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Epigenetic Link Between Statin
Therapy and Type 2 Diabetes
Diabetes Care 2020;43:875–884 | https://doi.org/10.2337/dc19-1828

OBJECTIVE

To investigate the role of epigenetics in statins’ diabetogenic effect comparing DNA
methylation (DNAm) between statin users and nonusers in an epigenome-wide
association study in blood.
RESEARCH DESIGN AND METHODS

Five cohort studies’ participants (n 5 8,270) were classiﬁed as statin users when they
were on statin therapy at the time of DNAm assessment with Illumina 450K or EPIC
array or noncurrent users otherwise. Associations of DNAm with various outcomes
like incident type 2 diabetes, plasma glucose, insulin, and insulin resistance (HOMA
of insulin resistance [HOMA-IR]) as well as with gene expression were investigated.
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RESULTS

CONCLUSIONS

This study sheds light on potential mechanisms linking statins with type 2 diabetes
risk, providing evidence on DNAm partially mediating statins’ effects on insulin
traits. Further efforts shall disentangle the molecular mechanisms through which
statins may induce DNAm changes, potentially leading to ABCG1 epigenetic
regulation.

Statins effectively reduce the risk of cardiovascular disease (1). However, clinical trials
and observational studies show that statins lead to insulin resistance and type 2
diabetes (2,3). The underlying mechanisms remain unclear.
Statins are associated with epigenetic changes, including histone acetylation,
miRNA regulation (4), and DNA methylation (DNAm), particularly at genes related to
lipid and insulin metabolism (5). DNAm is linked to type 2 diabetes pathophysiology
(6); thus, it may be a potential mechanism contributing to the increased risk of type 2
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CARDIOVASCULAR AND METABOLIC RISK

Discovery (n 5 6,820) and replication (n 5 1,450) phases associated ﬁve DNAm sites
with statin use: cg17901584 (1.12 3 10225 [DHCR24]), cg10177197 (3.94 3 10208
[DHCR24]), cg06500161 (2.67 3 10223 [ABCG1]), cg27243685 (6.01 3 10209
[ABCG1]), and cg05119988 (7.26 3 10212 [SC4MOL]). Two sites were associated with
at least one glycemic trait or type 2 diabetes. Higher cg06500161 methylation was
associated with higher fasting glucose, insulin, HOMA-IR, and type 2 diabetes (odds
ratio 1.34 [95% CI 1.22, 1.47]). Mediation analyses suggested that ABCG1 methylation partially mediates the effect of statins on high insulin and HOMA-IR. Gene
expression analyses showed that statin exposure and ABCG1 methylation were
associated with ABCG1 downregulation, suggesting epigenetic regulation of ABCG1
expression. Further, outcomes insulin and HOMA-IR were signiﬁcantly associated
with ABCG1 expression.
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diabetes observed in statin therapy. Nevertheless, this hypothesis has not been
investigated (4).
We conducted an epigenome-wide
association study (EWAS) in blood investigating the association between statin use and changes in DNAm at sites in
the genome called CpGs. Further, we
sought to replicate the ﬁndings and study
the associations of the statin-related CpGs
with gene expression, glycemic traits, and
type 2 diabetes. Finally, we explored the
potential role of the statin-related CpGs
mediating the association of statins with
glycemic traits and type 2 diabetes.
RESEARCH DESIGN AND METHODS
Study Design and Population

