SNP-HDL cholesterol, SNP-
triglycerides, SNP-BMI, SNP-FPG, and SNP-systolic BP p coef-
ficients obtained from the linear regression of the same SNPs on
each of these cardiometabolic traits in the MDCS. This multivar-
iable model was weighted by the inverse-variance of the SNP-
outcome association and the intercept was fixed to 0. The
multivariable MR model corrects for pleiotropic bias across the
traits studied and not for potential pleiotropy with other traits not
included in the model (32,37). To correct for possible bias from
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total or cardiovascular mortality as competing risks, we used the
Fine and Gray proportional subdistribution hazard model and
age as the underlying time variable in sensitivity analyses.

We followed up significant findings using summary level
data for the same set of SNPs in the most recent publicly avail-
able GWAS data, except for BP (28,38,39), which was not pub-
licly available, to perform 2-sample MR analyses using inverse-
variance-weighted MR or conventional MR. This is a regression of
SNP-outcome f coefficients on each instrumental SNP-exposure
B coefficient weighted by the inverse-variance of the SNP-outcome
associations with the intercept fixed to 0 (33). To detect and correct
for known and unknown pleiotropic bias, multivariable MR and MR-
Egger were performed. MR-Egger is similar to the inverse-variance—
weighted MR, but the intercept is left unconstrained and represents
the average unbalanced pleiotropy by each instrument. It provides
valid estimates even if all SNPs are invalid instruments. However, it is
limited by the untestable “instrument strength independent of direct
effect” assumption that the distribution of the pleiotropic effects of
the SNPs on the outcome are independent of their associations
with the exposure (34). We additionally performed weighted median
MR which provides a causal estimate given that at least 50% of the
variants are valid instruments (35).

Finally, we performed 2-sample conventional MR association
analysis between a 76-SNP LDL cholesterol GWAS-weighted (28)
polygenic risk score and OA in the UK Biobank including 65,213
OA cases and 311,222 controls. Restricted conventional MR
analyses were also performed using a 16-SNP LDL cholesterol-

specific GWAS-weighted polygenic risk score, defined as LDL
cholesterol-associated SNPs that remained after excluding those
associated with HDL cholesterol and/or triglycerides, using a P
value of 0.05. Then, we performed sensitivity MR analyses includ-
ing MR-Egger and weighted median MR using the 76 LDL choles-
terol-associated SNPs, and multivariable MR using 185 LDL cho-
lesterol-, HDL cholesterol-, and/or triglyceride-associated SNPs
(28). Finally, we performed conventional MR analyses of the asso-
ciation between LDL cholesterol and OA using GWAS-weighted
gene-specific LDL cholesterol polygenic risk scores in each of the
HMGCR, PCSK9, LDLR, and NPC1L1 genes.

Stata SE 13.1 and R (version 3.3) were used for statistical
analysis. For the 2-sample MR analyses, we used the “Mendelian-
Randomization” package in R (40).

RESULTS

Incident OA end points in the MDCS. Of the total sam-
ple of 27,691 MDCS participants at baseline, by the end of the
mean follow-up time of 17.4 years, 19,350 (70%) were alive, 8,091
(29.2%) had died, and 250 (0.9%) had emigrated. During the fol-
low-up period, 3,559 (12.9%) had an OA diagnosis, 2,780 (10%)
had an OA joint replacement, and 4,226 (15.3%) were included in
the category “total OA” (Table 1). The variances explained by poly-
genic risk scores were 7.3% for LDL cholesterol, 5.7% for HDL cho-
lesterol, 4.3% for triglycerides, 0.8% for BMI, 2.3% for FPG, and
0.5% for systolic BP in the MDCS.

