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Abstract 

Background: Although short-term trials have suggested that PCSK9 inhibitors are safe and 

reduce risk of cardiovascular diseases, their long-term safety is unclear. Genetic variants 

associated with lower activity of a gene can act as proxies to identify potential long-term 

side effects of drugs as recently exemplified by association of LDL-lowering variants in the 

HMGCR (target for statins) and PCSK9 genes with increased risk of type 2 diabetes mellitus 

(T2DM). However, analyses of the full spectrum of potential side effects of PCSK9 inhibition 

using a genetic approach has not been undertaken.  

Methods: We examined the association of a LDL-lowering variant in the PCSK9 gene (T allele 

of rs11591147), as well as two LDL-lowering HGCMR variants (G allele of rs17238484 and T 

allele of rs12916) with 80 diseases and traits in up to 479,522 individuals in UK Biobank.  

Results: The PCSK9 T allele was significantly (Bonferroni P<6.25x10-4) associated with risk of 

T2DM, increased body mass index, waist circumference, waist-hip ratio, diastolic blood 

pressure, Type 1 diabetes mellitus (T1DM) and insulin use. The HMGCR variants were also 

associated with risk of T2DM although their previously reported associations with 

anthropometric traits were found to be confounded. Mediation analysis suggested that the 

association of the PCSK9 T allele with risk of T2DM but not DBP was largely independent of 

its association with BMI and central obesity. Nominally significant associations of the PCSK9 

T allele were also seen with peptic ulcer disease, depression, asthma, chronic kidney disease 

and venous thromboembolism.  

Conclusions: Our findings support previous genetic analyses suggesting that long-term use 

of PCSK9 inhibitors, like statins, may be associated with increased risk of T2DM. Some other 
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potential side-effects need to be looked for in future studies of PCSK9 inhibitors although 

we did not find signals that raise substantial concerns about their long-term safety.   
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Introduction 1 

Elevated level of plasma low-density lipoprotein (LDL) cholesterol is a major causal risk 2 

factor for coronary heart disease (CHD).  Statins which reduce LDL-cholesterol by inhibiting 3 

HMG-CoA reductase (HMGCR) have been shown to be beneficial for both primary and 4 

secondary prevention of CHD. However, the benefits of any drugs need to be balanced 5 

against possible side-effects and risks. In this context, the late emergence of evidence that 6 

statins increase risk of type 2 diabetes mellitus (T2DM), after almost two decades of 7 

increasing statin use and increasingly broader recommendations in guidelines,1-3 sparked 8 

considerable debate and public controversy as to their appropriateness especially for 9 

primary prevention in relatively low-risk individuals, and led to a change in statin safety 10 

labelling by the US Food and Drug Administration (FDA).4 Could the effect of statins on risk 11 

of T2DM have been predicted earlier? Swerdlow et al.5 used a genetic approach (Mendelian 12 

randomisation, MR) to investigate this issue. They showed that two single nucleotide 13 

variants (G allele of SNP rs17238484 and T allele of SNP rs12916) in the HMGCR gene, that 14 

were associated with lower plasma LDL-cholesterol (rs17238484 G allele: -0.063 mmol/l per 15 

allele; rs12916 T allele: -0.073 mmol/l per allele)6 were also associated with higher body 16 

weight, waist circumference, plasma insulin and glucose concentrations and risk of T2DM. In 17 

effect, these alleles acted as partial proxies for HMGCR inhibition by statins and their 18 

analysis illustrated that if suitable datasets are available then a genetic approach can help to 19 

identify potential on-target side-effects of drug treatments.   20 

Proprotein convertase subtilisin/kexin type 9 (PCSK9) blockers have emerged as a new and 21 

powerful treatment for lowering LDL-cholesterol7,8 and in randomised clinical trials have 22 

been shown to reduce cardiovascular events without any major side effects emerging8 23 
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(ODYSSEY Outcomes ACC18: http://www.acc.org/latest-in-cardiology/clinical-1 

trials/2018/03/09/08/02/odyssey-outcomes).  The first two of these agents, alirocumab and 2 

evolocumab, have been approved by the US FDA and the UK National Institute for Health 3 

and Care Excellence for lowering cholesterol where statins and other drugs are not 4 

tolerated or insufficient. PCSK9 is a secreted hepatic protein that binds to the LDL receptor 5 

and targets it for endocytosis and intracellular degradation, thereby reducing the number of 6 

LDL receptors at the cell surface and increasing plasma cholesterol.9 The development of 7 

PCSK9 inhibitors was stimulated by the demonstration that nonsense mutations and other 8 

coding variants in the PCSK9 gene are associated with lower plasma LDL-cholesterol and 9 

lower life-long risk of CHD.9  Specifically a low frequency variant 137G -> T, replacing 10 

arginine at position 46 with leucine, is associated with a ~15% lower (-0.497 mmol/l per 11 

copy of the allele) LDL-cholesterol.6,10 This variant, the T allele of the single nucleotide 12 

polymorphism (SNP) rs11591147 can therefore act as a proxy for PCSK9 inhibition by PCKS9 13 

inhibitors, in a similar fashion to the HMGCR variants for statins. For PCSK9 inhibitors, while  14 

trials to date have not found evidence of an increase in T2DM risk in those on treatment, 15 

this has only been assessed on a relatively short follow-up of only three to four years8 16 