Overall, 8,270 participants from ﬁve prospective cohort studies were included. In
EWAS analyses, the discovery panel included 6,820 Caucasian individuals from
Epidemiologische Studie zu Chancen der
Verhütung, Fr üherkennung und optimierten Therapie chronischer Erkrankungen in der älteren Bevölkerung (ESTHER)
(7), a population-based study recruited
in Saarland, Germany, with participants
aged 50–75 years; Kooperative Gesundheitsforschung in der Region AugsburgF4 (KORA-F4) (8), a follow-up study of
the KORA-S4 cohort, established in 1996
in Augsburg, Germany; Study of Health in
Pomerania (SHIP)-Trend (9), a populationbased study of participants from northeast Germany; and a population-based
cohort of South Asians residing in London,
U.K., aged 35–75 years: the London Life
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Sciences Prospective Population (LOLIPOP)
study (10). Our study included 998 individuals from ESTHER, 1,726 from KORAF4, 247 from SHIP-Trend, and 3,848 from
LOLIPOP. Hence, the discovery panel was
composed of 56% South Asians and 44%
Caucasians.
The replication panel was selected
based on ethnic homogeneity and availability of data for post-EWAS analyses. It
included 1,450 Caucasians from the Rotterdam Study (RS) (subcohorts RS-III-1
[ﬁrst visit of the third RS cohort] and RSBIOS [comprising the third visit of the
second cohort (RS-II-3) and the second
visit of the third RS cohort (RS-III-2)])
(11), a prospective population-based
cohort study of participants living in
Ommoord, Rotterdam, the Netherlands,
aged 45 years and older. Only RS had
information on former statin users (n 5
74). Additional association analyses between DNAm and glycemic traits (n 5
1,165) and gene expression (n 5 731)
included RS data, whereas association
analyses with incident type 2 diabetes
included RS, KORA, and LOLIPOP (n 5
4,422). See Fig. 1 for study design.
Statin Use

Information on medication was obtained
from pharmacy records in RS; self-declaration
in KORA-F4, LOLIPOP, and SHIP-Trend; and
general practitioner records in ESTHER.
Statin use status was categorized in
current users and noncurrent users. Users
were deﬁned as current users were if the
statins prescription occurred at the time of
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blood drawing for DNAm assessment or as
noncurrent users otherwise. RS additionally
identiﬁed former statin users as participants
who had previously used statins but were
no longer users on the blood draw date.
DNAm Data

DNA was extracted from whole peripheral blood (stored in EDTA tubes)
by standardized salting out methods.
Genome-wide DNAm was measured in
bisulﬁte-converted genomic DNA using
the Illumina Inﬁnium HumanMethylation450 BeadChip or Illumina Inﬁnium
MethylationEPIC BeadChip according to
the manufacturer’s protocols. Samples
showing inadequate hybridization, incomplete bisulﬁte treatment, and gender swaps were excluded. Details on
cohort-speciﬁc methods are provided
in Supplementary Table 1. CpG methylation proportion was reported as a normalized b-value ranging from 0 to 1,
where 1 represents 100% methylation.
For avoidance of sex bias, CpGs annotated
to genes in sex chromosomes were excluded. After normalization and quality
control, overlapping CpGs across studies
were meta-analyzed. CpGs missing in one
cohort were also included, while CpGs missing in two or more cohorts were excluded,
leaving 332,357 CpGs for ﬁnal analysis.
mRNA Expression Data

mRNA data included a subset of the
replication panel (n 5 731 [RS-III-1]).
Total RNA was isolated (PAXgene Blood
RNA kits; QIAGEN) from whole blood
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(PAXgene Tubes; Becton Dickinson).
Samples were analyzed using the LabChip
GX (Caliper Life Sciences) according to the
manufacturer’s instructions. Samples with
an RNA quality score .7 were ampliﬁed, labeled (TotalPrep RNA; Ambion),
and hybridized to the Illumina HumanHT-12 v4 Expression BeadChips
according to the manufacturer’s protocol. Expression data were quantile normalized to the median distribution and
log (2) transformed. Probe and sample
means were centered to zero. Genes
were considered signiﬁcantly expressed
when detection P values calculated by
Genome Studio were ,0.05 in .10%
of all discovery samples. Thus, 21,238
probes were available to study. Quality
control used eQTL (expression quantitative trait loci) mapping pipeline (https://
github.com/molgenis/systemsgenetics/
tree/master/eqtl-mapping-pipeline) (12).
Only probes that uniquely mapped to the
human genome build 37 and represented
gene mRNA expression were analyzed
(13). Samples were processed at the
Genetic Laboratory of Internal Medicine,
Erasmus Medical Center. Expression data
are available for 881 samples at the Gene
Expression Omnibus (GEO) public repository (accession no. GSE338828).
Covariates, Glycemic Traits, and Type 2
Diabetes