Table 1. Baseline characteristics of the subjects in the Malmo Diet and Cancer Study*

OA diagnosis OA joint replacement Total OA Non-OA
(n =3,559) (n=2,780) (n=4,226)t (n =23,465)%
Age, years (n = 27,691) 58.5+7.3% 60.2 + 7.38 59.2 + 748 57.8+76
Men, no. (%) (n = 10,916) 1,183 (33.2)8 875 (31.5)8 1,371 (32.4)8 9,545 (40.7)
Women, no. (%) (n=16,775) 2,376 (66.8)8 1,905 (68.5)8 2,855 (67.6)8 13,920 (59.3)
BMI (n = 27,649) 273 +4.38 26.9 + 4.38 27.0 +4.38 255+3.8
LDL cholesterol, mmoles/liter (n = 5,137) 42+10 43+10 42+10 42+10
Apo A, mg/dl (n = 27,022) 158 + 28 159 + 28 158 + 28 156 + 28
Apo B, mg/dl (n = 27,018) 107 + 25 108 + 25 108 + 26 107 + 26
Systolic BP, mm Hg (n = 27,648) 141 £ 19 143 + 20 142 + 20 141 + 20
Diastolic BP, mm Hg (n = 27,646) 86+ 10 86+ 10 86+ 10 86+ 10
Never smoked, no. (%) (n = 10,461) 1,466 (41.2)8 1,168 (42.0)8 1,736 (41.1)8 8,725 (37.2)
Former smoker, no. (%) (n = 9,375) 1,276 (35.9)8 958 (34.5)8 1,471 (34.8)8 7,904 (33.7)
Current smoker, no. (%) (n = 7,843) 815 (22.9)8 654 (23.5)8 1,017 (24.1)8 6,826 (29.1)
Myocardial infarction, no. (%) (n = 538) 59 (1.7) 47 (1.7) 73(1.7) 465 (2.0)
Cardiovascular disease, no. (%) (n = 837) 79 (2.2)8 64 (2.3)8 101 (2.4)8 736 (3.1)
Diabetes, no. (%) (n = 1,209) 144 (4.0) 120 (4.3) 186 (4.4) 1,023 (4.4)

* Except where indicated otherwise, values are the mean + SD. Of the total cohort, 39.4% were men and 60.6% were women. BMI = body
mass index; LDL = low-density lipoprotein; Apo A = apolipoprotein A; BP = blood pressure.
t Includes participants with incident osteoarthritis (OA) diagnosis only (n = 1,446), OA joint replacement only (n = 667), or both (n =2,113).

t Participants without incident OA diagnosis or OA joint replacement.

§ P < 0.05 versus the rest of the population, after adjustment for age and sex.
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Conventional and multivariable 1-sample MR in
the MDCS. The associations of elevations in cardiometabolic
traits predicted by polygenic risk score with OA outcomes in
the MDCS, determined using conventional MR, are shown in
Figure 1. Genetically predicted elevations in LDL cholesterol
level were associated with a lower risk of OA diagnosis, with an
odds ratio (OR) of 0.83 (95% confidence interval [95% CI] 0.73—
0.95) and total OA (OR 0.87 [95% CI 0.78-0.98]) but not with
OA joint replacement (OR 0.94 [95% CI 0.81-1.08]). Genetically
predicted elevations in BMI were associated with an increased
risk of OA diagnosis (OR 1.65 [95% CI 1.14-2.41]) and with a
trend toward an increased risk of total OA (OR 1.42 [95% CI
1.00-2.02]) but not with OA joint replacement (OR 1.31 [95%
Cl 0.86-2.00]). Genetically predicted elevations in systolic BP

were associated with a reduced risk of OA diagnosis (OR 0.54
[95% CI 0.35-0.83]), OA joint replacement (OR 0.43 [95% CI
0.26-0.7Q]), and total OA (OR 0.58 [95% Cl 0.39-0.88]).
Multivariable MR adjusted for pleiotropy across the 6
cardiometabolic traits supported the observed associations of
BMI and LDL cholesterol level with OA (for example, for LDL
cholesterol level, the OR for OA diagnosis was 0.84 [95% ClI
0.75-0.95] and the OR for total OA was 0.87 [95% CI 0.78—
0.97]). However, the association between genetically predicted
elevation in systolic BP and reduced risk of OA outcomes was
lost when adjusting for pleiotropy (see Supplementary Figure
1, available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40812/abstract). Sensi-
tivity analyses that accounted for competing risks showed that