(ODYSSEY Outcomes ACC18: http://www.acc.org/latest-in-cardiology/clinical-17 

trials/2018/03/09/08/02/odyssey-outcomes). Indeed, initial MR studies have shown that 18 

genetic risk scores including this variant or other variants at the PCSK9 locus associated with 19 

lower LDL-cholesterol are also associated with increased risk of T2DM raising the possibility 20 

that, as with statins, this side effect may emerge with longer use of PCSK9 blockers.11,12 No 21 

study has yet explored the full spectrum of long term potential side effects of PCSK9 22 

inhibitors using a genetic approach.  23 
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UK Biobank is a large (~ 500,000 individuals) national health research resource established 1 

to understand the genetic and environmental determinants of adult diseases.13 DNAs of UK 2 

Biobank participants have been assayed using a specially designed array providing, after 3 

imputation, genome-wide genotypes on over 70 million SNPs. Genotype-data on around 4 

480,000 of the participants have been released. The availability of this data together with 5 

the extensive phenotypic data on the participants allows a detailed exploration to see if the 6 

PCSK9 rs11591147 T variant is associated with any of a wide range of diseases or traits 7 

which may indicate other potential on-target effects of long-term inhibition PCSK9 inhibitors 8 

and inform their use. Here we have undertaken such an analysis and at the same time 9 

reexamined the associations of the two HMGCR SNPs studied by Swerdlow et al.5 with BMI 10 

and T2DM as well as a broader range of diseases.   11 
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Methods 1 

Study population and design: Details of the design of the UK Biobank study have been 2 

reported previously.13 Participants were members of the UK general population aged 3 

between 40-69 years at recruitment, identified through primary care lists who accepted an 4 

invitation to attend one of the 22 assessment centers that were serially established across 5 

the UK between 2006 and 2010. The UK Biobank study was approved by the North West 6 

Multi-centre Research Ethics Committee (MREC) and all participants provided written 7 

informed consent. 8 

At recruitment, detailed information was collected via a standardised questionnaire on 9 

socio-demographic characteristics, health status and physician-diagnosed medical 10 

conditions, family history and lifestyle factors. Selected physical and functional 11 

measurements were obtained including height, weight, waist-hip ratio (WHR) and systolic 12 

(SBP) and diastolic (DBP) blood pressures.  The UK Biobank data were subsequently linked to 13 

Hospital Episode Statistics (HES) data, as well as national death and cancer registries. The 14 

HES data available for the current analysis covers all hospital admissions to NHS hospitals in 15 

England and Scotland from April 1997 to March 2015, with the Scottish data dated back as 16 

early as 1981. HES uses International Classification of Diseases ICD 9 and 10 to record 17 

diagnosis information, and OPCS-4 (Office of Population, Censuses and Surveys: 18 

Classification of Interventions and Procedures, version 4) to code operative procedures. 19 

Death registries include all deaths in the UK up to December 2015, with both primary and 20 

contributory causes of death coded in ICD-10. Cancer registries cover registrations across 21 

the UK from 1970s to the end of 2014 with the diagnoses (coded in ICD9 and 10).  22 
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Disease definition: We integrated self-reported physician-diagnosed medical conditions at 1 

recruitment with HES data and death and cancer registries where possible to define the 2 

number of individuals with different disorders, for the ~480,000 participants for which 3 

genetic data is available. The case definitions for all disorders studied are shown in 4 

Supplementary Table S1. For ease of navigating thorough the data, we grouped 5 

disorders/traits into cardiovascular, endocrine, neurological, digestive, genito-urinary, 6 

musculoskeletal, respiratory, eye, cancer and others. Given the allele frequency of the T 7 

allele of rs11591147 in UK Biobank (1.67%) participants, we calculated that we had 80% 8 

power to detect a nominal association with a categorical disease phenotype at an odds ratio 9 

of 1.5 with 1,150 cases for this variant. We therefore excluded diseases that had accrued 10 

less than 1,150 cases at the date of data download in June 2017, where the HES data covers 11 

all NHS hospital admissions up to March 2015, and death registries up to January 2016. 12 

Genotypes: Genotyping of UK Biobank participants was undertaken using a custom-build 13 

genome-wide array (the UK Biobank Axiom array: http://www.ukbiobank.ac.uk/wp-14 

content/uploads/2014/04/UK-Biobank-Axiom-Array-Datasheet-2014.pdf). Genotyping was 15 

done in two phases. 50,000 subjects were initially typed as part of the UK BiLEVE project.14 16 