Covariates were selected based on previous literature on DNAm studies, including age, sex, BMI, smoking status,
history of coronary heart disease (CHD),
antihypertensive medication, systolic
blood pressure (SBP), total cholesterol,
HDL, triglycerides, and LDL. BMI was
calculated by dividing weight in kilograms
by the square of height in meters. Smoking
history was self-reported and classiﬁed
as current, former, and never smokers.
SBP was the mean of two consecutive
measurements at the right brachial
artery with a random-zero sphygmomanometer with the participant in a sitting
position. Antihypertensive medication use
was deﬁned as the use of diuretics, bblockers, ACE inhibitors, and calcium
channel blockers. CHD was deﬁned as
the occurrence of myocardial infarction,
revascularization, coronary artery bypass
graft surgery, or percutaneous coronary
intervention. Triglycerides, HDL, and total
cholesterol concentrations were measured
in blood using an automated enzymatic
method.
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Figure 1—Study design. An EWAS was conducted to identify DNAm changes at CpG sites related
to current statin use compared with noncurrent statin use. Four cohorts were used as a discovery
panel, and ﬁndings were replicated in an independent cohort. Association analyses of the
identiﬁed statin-related CpGs with glycemic traits, incident type 2 diabetes (T2D), and gene
expression were performed. The large white arrows show the proceeding steps in the study design.
The dotted black arrows represent a potential indirect effect of statins through changes in
cg06500161 methylation. The black thin arrows indicate the direct effect of statins on glycemic
traits (insulin and HOMA-IR).

Glycemic traits examined were plasma
fasting glucose, insulin, HOMA of insulin
resistance (HOMA-IR), and type 2 diabetes incidence. Type 2 diabetes cases were
deﬁned as the presence of either serum
glucose level $7.0 mmol/L or glucoselowering medication use in RS; selfreport in KORA; physician diagnosis or
use of glucose-lowering medication in
ESTHER; diabetes medication use, HbA1c
$6.5%, serum glucose level (nonfasting)
$11.1 mmol/L, or self-report in SHIPTrend; and diabetes history or fasting
glucose $7.0 mmol/L or HbA1c .6.5%
in LOLIPOP. The interassay coefﬁcients
of variations are insulin ,8%, glucose
,1.4%, and lipids ,2.1%. LDL was calculated using the Friedewald formula
(total cholesterol 2 HDL 2 triglycerides/5).
Statistical Analyses
EWAS

The association between CpG methylation and current versus noncurrent statin

users was investigated in a two-step
EWAS approach: discovery and replication. Normalized DNAm b-values at each
CpG were the dependent variable, and
current statin use (yes 5 1, no 5 0) was
the predictor. Per individual CpG, participants with methylation levels higher
than three times the interquartiles range
were excluded. The regression analysis
used the lme4 package in R, version 3.4.2
(https://cran.r-project.org/web/packages/
lme4/index.html), to perform linear mixed
effects models. The random part of the
model included adjustment for array number and position on array as random terms
to account for batch effects in the DNAm
measurement. The ﬁxed part of the
model included leukocyte proportions
(to account for cell mixture), sex, age,
smoking status, BMI, SBP, antihypertensive medication, and prevalent CHD and
type 2 diabetes. Leukocyte proportions
(B cells, CD4 T cells, CD8 T cells, granulocytes, monocytes, and NK cells) were
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estimated as previously described by
Houseman (14), using the R minﬁ package
(15). Statistical signiﬁcance for discovery
was determined by a Bonferroni-corrected
threshold (1.0 3 1027). Heterogeneity
(I2) of effect estimates was assessed to
account for differences between cohorts.
Results across the discovery cohorts were
combined in a meta-analysis by inverse
variance–weighted method in METAL,
version 2011-03-25.
The identiﬁed CpGs were replicated in
an independent panel using identical
models. Bonferroni correction for replication was 0.05 divided by the number of
discovery ﬁndings. Results of discovery
and replication panels were combined
in a meta-analysis as aforementioned.
Pearson test was used to assess the
correlation among the replicated CpGs in
the replication panel (RS).
Associations Between Statin-Related CpGs
and Glycemic Traits and Incident Type 2
Diabetes