Trait Cases/All OR [95%CI] P
LDLC
OA diagnosis 3313/25956 - 0.83 [0.73;0.95] 0.006
OA joint replacement 2602/25956 —- 0.94 [0.81;1.08] 0.365
Total OA 3949/25956 - 0.87 [0.78;0.98] 0.027
HDLC
OA diagnosis 3313/25956 0.99 [0.86;1.14] 0.912
OA joint replacement 2602/25956 1.03 [0.88;1.21] 0.742
Total OA 3949/25956 0.98 [0.86; 1.12] 0.744
TG
OA diagnosis 3313/25956 1.02 [0.87;1.19] 0.794
OA joint replacement 2602/25956 0.93 [0.78;1.11] 0.441
Total OA 3949/25956 1.00 [0.86; 1.15] 0.962
BMI
OA diagnosis 3231/25339 —— 1.65 [1.14;2.41] 0.013
OA joint replacement 2540/25339 —— 1.31 [0.86;2.00] 0.212
Total OA 3852/25339 —i— 1.42 [1.00; 2.02] 0.058
FPG
OA diagnosis 3171/24704 1.06 [0.80; 1.41] 0.690
OA joint replacement 2487/24704 1.08 [0.78; 1.48] 0.649
Total OA 3765/24704 1.04 [0.80; 1.36] 0.774
SBP
OA diagnosis 3298/25863 M—— 0.54 [0.35;0.83] 0.009
OA joint replacement 2594/25863 «—— 0.43 [0.26; 0.70] 0.002
Total OA 3934/25863 #— 0.58 [0.39;0.88] 0.015
1

0.5

Figure 1.

25

One-sample conventional Mendelian randomization analyses of genetically predicted elevations in cardiometabolic traits and

osteoarthritis (OA) outcomes in the Malmé Diet and Cancer Study (MDCS). The odds ratios (ORs) and 95% confidence intervals (95% Cls) for
OA outcomes per genetically predicted 1SD increase in levels of cardiometabolic traits determined using respective polygenic risk scores are
shown. Fitted values predicted by the polygenic risk score for each trait were used as predictors of incident OA outcomes in the MDCS in a
2-stage least squares regression analysis. Genetically predicted elevation in low-density lipoprotein cholesterol (LDLC) level was associated
with a lower risk of OA diagnosis and total OA, genetically predicted elevation in body mass index (BMI) was associated with a higher risk of
OA diagnosis, and genetically predicted elevation in systolic blood pressure (SBP) was associated with a lower risk of all OA outcomes. High-
density lipoprotein cholesterol (HDLC) level, triglycerides (TG), and fasting plasma glucose (FPG) were not associated with OA outcomes.
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Table 2. Two-sample MR for association of LDL cholesterol level and BMI with OA end points in the Malmé Diet and

Cancer Study*
LDL cholesterol BMI
MR method and OA end point OR (95% Cl) P OR (95% Cl) P
Conventional MRT
OA diagnosis 0.86 (0.75-0.98) 0.029 1.41(0.96-2.08) 0.089
OA joint replacement 1.01 (0.85-1.20) 0.910 1.19(0.77-1.82) 0.442
Total OA 0.93(0.81-1.06) 0.281 1.24.(0.86-1.79) 0.266
Multivariable MR+
OA diagnosis 0.85 (0.73-0.98) 0.022 1.39(1.05-1.86) 0.025
OA joint replacement 1.02 (0.87-1.19) 0.853 1.35(0.98-1.86) 0.069
Total OA 0.91 (0.80-1.04) 0.178 1.32(1.01-1.72) 0.048
MR-Eggert
OA diagnosis 0.91(0.73-113) 0.405 3.25(1.26-8.39) 0.015
OA joint replacement 0.97 (0.73-1.28) 0.807 3.81(1.39-10.4) 0.009
Total OA 0.94 (0.75-1.18) 0.583 3.41 (1.43-8.15) 0.006
Egger intercept$
OA diagnosis 1.00 (0.98-1.01) 0.505 0.97 (0.93-1.00) 0.062
OA joint replacement 1.00 (0.99-1.02) 0.689 0.96 (0.92-0.99) 0.014
Total OA 1.00 (0.98-1.01) 0.882 0.96 (0.93-0.99) 0.013
Weighted median MR
OA diagnosis 0.83(0.68-1.02) 0.078 1.39(0.87-2.24) 0172
OA joint replacement 0.90(0.72-1.13) 0.354 2.01(1.19-3.39) 0.009
Total OA 0.82 (0.68-0.99) 0.045 2.07 (1.33-3.21) 0.001