Rest of the participants were genotyped using a slightly modified array. Imputation and 17 

initial quality checks of the genetic data were undertaken by UK Biobank. We extracted 18 

genotypes for rs11591147, the strongest variant associated with LDL-C reduction in PCSK9, 19 

as well as the two HMGCR SNPs (rs17238484 and rs12916) from the full UK Biobank 20 

imputed genetic dataset release on 487,406 participants. Of these 7,884 subjects were 21 

excluded due to sex mismatches, ambiguous sex, high heterozygosity, excess relatives, a call 22 

rate <98% or patient withdrawal. Before undertaking any analysis, we confirmed the quality 23 

of the genotypes for the PCSK9 and HMGCR variants by confirming that the allele 24 
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frequencies were similar to those reported in the literature and that the genotype 1 

frequencies satisfied Hardy-Weinberg equilibrium in the UK Biobank subjects.  2 

Statistical analysis: We compared the proportion of individuals with disease or trait in 3 

groups partitioned by genotype and derived odds ratios per copy of the allele associated 4 

with lower LDL-cholesterol for binary phenotypes and beta coefficients for quantitative 5 

phenotypes. Due to the level of relatedness within UK Biobank a family identifier was 6 

derived based on kinship scores, where any individuals found to be related (kinship>0.044) 7 

were joined into a family creating 395,232 unique families. All regression analyses were 8 

undertaken using mixed models in Stata adjusting for age, sex, array type (BiLEVE array 9 

versus main UK Biobank array), the first five principal components and lipid-lowering 10 

medication use as fixed effects, with family fitted as a random effect using an independent 11 

covariance structure. A Bonferroni corrected statistical significance was set at p<6.25x10-4 to 12 

account for the 80 phenotypes tested. 13 

To examine the possibility that any observed associations with our genetic variants were 14 

due to one or more linked variants in the region we examined the associations of other 15 

variants in the region around both the PCSK9 and HMGCR genes with selected traits. We 16 

excluded genetic variants that had low imputation quality (info<0.4) or with a rare allele 17 

frequency (<1%), or were not in Hardy-Weinberg equilibrium (p<1x10-8). Where another 18 

signal was found to have a stronger p-value we performed a joint model to test the effect of 19 

our lead SNP conditional on all other signals after excluding those in high linkage 20 

disequilibrium (LD) with r2>0.8 to avoid collinearity. 21 

Given the relationship between these variants and the reduced risk of lipid-lowering 22 

medication use (see Results) an adjustment for lipid-lowering medication was included as a 23 
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fixed effect due the potential confounding effect of treatment with disease risk. In traits 1 

that were shown to be associated with our lead variants after adjustment for other SNPs in 2 

the region we performed stratified analyses by lipid-lowering medication use in order to 3 

assess for potential collider bias15.  4 

To relate findings from the genetic analysis to potential therapeutic inhibition of LDL-5 

cholesterol we used externally available estimates of LDL-cholesterol reduction for the T 6 

allele of rs115911476 and the absolute reduction in LDL-cholesterol using the PCSK9 7 

inhibitor evolocumab8,16. With these we can estimate the potential effect size of blocking 8 

PCSK9 on disease risk if the effect is driven entirely through reductions in LDL-cholesterol.  9 

To examine whether the associations of rs11591147 with T2DM and DBP could be explained 10 

by its association with BMI or WHR we examined the associations after adjustment for these 11 

variables. Subsequently a formal mediation analysis was performed for T2DM using BMI and 12 

waist-hip-ratio (WHR) as separate mediators of the effect. For these analyses genetically 13 

correlated samples were excluded leaving only one sample from each genetically similar 14 

family group. We estimated direct and indirect effects using paramed (Emsley R, Liu H. 15 

PARAMED: Stata module to perform causal mediation analysis using parametric regression 16 

models. Statistical software components. 2013) and estimated the proportion of the effect 17 

that is mediated using bootstrapping17 in Stata. 18 

 19 

  20 
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Results 1 

In total we analyzed phenotype and genotype information on up to 479,522 individuals in UK 2 

Biobank. The demographic characteristics of the subjects is shown in Table 1. The mean age 3 

at recruitment was 56.5 years (range 37-73), 54.2% were female and 5.3% reported a non-4 

white ethnic background. 17.6% and 21.0% of the participants were taking lipid-lowering 5 

medication and blood pressure-lowering medication, respectively. 6 

The number of individuals with the various disorders/traits that we analyzed are shown in 7 

Table 2. These include both prevalent cases (i.e. those reported at the time of enrolment) 8 

and subsequent cases as recorded in HES or in disease registries. The proportion of each 9 

disorder based on reported history only (i.e. not recorded in the available HES data or in 10 

registries) are also shown in Table 2.  11 

The allele frequency of the PCSK9 rs11591147 T allele was 1.67% (n= 15,862 carriers) while 12 

the frequencies for the HMGCR alleles at rs17238484 (G allele) and rs12916 (T allele) that 13 

are associated with lower LDL-cholesterol were 77.0% (n = 453,891 carriers) and 59.9% 14 

(401,891 carriers), respectively. All variants were well imputed (Info score 1 for rs11591147 15 

and rs17238484 and 0.997 for rs12916) and all SNPs were in Hardy-Weinberg equilibrium. 16 

The demographic characteristics of individuals carrying different number of copies of these 17 

variants are shown in Supplementary Table S2.  18 

Consistent with their known association with lower LDL-cholesterol levels, all variants were 19 

associated with a lower odds of the carriers being on lipid-lowering medication (Tables 3 20 

and 4). The effect size was greater for the PCSK9 rs11591147 T allele (Table 3), than for 21 

either of the HMGCR alleles (Table 4), reflecting its greater effect on LDL-cholesterol. 22 