Standardized methylation values at the
replicated CpGs as predictors of fasting
glucose, insulin, and HOMA-IR (RS [n 5
1,165]) were tested in linear mixed effects models. For exploration of reverse
causation, prevalent type 2 diabetes case
subjects and former statin users were
excluded. Logistic regression was used to
assess the association with incident
type 2 diabetes (RS, KORA, and LOLIPOP
[n 5 4,422, including 1,173 cases]). Results across cohorts were meta-analyzed
as aforementioned. The adjusting covariates included leukocyte proportions,
batch effects, sex, age, smoking status,
SBP, antihypertensive medication, CHD,
and statin use. Bonferroni correction was
applied (,0.0025). Variables with rightskewed distributions were transformed
to the natural logarithmic scale (glucose,
insulin, HOMA-IR, and HDL).
Causal Mediation Analysis

To investigate whether DNAm changes
are part of the pathway though which
statins exert their diabetogenic effect,
we explored the signiﬁcant associations
in the previous stage in a nonparametric
causal mediation analysis using the R
mediation package (16) as previously
described (17). The mediation analysis
dissects the total effect of the exposure
(statin treatment) on the outcome (glycemic traits and incident type 2 diabetes)
into the 1) indirect effect acting via
the mediator of interest (DNAm) and

Diabetes Care Volume 43, April 2020

2) direct effect acting directly or via a
mediator other than the one under
study. The mediation package compares
the effect estimates of each association
between statin use and traits in subjects with different methylation levels.
Nonparametric bootstrap with 20,000 resamples was performed. Data from the RS
were used (n 5 1,180), with exclusion of
prevalent type 2 diabetes case subjects and
former statin users. The normalized CpG
methylation b-value was modeled as mediator and the CpG-associated trait as
outcome. Supplementary Fig. 1 shows a
schematic representation. Sex, age, and
cohort were considered confounders. For
investigation of potential unmeasured confounding, the sequential ignorability assumption (no confounder assumption) was
tested in a sensitivity analysis using the
correlated residuals method (18), which
estimates the correlation that quantiﬁes
how strong the confounder would have to
be to change the conclusion.
Gene Expression-Association Analysis

For investigation of possible biological
pathways, relations between the identiﬁed CpGs and transcriptome-wide gene
expression were explored (RS) (n 5 731).
Statin-related CpGs were regressed
against methylation batch variables as
random terms; a similar approach was
applied for 21,238 transcription probes
and the expression batch variables. Next,
linear regressions between the residuals
from the CpGs regression (predictors)
and the expression probe residuals (dependent variable) were performed. The
Bonferroni correction was 0.05/number
of probes 3 number of CpGs tested.
Additionally, the signiﬁcant expression
probes in the aforementioned analysis
were tested in association with statin use
exposure (n 5 631) and as predictors
of the signiﬁcant glycemic traits in the
mediation analyses (n 5 616). Type 2
diabetes case subjects and former statin
users were excluded.
Dose Effects

In 303 current statin users from SHIPTrend and RS with available data on statin
dose, we examined the association between the replicated CpGs and the deﬁned daily dose (DDD) (WHO ATC/DDD
classiﬁcation [https://www.whocc.no/atc_
ddd_index/]), using the EWAS model. Next,
the association between gene expression
and statin dose was studied in the RS.

Confounding and Ethnicity

To investigate whether the associations of
statin use with the replicated CpGs were
independent of blood lipids, we additionally adjusted the EWAS for serum total
cholesterol or for individual blood lipids
instead (HDL, LDL, and triglycerides) in
both discovery and replication.
In an effort to rule out confounding
by indication, we restricted the EWAS
to subjects with LDL $70 mg/dL or $100
mg/dLdcutoffs used to advise statin
prescription (19,20). Further, we reran the
EWAS excluding prevalent type 2 diabetes
and prediabetes case subjects.
To account for ethnicity heterogeneity
in the discovery panel (South Asians and
Caucasians), we reran the EWAS, taking
Caucasians (n 5 4,349) for discovery and
South Asians (n 5 3,849) for replication.
Post Hoc Power Analysis

To calculate the range of power for
replication of the ﬁndings, we used the
GPower 3.1 tool (21) with six predictors
representing all discovered CpGs except for cg03467813, which was not
included due to its high heterogeneity
(I2 5 99%). CpGs’ smallest b-estimate
(0.0039 [cg10177197]) and probability
error 0.008 or the largest estimate
(0.0219 [cg17901584]) was used.
RESULTS
Association Between Statin Use and
DNA Methylation