* LDL = low-density lipoprotein; BMI = body mass index; OA = osteoarthritis; OR = odds ratio; 95% Cl = 95% confidence

interval.

t Inverse-variance-weighted Mendelian randomization (MR) provides estimates without correcting for pleiotropy (33).
fInverse-variance-weighted multivariable MR provides estimates after correcting for pleiotropy with other cardiometabolic

traits (32).
§ Egger intercept reflects total horizontal pleiotropy (34).

9 Weighted median MR provides accurate estimates given that at least 50% of variants are valid instruments (35).

the association between LDL cholesterol level and OA diagno-
sis was not likely to be biased by total mortality (subdistribution
hazard ratio [SHR] 0.83 [95% CI 0.74-0.94]) or cardiovascular
mortality (SHR 0.84 [95% Cl 0.74-0.94]) as competing risks
(Supplementary Table 1, online at http://onlinelibrary.wiley.com/
doi/10.1002/art.40812/abstract).

Two-sample multivariable MR, MR-Egger, and
weighted median MR analysis to correct for pleiotropy
using SNP-exposure associations from publicly avail-
able GWAS databases for SNP-outcome associations
in the MDCS. Using published GWAS summary level data for
cardiometabolic traits, we performed 2-sample MR analyses
of the association of LDL cholesterol level and BMI with OA
outcomes in the MDCS. Conventional MR indicated an inverse
association between LDL cholesterol level and OA diagnosis
(OR 0.86 [95% CI 0.75-0.98]). Multivariable MR adjusting for
estimates of HDL cholesterol level, triglycerides, BMI, and FPG
indicated a lower risk of OA diagnosis in subjects with genet-

ically predicted elevation in LDL cholesterol level (OR 0.85
[95% CI 0.73-0.98). Similar analyses indicated no association
with OA joint replacement. The MR-Egger intercept indicated
no pleiotropic bias (P-intercept = 0.51), and the MR-Egger
estimate was consistent with conventional and multivariable
MR, yet not significant (P = 0.41). Weighted median MR indi-
cated an inverse association between LDL cholesterol level
and total OA (OR 0.82 [95% CI 0.68-0.99]) and a tendency
toward an inverse association between LDL cholesterol level
and OA diagnosis (OR 0.83 [95% CI 0.68-1.02]) (Table 2).
Conventional MR analyses showed a tendency toward an
increased risk of OA diagnosis (but not other OA outcomes)
in subjects with genetically predicted elevation in BMI (OR
1.41 [95% CI 0.96-2.08]). Multivariable MR showed a signifi-
cantly increased risk of OA diagnosis and total OA in subjects
with elevated BMI (OR 1.39 [95% CI 1.05-1.86] and OR 1.32
[95% Cl 1.01-1.72], respectively). The MR-Egger intercept,
however, indicated that the BMI SNPs likely exhibited unbal-
anced pleiotropy in their association with all 3 OA outcomes
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MR Method SNP(n) OR [95%CI] P

per 1 SD higher

LDLC
Conventional MR
GWAS threshold 76 - 0.95 [0.93;0.98] 9x10-%4
GWAS restricted 16 «—l— 0.86 [0.79;0.95] 0.002
Sensitivity MR
MR-Egger 76 —— 0.91 [0.84;0.98] 0.017
Weighted Median 76 —— 0.93 [0.89;0.97] 0.002
Multivariable MR 185 = = 0.95 [0.92;0.98] 5x10-%4