Significant associations with other diseases and traits, after adjustment for lipid-lowering 23 
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medication and other variables described in Methods and allowing for multiple testing, for 1 

the PCSK9 rs11591147 T allele and the lead HMGCR variant (either rs17238484 G allele or 2 

rs12916 T allele) are shown in Tables 3 and 4, respectively. Full results for all diseases and 3 

traits analysed are shown in Supplementary Tables S3-5 for models with and without 4 

adjustment for lipid-lowering medication.  5 

The PCSK9 rs11591147 T allele was associated with a higher risk of T2DM as well as higher 6 

BMI, waist circumference and waist-hip ratio (Table 3). There was a consistent 7.2% (3.0%-7 

11.6%) higher odds of obesity (BMI > 30 kg/m2). The PCSK9 rs11591147 T allele was also 8 

associated with an average 0.33 (95% CI 0.16, 0.50) mmHg higher diastolic BP and a greater 9 

use of blood pressure lowering medication. Interestingly, there was also a significant 10 

association between the PCSK9 rs11591147 T allele and Type 1 diabetes mellitus and use of 11 

insulin (Table 3), p=3.07x10-4 and p=3.29x10-4 respectively. Finally, the PCSK9 rs11591147 T 12 

allele was associated with lower risk of CAD (Table 3). This association was stronger (OR 13 

0.676 (95% CI 0.619, 0.738), p=2.625x10-18) without adjustment for lipid-lowering 14 

medication (Supplementary Table S3).  15 

Regional association plots around the PCSK9 gene for T2D, CAD, BMI, WHR and DBP are 16 

shown in Supplementary Figure S1. From these analyses it is clear that rs11591147 is the 17 

lead associated variant in the region for all the above traits except BMI where a second 18 

stronger signal is present (rs144932160). Adjusting for rs144932160 did not remove the 19 

association with rs11591147 (Beta=0.153 (95% CI 0.076-0.260); p=9.23 x 10-5).  20 

The associations that were significant for the two HMGCR variants were largely very similar 21 

to those for the PCSK9 rs11591147 T allele except that the effect sizes were generally 22 

smaller. The result for the variant showing the strongest association is shown in Table 4 with 23 
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full results in Supplementary Table S4 and S5. Both HMGCR variants were associated with 1 

increased risk of T2DM as well as higher BMI, waist circumference, waist-hip ratio, obesity, 2 

as well as increased systolic BP, risk of hypertension, risk of stroke and use of blood-3 

pressure lowering medication. There were nominal associations (p=0.04) of both HMGCR 4 

variants with risk of Type 1 diabetes mellitus (Supplementary Tables S4 and S5). The 5 

HMGCR rs12916 T allele was also nominally associated with risk of CAD (OR 0.970 (0.951, 6 

0.990); p=0.003) which was attenuated after adjustment for lipid-lowering medication 7 

(Supplementary Table S5). However for all the traits/diseases, except for T2DM and stroke, 8 

there were other SNPs in the region not in high LD with our lead variants which showed a 9 

stronger association (Supplementary Figure S2).  Adjusting for these variants led to an 10 

attenuation of the associations with the lead variants (Table 4, joint estimates). Notably, the 11 

associations with BMI, waist circumference, WHR and systolic BP all became non-significant, 12 

although the association with history of hypertension and BP medication persisted.  13 

For traits significantly associated with PCSK9 rs11591147 T allele, analyses stratified by lipid-14 

lowering medication use showed consistent effects in both groups (Supplementary Table 15 

S6) with only CAD risk, as expected, being attenuated in the lipid-lowering medication 16 

strata. This suggests our results are not due to collider bias. Similarly for the HMGCR 17 

variants we observe significant associations in both strata for the four traits - T2DM, stroke, 18 

hypertension and blood pressure medication - that were still associated with our HMGCR 19 

variants after adjusting for other variants in the region (Supplementary Table S7).  20 

To investigate if the observed associations between rs11591147 and T2DM and DBP are 21 

mediated through effects on adiposity, we considered both BMI and WHR as potential 22 

mediators. We found that the association of the variant on DBP became non-significant 23 
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after adjusting for BMI (p=0.480) or WHR (p=0.543). On the other hand the association with 1 

T2DM risk remained largely unchanged after further adjusting for BMI (OR=1.26 (1.16, 1.37)) 2 

or WHR (OR of 1.24 (1.15, 1.35)). In formal mediation analysis we found that the direct 3 

association of rs11591147 with T2DM had an OR=1.24 (1.14, 1.34) and the indirect effect 4 

through BMI to have an OR=1.02 (1.01, 1.03). The proportion of the association of 5 

rs11591147 with T2DM that was mediated was estimated to be just 0.09% with BMI and 6 

3.14% with WHR. 7 

The PCSK9 rs11591147 T allele is associated with a 0.497 mmol/l lower LDL-cholesterol on 8 

average.6 The PCSK9 antibody blocker evolocumab has been reported to reduce LDL-9 

cholesterol by an average of 1.81 mmol/l (70mg/dl) over standard therapy, which may or 10 

may not have included lipid-lowering medications.8 Therefore, if the association of PCSK9 11 

inhibition with risk of T2DM was driven entirely through and proportionate to its LDL-12 

lowering effect then we would estimate the increased risk of T2DM with evolocumab to be 13 