The mean (SD) age in the discovery panel
ranged from 51.5 (13.8) years (SHIPTrend) to 62.1 (6.5) years (KORA-F4). Of
the total discovery panel, 2,969 (43.5%)
participants were women. Supplementary
Table 2A and B shows other baseline
characteristics.
In the discovery panel, seven CpGs
passed the Bonferroni threshold for signiﬁcance (P , 1.0 3 1027), being differentially methylated in current statins
users compared with noncurrent users,
of which current users had lower methylation at four CpGs, annotated to genes
DHCR24 (cg17901584, located at TSS1500),
FAM50B (cg03467813, located at the
gene body region), SC4MOL (cg05119988,
located at 59 untranslated region [59UTR])
and AHRR (cg05575921, located at gene
body). Three CpGs annotated to ABCG1
(cg06500161 and cg27243685, located at
gene body) and DHCR24 (cg10177197,
located at gene body) showed higher methylation among current users (Table 1
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and Supplementary Fig. 1). All associations
were independently replicated, except
for two CpGs annotated to AHRR and
FAM50B, which failed to reach statistical
signiﬁcance after Bonferroni correction
for replication (P , 7.14 3 1023). The
post hoc power analysis showed a power
ranging from 39% to 99% for our replication study. In the replication panel,
correlations among CpGs ranged from r 5
20.011 between cg06500161 (ABCG1)
and cg17901584 (DHCR24) to r 5 0.477
for cg06500161 and cg27243685 (both
annotated to ABCG1) (Supplementary
Table 3).
The meta-analysis across the discovery and replication panels revealed one
new CpGs at DHCR24 (cg17475467).
The heterogeneity in the associations
between statin use and the replicated
CpGs across cohorts varied from I2 5
0 for cg10177197 (DHCR24) to I2 5
74.8 for cg17901584 (DHCR24) (Table
1). Unreplicated CpGs were not further
investigated.
The sensitivity analysis using RS data
with never statin users as the reference
group (former users excluded) revealed
similar results, replicating the ﬁve CpGs
(Supplementary Table 4).
Associations of the Statin-Related
CpGs With Glycemic Traits and Type 2
Diabetes

After a Bonferroni correction (2.5 3
1023) and comprehensive assessment
of potential confounders, increase in
1 SD of methylation at cg06500161
(ABCG1) was associated with incident
type 2 diabetes (odds ratio 1.34 [95%
CI 1.22, 1.47]), fasting glucose (1.03 3 1023),
insulin (4.63 3 1028), and HOMA-IR (1.05 3
1028). Increase in 1 SD of methylation
at cg27243685 (ABCG1) was associated with incident type 2 diabetes (1.24

No signiﬁcant ﬁndings were observed
for the mediation model with outcome
glucose (Table 3). We also investigated
the potential mediation of cg27243685
on incident type 2 diabetes, with no
signiﬁcant ﬁndings. The sensitivity analysis showed that residual correlation due
to unmeasured confounding of r $ 0.2
would be needed to violate the sequential ignorability assumption.
Further mediation models were performed to account for potential confounders. In addition to age, sex, and
cohort, we further adjusted for 1) BMI, 2)
BMI and HDL, and 3) smoking status, SBP,
antihypertensive medication, and presence of CHD. Results did not materially
change with these further adjustments,
although the effect sizes attenuated
(Supplementary Tables 5–7).

[1.13, 1.38]) and approaching borderline
statistical signiﬁcance with augmented
insulin (4.62 3 1023) but not statistically signiﬁcantly associated with glucose or HOMA-IR. Increase in 1 SD of
methylation at cg17901584 was approaching borderline statistical signiﬁcance
with incident type 2 diabetes (6.2 3
1023) but was not significantly associated
with glucose, insulin, or HOMA-IR. No
signiﬁcant ﬁndings were observed for
cg05119988 (SC4MOL) or cg10177197
(DHCR24) (Table 2).