Gene-specific MR

HMGCR 6 —i— 0.95 [0.90; 1.01] 0.137
PCSK9 7 —a— 0.98 [0.92;1.04] 0.505
LDLR 5 —— 0.92 [0.88;0.97] 5x10-%
NPCIL1 5

—+——— 112 [0.98;1.27] 0.105
=

[
0.8

—_

1.2

Figure 2. Association between genetic predisposition for elevated low-density lipoprotein cholesterol (LDLC) and osteoarthritis (OA) in the
UK Biobank. Odds ratios (ORs) and 95% confidence intervals (95% Cls) for OA using 2-sample Mendelian randomization (MR) analyses in
the UK Biobank are shown. Conventional MR estimates were obtained by analyzing polygenic risk scores for LDL cholesterol created from
single-nucleotide polymorphisms (SNPs) identified in genome-wide association studies (GWAS) and gene-specific SNPs related to OA in the
UK Biobank weighted by SNP-LDL cholesterol associations in the Global Lipids Genetics Consortium (28). In the conventional MR analysis, for
“GWAS threshold,” the polygenic risk score for LDL cholesterol was created using SNPs that were previously associated with LDL cholesterol
at the GWAS significance level (P < 5 x 107%) in the Global Lipids Genetics Consortium (28). For “GWAS restricted,” the polygenic risk score
for LDL cholesterol was created using SNPs that were previously associated with LDL cholesterol at the GWAS significance level (P < 5 x
107 and were not associated with either HDL cholesterol level or triglycerides (P > 0.05) in the Global Lipids Genetics Consortium (28). Two-
sample sensitivity MR analyses were performed using MR-Egger (34), weighted median MR (35), and multivariable MR (32) using summary SNP
exposure data from the Global Lipids Genetic Consortium (28) and summary SNP outcome data from the UK Biobank. Genes for the gene-
specific analyses (HMGCR, PCSK9, LDLR, and NPC1L1) were mainly selected due to the fact that they encode for LDL cholesterol-lowering
targets. Gene-specific analyses indicated a lower risk of OA by LDLR-mediated higher LDL cholesterol level. A similar trend was observed with
the HMGCR instrument, although it did not reach statistical significance. MR indicated that a genetically predicted elevation in LDL cholesterol

level decreases the risk of OA.

(P-intercept = 0.06 for OA diagnosis and 0.01 for both OA
joint replacement and total OA). The MR-Egger estimates
suggested an ~3.3-3.8 fold increased risk of OA diagnosis
(OR 8.25 [95% CI 1.26-8.39]), OA joint replacement (OR 3.81
[95% CI 1.39-10.4]), and total OA (OR 3.41 [95% CI 1.43-
8.15]) per 1SD increase in BMI. Higher BMI was associated
with both OA joint replacement and total OA using weighted
median MR (OR 2.01 [95% CI 1.19-3.39] and OR 2.07 [95%
Cl 1.33-3.21], respectively) (Table 2).

Two-sample MR analyses in the UK Biobank to rep-
licate the association between LDL cholesterol level
and OA. Finally, we performed 2-sample MR analyses in the
UK Biobank. A 76-SNP LDL cholesterol instrument was used in
more than 65,213 OA cases and 311,222 controls in the UK Bio-
bank. Using the 76-SNP GWAS-weighted polygenic risk score,
each 1SD increase in LDL cholesterol level was associated with
a lower risk of OA (OR 0.95 [95% CI 0.93-0.98]). Restricting
the polygenic risk score to 16 LDL cholesterol-specific SNPs
indicated a larger magnitude of decreased risk of OA (OR 0.86
[95% CI 0.79-0.95]). Gene-specific LDL cholesterol polygenic
risk score analyses showed an inverse association between the
LDLR gene—specific polygenic risk score and OA (OR 0.92 [95%