2.47 (1.89 , 3.35) fold higher.  When given on top of lipid-lowering medication, as in the 14 

FOURIER trial16 evolocumab further reduced cholesterol on average by 50mg/dl (1.295 15 

mmol/l). This would result in an increased odds ratio of risk of T2DM of 1.90 (1.57, 2.36).     16 

 17 

Discussion 18 

Major side-effects of drugs are sometimes identified during their initial clinical evaluation 19 

and more systematically during randomised double-blind clinical trials (RCTs) when they are 20 

compared with placebo.  However many RCTs are of relatively short duration and may not 21 

pick up side effects that are weak and/or only emerge during longer-term therapy. The 22 

evidence that statin therapy is associated with an increased risk of T2DM only emerged late 23 
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in the context of its widespread clinical use and raised considerable professional and public 1 

concern and debate.1-3  2 

Use of genetic variants as un-confounded instruments (MR) to clarify whether observed 3 

epidemiological associations between biomarkers and disease are causal or not, particularly 4 

as a means of  is identifying reliable therapeutic targets, is gaining increasing traction.18 In 5 

an extension of this approach Swerdlow et al5 demonstrated that such genetic instruments 6 

could also help to flag up potential longer term on target side-effects of drugs by showing 7 

that variants in the HMGCR gene associated with lower LDL-cholesterol were also associated 8 

with T2DM.  9 

Because the genetic instruments used in such analysis usually have a subtle effect on the 10 

target gene (unlike the drug), large datasets are required to discern any association with a 11 

downstream side-effect.  Unless a specific side-effect is being evaluated, such datasets 12 

should also ideally information on a broad variety of outcomes. In this regard, the UK 13 

Biobank cohort13 offers an excellent resource because of its scale and comprehensiveness as 14 

well as the availability of genetic data. Using UK Biobank, we confirmed the association of 15 

LDL-lowering variants in the HMGCR gene with T2DM and also found, as reported 16 

recently10,11 that genetic variation at the PCSK9 locus associated with increased risk of 17 

T2DM. Therefore, despite no such signal emerging in the trials of PCSK9 blockers to date, 18 

which have been of a duration of 48 months or less,8,16 one should anticipate that with 19 

longer-term use of such drugs T2DM is likely to emerge as a side effect. If the effect is 20 

related to the level of LDL-lowering we may except to see an approximately two-fold 21 

increase in risk of T2DM. 22 
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An important consideration, especially when considering the joint association of a variant 1 

with multiple traits, is to exclude the possibility that one (or more) of the associations is 2 

actually due to a stronger effect of a linked variant with the association found with the 3 

selected variant representing a “spillover” association. In their study of the two HMGCR 4 

variants, Swedlow et al.5 also observed an association with BMI and waist circumference 5 

and proposed that the association of the variants (and by inference lipid-lowering 6 

medication) with T2DM may be mediated via a primary association with insulin resistance 7 

and central adiposity. Here we clearly show that while the G allele of rs17238484 and the T 8 

allele of rs12916 are independently associated with T2DM, their association with 9 

anthropometric traits is confounded.  10 

In contrast to the HMGCR variants, PCSK9 rs11591147 has the strongest association in the 11 

region for not only T2DM but also for WHR and DBP. There was one stronger signal for BMI 12 

but adjusting for this did not substantially attenuate the association of rs11591147 with 13 

BMI. This suggests that unlike the HMGCR variants, rs11591147 has primary associations 14 

with anthropometric traits. We therefore explored to what extent these associations 15 

mediate the association with DBP and T2DM. This analysis showed that while the 16 

association of rs11591147 T allele with DBP may be mediated via central adiposity, the 17 

association with T2DM is largely independent.   18 

The lead variants were all highly significantly associated with lower use of lipid-lowering 19 

medication (Tables 3 and 4) validating their use as proxies for such treatment. Because of 20 

the potential confounding effect of such treatment on disease risk mediated by the 21 

genotype, we adjusted for use of lipid-lowering medication in our primary analysis. Indeed, 22 

the association of PCSK9 rs11591147 T allele with risk of CAD was partly attenuated by such 23 
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adjustment (Supplementary Table S3). On the other hand several of the observed 1 

associations were substantially stronger or only emerged when adjustment was made for 2 

lipid-lowering medication (Supplementary Tables S3-S5). Although likely to reflect the true 3 

association of genotype with disease/trait, it raises the possibility of collider bias whereby 4 

conditioning on a common effect (LDL-lowering medication) of a pair of variables (genotype 5 

and trait) may cause a spurious association between them15. To investigate this possibility 6 

we undertook association analyses stratified by lipid-lowering medication use for those 7 

traits/diseases showing an association in the primary analysis (Supplementary Tables S6 8 

and S7). Although the proportion of disease cases or mean values of the quantitative traits 9 

differed in individuals taking or not taking lipid-lowering medication we found associations 10 

in both groups indicating that the observed associations are not due to collider bias 11 

(Supplementary Tables S6 and S7). Recently, large scale GWAS analyses across a wide range 12 

of phenotypes in UK Biobank, including T2D, CAD, BMI, WHR and DBP have been reported 13 

(https://biobankengine.stanford.edu/ and 14 

https://data.broadinstitute.org/alkesgroup/UKBB/). These analyses include the three 15 

variants studied here and report associations similar to our analyses unadjusted for lipid-16 

lowering medication. Our findings emphasise the potential importance of considering 17 

confounders when interpreting the results of such GWAS analyses.      18 

The PCSK9 rs11591147 T allele was associated with a higher risk of not only T2DM but also 19 

T1DM. The association of this allele also with increased use of insulin (Table 3) suggests that 20 

this disease association is genuine. The mechanism for the association is unclear. It should 21 

be noted that while the main site of PCSK9 expression is in the liver it is also expressed in 22 

several other tissues including the small intestine, colon, kidney and cerebellum. 19 23 

https://biobankengine.stanford.edu/
https://data.broadinstitute.org/alkesgroup/UKBB/
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Furthermore, PCSK9 null mice display hypoinsulinemia, hyperglycemia, glucose intolerance 1 

and have pancreatic islet abnormalities.20 PCSK9 inhibitors have been shown to be 2 

particularly efficacious in lowering LDL-cholesterol in patients with familial 3 

hypercholesterolaemia.21 Childhood initiation of lipid-lowering medication is recommended 4 

by guidelines in patients with FH 5 

(https://www.nice.org.uk/guidance/cg71/resources/familial-hypercholesterolaemia-6 

identification-and-management-pdf-975623384005) and the possible risk of precipitating 7 

T1DM in this group by treatment with PCSK9 blockers needs to be born in mind.    8 

A potentially reassuring finding from our analysis is that apart from the associations 9 

discussed above, we did not observe any other major safety signals across a broad range of 10 

systems, including cancers and dementia, for either the PCSK9 rs11591147 T allele or indeed 11 

the HMGCR variants. The findings with respect to the latter are consistent with the 12 

established safety profile of statins. For the PCSK9 rs11591147 T allele the only other 13 

conditions that achieved association of nominal significance were peptic ulcer disease (OR 14 

1.145 (1.043, 1.256); p=0.005), depression (OR 1.089 (1.026, 1.157); p=0.005); asthma 15 

(OR1.063 (1.013, 1.115); p=0.012), chronic kidney disease (OR 1.176 (1.015, 1.361); 16 

p=0.031); multiple sclerosis (OR 0.741 (0.560, 0.981); p=0.036) and venous 17 

thromboembolism (OR 1.092 (1.005, 1.186), p=0.038) (Supplementary Table S3). Because of 18 

multiple testing, these associations should be viewed with caution but nonetheless, the 19 

incidence the incidence of these conditions should be particularly monitored in future 20 

clinical trials and longer-term safety monitoring of anti-PCSK9 therapy.  21 

Although not the major objective of our study, our analysis also allows us to comment on 22 

whether anti-PCSK9 therapy may have cardiovascular benefits beyond reducing risk of CAD. 23 

https://www.nice.org.uk/guidance/cg71/resources/familial-hypercholesterolaemia-identification-and-management-pdf-975623384005
https://www.nice.org.uk/guidance/cg71/resources/familial-hypercholesterolaemia-identification-and-management-pdf-975623384005
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In this regard we found no evidence of that the PCSK9 rs11591147 T was protective towards 1 

risk of stroke (OR 0.923 (0.833, 1.024) p= 0.130 before adjustment for lipid-lowering 2 

medication and OR 1.056 (0.949, 1.176) p= 0.314 after adjustment). For aortic valve stenosis 3 

(AVS) there was a trend towards a protective association (OR 0.732 (0.555, 0.965), p= 0.027 4 

before adjustment for lipid-lowering medication and OR 0.837 (0.634, 1.106); p=0.210 after 5 

adjustment). A protective association of this variant on risk of AVS has also been reported 6 

by others.22 LDL-lowering through statins have not been found to reduce the rate of 7 

progression of AVS.23 However, anti-PCSK9 therapy also lowers lipoprotein a (Lp(a)) levels8 8 

and both genetic and biomarker studies support a causal role of Lp(a) in the aetiology of 9 

AVS.24,25  Therefore, our genetic findings support the possibility that anti-PCSK9 therapy may 10 

be beneficial in preventing the development or progression of AVS. 11 

Several limitations and caveats of our analysis need to be highlighted. First, in trying to 12 

identify potential side effects (or additional benefits) we are extrapolating any impact of a 13 

life-long (including developmental) exposure to a relatively modest genetic reduction in 14 

PCSK9 gene activity to that which might occur from a much more powerful drug inhibition of 15 

the protein products of the genes over a shorter-term time frame in adults. As an extension 16 

to this, if the side effects are dependent on the degree of inhibition, then major side-effects 17 

may not be detectable in genetic analysis despite large datasets. Second, although UK 18 

Biobank currently provides the largest and most comprehensive dataset to investigate 19 

potential side effects using a genetic approach, the number of cases for several disorders is 20 

still small reducing the power to detect (or exclude) associations that may be clinically 21 

relevant. This will improve with time as UK Biobank accrues more cases. Third, UK Biobank is 22 

made up predominantly of white Caucasian individuals (~ 95%) and we were unable to 23 