Cl 0.88-0.97]). While the HMGCR gene—specific polygenic risk
score showed a tendency toward lower OA risk (OR 0.95 [95%
Cl 0.90-1.01]), the NPC7L1 gene-specific polygenic risk score
suggested an increased risk of OA (OR 1.12 [95% CI 0.98-1.27]).
Finally, sensitivity 2-sample MR-Egger, multivariable MR, and
weighted median MR analyses with SNP data from public GWAS
databases indicated inverse associations between LDL choles-
terol level and OA, with ORs ranging from 0.91 to 0.95 (Figure 2),
and the MR-Egger intercept did not suggest evidence of pleiot-
ropy. Similar results were obtained when self-reported and med-
ical records—based OA were analyzed separately (Supplemen-
tary Figures 2 and 3, available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/art.40812/
abstract).

DISCUSSION

Our study has 3 separate key findings. First, our results sug-
gest an inverse causal role between LDL cholesterol level and OA
in large Swedish and British cohorts, which was not explained
after adjustment for the genetically predicted levels of other
cardiometabolic traits. Second, our findings support previously
presented evidence of a direct causal role between BMI and OA
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(19,20). Third, there was a lack of association between genetically
predicted levels of other cardiometabolic factors and OA.

Our findings regarding LDL cholesterol are in contrast to
those of previous observational studies, which have suggested
elevated serum cholesterol levels as a risk factor for OA (1,17,41).
Previously, it has been hypothesized that lipid accumulation in the
cartilage might trigger OA development (1), and a high cholesterol
diet has been shown to induce arthritic changes in experimental
mouse models of atherosclerosis (13,14). However, our present
findings provide an alternative and opposite hypothesis that higher
LDL cholesterol levels may be associated with a lower risk of OA.

The key implication of our findings relates to the potential
role of LDL cholesterol-lowering drugs in the pathogenesis of OA.
Statins are key and widespread drugs for lowering LDL choles-
terol levels in cardiovascular disease management, and observa-
tional studies have provided conflicting results on the relationship
between statins and OA. While some epidemiologic studies have
indicated that statin use is associated with a lower risk (42,43),
others have observed an increased risk (44, 45), or a lack of asso-
ciation (46,47). The key limitations of the previous studies are that
they, with few exceptions, have either been small or have used
OA joint replacement as the outcome. Further, observational
associations are prone to biases due to confounding and reverse
causation, which can be bypassed by using genetic variants as
instruments.

Our study is, to the best of our knowledge, the first MR
study to examine causal associations of genetically predicted
LDL cholesterol level with incident OA end points. The associa-
tion between lower LDL cholesterol level and OA identified using
the LDL cholesterol polygenic risk score and LDLR gene—specific
polygenic risk score, and the tendency toward an association
between lower LDL cholesterol level through the HMGCR gene
(encoding statin target) and higher OA risk contradicts most pre-
vious evidence and suggests that statins may increase the risk of
OA. The implication is that future research needs to specifically
investigate the effects of statins on OA with radiographic defini-
tions to demonstrate pathologic progression or nonprogression.

Our findings also support the notion of direct causal-
ity between BMI and OA (19,20). The higher prevalence of the
metabolic syndrome among patients with OA and the lower age
at onset of OA among individuals with the metabolic syndrome
has led to the hypothesis that OA could be part of a systemic
metabolic disorder characterized by obesity, dyslipidemia (based
on HDL cholesterol and/or triglyceride levels), dysglycemia, and
hypertension (16,48,49). The only component of the metabolic
syndrome for which a causal link to OA was indicated in our study
was BMI. The effect estimates using the different MR methods
were notably different. While the conventional MR analysis in the
MDCS indicated an ~65% increased risk of OA diagnosis with
each genetically predicted 1SD increase in BMI, the MR-Egger
analysis using GWAS summary data indicated that the BMI
genetic instrument exhibited pleiotropic bias and thus this anal-

ysis, which corrected for pleiotropy, may have provided a more
accurate estimate. It showed that each genetically predicted 1SD
increase in BMI increased the risk of all OA outcomes, with ORs
ranging from 3.25 to 3.81.