20 
 

analyse for any ethnic-specific associations. Finally, genetic analysis of the type undertaken 1 

here does not allow off-target effects of the drugs (i.e. those not related to inhibition of the 2 

primary target) to be identified and which may be molecule specific.  3 

In summary, we show that despite their favourable short-term profile and clear benefit in 4 

terms of reducing cardiovascular events, longer term use of anti-PCSK9 therapy is likely to 5 

be associated with higher risk of T2DM and possibly insulin-requiring diabetes as well as 6 

development of several features of the metabolic syndrome. Beyond this we did not find 7 

any evidence for any other major longer term on-target side effects although our power to 8 

identify potentially clinically meaningful associations for some of the diseases was limited.  9 
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Table 1. Characteristics of UK Biobank participants analysed in this study 

Characteristics N Mean(SD) or N(%) 

Demographic   Age (years)  479,522 56.5 (8.1) 
 

 Sex - female  479,522 260,046 (54.2%) 

Ethnic background 

       White  477,260 451,928 (94.7%) 

       Asian  
 

10,736 (2.2%) 

       Black  
 

7,523 (1.6%) 

       Mixed and others 7,073 (1.5%) 

Cardiovascular 

risk factors   

 Body mass index (BMI) kg/m2  477,580 27.4 (4.8) 

 Waist circumference (cm)  478,465 90.3 (13.5) 

 Hip circumference (cm)  479,522 103.4 (9.2) 

 Waist -hip-ratio (WHR)  478,367 0.9 (0.1) 

 Systolic Blood Pressure (SBP) mmHg  478,985 141.0 (20.7) 

 Diastolic Blood Pressure (DBP) mmHg  478,987 84.3 (11.3) 

 Ever smoked  477,070         215,906 (45.3%) 

Medication   Lipid-lowering  474,902 83,442 (17.6%) 

 Blood pressure lowering  474,902 99,848 (21.0%) 

 

Quantitative data are shown as mean with standard deviation and categorical data as 

number and percentage.   
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Table 2. Frequency of selected disorders in UK Biobank 

Disease group Phenotype N Case N Control 
% Self-

reported 

Cardiovascular 

diseases 

Coronary artery diseases (CAD) 24,293 438,479 14.90% 

Atrial fibrillation (AF) 17,147 462,375 3.50% 

Heart failure (HF) 6,645 472,877 1.60% 

Peripheral vascular disease (PVD) 4,460 475,062 20.40% 

Venous thromboembolism 17,100 462,422 49.80% 

Aortic valve stenosis 2,023 477,499 1.90% 

Hypertension 259,535 219,987 64.60% 

Stroke 12,210 467,312 44.80% 

Endocrine 

disorders 

Diabetes type I 3,555 475,967 3.40% 

Diabetes type II 30,299 447,401 21.40% 

Hyperthyroid 5,239 474,283 57.40% 

Hypothyroid 27,908 451,614 41.20% 

Neurological Anxiety 12,372 467,150 44.50% 

Depression 34,890 444,632 59.80% 

Biopolar 1,939 477,583 33.70% 

Schizophrenia 1,468 478,054 14.40% 

Multiple sclerosis 2,001 477,521 23.40% 

Epilepsy 5,764 473,758 24.30% 

Dementia 1,790 477,732 2.90% 

Parkinsons' disease 1,513 478,009 11.30% 
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Migraine 16,055 463,467 79.30% 

Alcohol dependency 6,403 473,119 5.30% 

Digestive 

diseases 

Gastro-oesophageal reflux disease 

(GORD) 
41,649 437,873 35.60% 

Irritable bowel syndrome (IBS) 15,480 464,042 58.30% 

Inflammatory bowel disease (IBD) 6,430 473,092 17.50% 

Gallstone 21,006 458,516 21.00% 

Peptic ulcer 13,193 466,329 33.20% 

Liver cirrhosis 2,028 477,494 8.40% 

Appendicitis 8,075 471,447 47.50% 

Genito-urinary 

diseases 

Chronic kidney diseases 5,789 473,733 6.00% 

Benign prostatic hyperplasia (BPH) 16,874 202,602 23.20% 

Uterine fibroid 18,719 241,327 31.00% 

Musculoskeletal 

diseases 

Gout 8,661 470,861 56.20% 

Rheumatoid arthritis 7,981 471,541 34.60% 

Osteoarthritis 73,466 406,056 30.90% 

Osteoporosis 12,926 466,596 39.20% 

Sciatica 6,999 472,523 59.80% 

Intervertebral disc disorder - 

prolapsed disc / degenerative disc 
17,010 462,512 40.70% 

Hip fracture 2,743 476,779 6.70% 

Immune 

diseases      

Sarcoidosis 1,273 478,249 44.70% 

Vasculitis 6,562 472,960 15.50% 
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Respiratory 

diseases 

Chronic obstructive pulmonary 

disease (COPD) 
16,549 462,973 32.10% 

Asthma 62,486 417,036 50.50% 

Lower respiratory infection / 

pneumonia 
24,279 455,243 21.00% 

Otitis media 2,052 477,470 0.00% 

Allergy 9,780 469,742 100% 

Hayfever /eczema 116,566 362,956 100% 

Eye diseases Glaucoma 8,135 471,387 34.70% 

Cataract 27,288 452,234 11.30% 

Cancer Cancer overall 74,454 405,068 14.80% 

Lung cancer 2,493 477,029 5.40% 

Colorectal cancer 5,635 473,887 7.30% 

Female breast cancer 15,102 244,944 10.40% 

Prostate cancer 8,346 211,130 3.20% 

Melanoma 5,225 474,297 32.50% 

Skin cancer (including melanoma) 24,689 454,833 12.70% 

Cervical cancer 2,392 257,654 58.40% 

Uterus cancer 2,155 257,891 19.50% 

Ovary cancer 1,565 258,481 18.10% 

Kidney cancer 1,459 478,063 8.10% 

Bladder cancer 1,830 477,692 31.20% 

Non-Hodgkin lymphoma 2,243 477,279 5.50% 
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Lymphomas and multiple myeloma 3,408 476,114 6.20% 

Leukaemia 1,313 478,209 12.80% 

Risk factors Obese BMI>30 116,336 361,244 NA 

 

%Self-reported are cases whose diagnosis is based on reported history at recruitment 

without supporting information in hospital records, surgical records or registry. 
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Table 3. Phenotypes showing significant* associations with the PCSK9 T allele at rs11591147 

in UK Biobank. 

Data type Phenotype Estimate (95% CI) P value 

Binary Lipid-lowering medication† 0.616 (0.584 , 0.650) 5.12x10-72 

 Blood pressure medication 1.179 (1.125 , 1.235) 5.49x10-12 

 Type 2 Diabetes Mellitus 1.283 (1.187 , 1.386) 3.26x10-10 

 Diabetes type I 1.407 (1.169 , 1.693) 3.07x10-4 

 Insulin 1.336 (1.141 , 1.566) 3.29x10-4 

 Coronary artery diseases (CAD) 0.845 (0.770 , 0.928) 4.23x10-4 

 Obese BMI>30 1.072 (1.030 , 1.116) 6.22x10-4 

Continuous Waist circumference 0.506 (0.322 , 0.691) 7.39x10-8 

 Waist hip ratio 0.003 (0.002 , 0.004) 8.12x10-9 

 Diastolic blood pressure 0.330 (0.157 , 0.503) 1.80x10-4 

 Body Mass Index 0.139 (0.065 , 0.212) 2.34x10-4 

 

*Significance based on a Bonferroni adjusted p value of <6.25x10-4. Model results are from a 

mixed model adjusting for age, sex, BiLEVE chip, principle components 1-5 and lipid-

lowering medication as fixed effects and family structure as a random effect. †This model 

did not further adjust for lipid-lowering medication. Diastolic blood pressure was adjusted 

for antihypertensive medication as described by Tobin et al.26 The associations for 

quantitative traits are shown as beta coefficients and for categorical disorders as odds 

ratios. The full analysis with all traits and disorders is shown in Supplementary Table S3. 
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Table 4. Phenotypes showing significant* associations with at least one of the HMGCR variants associated with lower LDL-cholesterol in UK 

Biobank 

Data Type Trait 
Lead HMGCR 

variant 
Estimate P value Joint Estimate 

Joint P 

value 

Binary Lipid-lowering medication† rs12916 0.923 (0.912 , 0.934) 1.34x10-37   

 Obese BMI>30 rs12916 1.045 (1.034 , 1.057) 1.62x10-16 1.013 (0.999 , 1.027) 0.068 

 Diabetes type II rs12916 1.080 (1.059 , 1.102) 3.60x10-14 lead 

 Blood pressure medication rs12916 1.033 (1.021 , 1.046) 2.12x10-7 2.306 (1.246 , 4.266) 7.78x10-3 

 Stroke rs12916 1.057 (1.029 , 1.086) 6.75x10-5 lead 

 Hypertension rs17238484 1.023 (1.011 , 1.034) 7.30x10-5 1.016 (1.004 , 1.028) 0.011 

Continuous Body Mass Index rs12916 0.115 (0.096 , 0.135) 1.41x10-31 0.010 (-0.028 , 0.048) 0.604 

 Waist circumference rs17238484 0.303 (0.247 , 0.360) 3.46x10-26 -0.632 (-2.640 , 1.376) 0.537 

 Waist hip ratio rs17238484 0.001 (0.001 , 0.001) 2.85x10-11 0.000 (0.000 , 0.001) 0.754 

  Systolic blood pressure rs17238484 0.170 (0.079 , 0.260) 2.33x10-4 0.037 (-0.097 , 0.171) 0.588 
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Results for the two HMGCR variants analysed were very similar (Supplementary Tables S4 and S5) and only result for the SNP showing the 

stronger association is shown. *Significance based on a Bonferroni adjusted p value of <6.25x10-4. Model results are from a mixed model 

adjusting for age, sex, BiLEVE chip, principle components 1-5 and lipid-lowering medication as fixed effects and family structure as a random 

effect. †This model did not further adjust for lipid-lowering medication. Systolic blood pressure was adjusted for antihypertensive medication 

as described by Tobin et al.26 The associations for quantitative traits are shown as beta coefficients and for categorical disorders as odds ratios. 

The full analyses with all traits and disorders are shown in Supplementary Tables S4 & S5. Joint estimate is the association of the lead variant 

after adjustment for other common SNPs in the region not in high LD with the lead SNP showing a stronger association with the trait. 