Previous studies have suggested that hyperglycemia or dia-
betes status is associated with an increased risk of OA (1,50), but
we did not observe an association between FPG and OA in our
study. This result is consistent with recent observations in the UK
Biobank, where no association was found between genetic risk
for type 2 diabetes and OA (19). It is possible that hyperglycemia
may still have a causal but weak association with OA, as lack
of evidence could be a consequence of the rather weak instru-
ment for FPG and insufficient statistical power. Regardless, it is
intriguing that earlier MR studies have shown clear evidence that
a genetically predicted decrease in LDL cholesterol level increases
the risk of type 2 diabetes (30,51), similar to what was observed
in our study of OA.

In the initial conventional MR analyses, we observed an
inverse association between genetically predicted elevation in sys-
tolic BP and a lower risk of OA, which lost significance in multivar-
iable MR analyses. The genetic instrument for systolic BP was the
weakest, explaining only 0.5% of the variance in baseline systolic
BP, which also means that a causal association with OA cannot
be excluded pending stronger genetic instruments for BP.

The main strength of our study is the use of different MR anal-
yses to investigate the causal role of cardiometabolic traits in OA.
We used both 1-sample and 2-sample strategies that account
for biases mainly due to pleiotropy. Importantly, we were able to
replicate the rather controversial finding that lower LDL cholesterol
level increases the risk of OA, in the large UK Biobank using up-
to-date summary level genetic data for lipid traits. However, the
MR estimate for OA using the 76-SNP GWAS-weighted LDL cho-
lesterol polygenic risk score was smaller in the UK Biobank than
the MR estimate using the 52-SNP LDL cholesterol polygenic risk
score in the MDCS. This could be due to misclassification in the
self-reported OA phenotype in the UK Biobank.

Nevertheless, we must acknowledge some limitations in our
study. First, we cannot confirm negative associations and thus we
cannot rule out possible weaker causal associations of HDL cho-
lesterol, triglycerides, FPG, and systolic BP with OA outcomes,
since the genetic instruments and the sample size used might be
underpowered to detect them. Second, we used 2 different OA
end points, one based on clinical diagnosis and the other on the
surgical intervention of arthroplasty. Clinical diagnosis provides the
phenotype for the presentation of symptomatic OA, whatever the
joint location, whereas joint arthroplasty provides the phenotype
for intervention for either severe large joint pain or radiographic
joint destruction (52). This approach enabled the ascertainment
of the most symptomatic OA cases, yet with the caveat that the
study-defined phenotype is heterogeneous and prone to other
nonrandom factors that influence indications for joint replacement
(63). Third, we did not correct for multiple testing. However, con-
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sidering a Bonferroni corrected P value of 0.0028, the LDL cho-
lesterol-OA association findings (P = 0.004 from multivariable MR)
can be considered borderline significant, and replication in the UK
Biobank further strengthened this observation. In addition, prior
evidence of a causal role of BMI in OA motivated the analyses of
BMI as a positive control. Fourth, it is important to note that our
results are likely relevant to hip and knee OA, as they are the most
prevalent diagnoses in our cases, and thus may not necessarily
be true for OA in other joints, such as the hand. Finally, misclas-
sification of OA outcomes in our samples may have biased our
estimates toward the null and could at least partially explain some
of the null findings.

In conclusion, our study suggests a causal association
between lower LDL cholesterol level and an increased risk of OA.
This evidence challenges the current perspectives from epidemio-
logic studies and indicates that future investigations need to focus
on the mechanisms linking lower LDL cholesterol level with OA
pathogenesis to potentially identify therapeutic targets, and on
investigating how the widespread use of LDL cholesterol-lowering
drugs may impact the pathogenesis of OA and related outcomes.
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