Causal Mediation

Signiﬁcant results were obtained for the
models with outcome fasting insulin and
HOMA-IR. For both cases, the analyses
showed that 1) current statin use has a
signiﬁcant overall effect of b 5 0.275
(0.190, 0.360) on insulin and b 5 0.291
(0.199, 0.380) on HOMA-IR and 2) part
of that effect goes directly or via mediator(s) other than cg06500161, called
average direct effect (ADE). We found an
ADE of b 5 0.233 (0.149, 0.320) on
insulin and b 5 0.242 (0.151, 0.330) on
HOMA-IR. 3) Another part of such effect
may operate via an indirect path (indirect effect), possibly through cg06500161
methylation, with an average causal mediator effect of b 5 0.043 (0.024, 0.060)
on insulin and b 5 0.049 (0.028, 0.070)
on HOMA-IR; 4) consequently, of the
total effect of statins on insulin and
HOMA-IR, 15.5% (0.086, 0.260) and 16.8%
(0.095, 0.270) are suggested to act via
cg06500161 methylation, respectively.
According to these results, cg06500161
methylation does not explain 100% of
the effect of statins on insulin/HOMA-IR;
thus, we may call cg06500161 methylation a partial mediator instead of a total
mediator.

Gene Expression

For exploration of potential epigenetic regulations of gene expression
by DNAm, the identiﬁed CpGs (predictors) were tested in association with
transcriptome-wide gene expression in
the RS. cg06500161 was inversely associated with two expression probes at ABCG1
(ILMN_1794782 and ILMN_2329927) after Bonferroni correction (4.71 3 1027).
An inverse association was observed for
cg27243685 and one probe (ILMN_1794782).
These results indicate a lower expression
of ABCG1 with increasing cg06500161
and cg27243685 methylation. Furthermore, cg17901584 methylation was directly associated with ABCG1 expression
(ILMN_1794782) and suggestively associated with another probe at the same
gene (ILMN_2329927). There were no
signiﬁcant ﬁndings for the other two
CpGs after Bonferroni correction (Supplementary Table 8). Moreover, exposure to
statin treatment was associated with lower

Table 1—DNAm sites associated with current statin use (compared with noncurrent use)
Discovery panela
CpG

Chr

Position

cg17901584
cg06500161
cg03467813
cg05119988
cg27243685
cg05575921
cg10177197
cg17475467

1
21
6
4
21
5
1
1

55353706
43656587
3851047
166251189
43642366
373378
55316481
55316769

Loc

Gene

Effect

SE

TSS 1500 DHCR24 20.0219 0.0021
gene body ABCG1
0.0103 0.0010
gene body FAM50B 20.0218 0.0023
59UTR
SC4MOL 20.0120 0.0017
gene body ABCG1
0.0044 0.0008
gene body
AHRR
20.0132 0.0022
gene body DHCR24
0.0039 0.0007
39UTR
DHCR24
0.0033 0.0008

Replication panelb
P

Effect

SE

Both panels combined
P

Effect

SE

P

1.12E-25 20.0143 0.0033 1.47E-5 20.0197 0.0018 6.03E-29
2.67E-23
0.0115 0.0023 3.76E-7
0.0105 0.0009 6.59E-29
2.11E-21
0.0008 0.0069 0.9073 20.0196 0.0022 2.77E-19
7.26E-12 20.0128 0.0032 7.55E-5 20.0121 0.0015 2.57E-15
6.01E-9
0.0069 0.0015 6.41E-6 20.0115 0.0021 2.52E-8
3.20E-9 20.0011 0.0056 0.8445
0.0049 0.0007 5.15E-13
3.94E-8
0.0054 0.0016 7.10E-4
0.0041 0.0006 1.65E-10
1.68E-5
0.0049 0.0013 2.11E-4
0.0037 0.0007 2.41E-8

I2Het

PHet

74.8 0.0013
52.3 0.0627
99.3 <0.001
6.3 0.3761
13.8 0.3259
73.6 0.0020
0
0.5073
0
0.4684

Model adjusted for leukocyte proportions, batch effects, sex, age, smoking status, BMI, SBP, antihypertensive medication, presence of CHDs, and
prevalent type 2 diabetes. Bonferroni correction for signiﬁcance for discovery P , 1.0E-07 and for replication P , 7.14E-03. I2 corresponds to the
heterogeneity test. Boldface type indicates statistically signiﬁcant associations. Chr, chromosome; Het, heterogeneity; Loc, location. aDiscovery panel
(n 5 6,820): cohorts KORA-F4, SHIP-Trend, ESTHER, and LOLIPOP. bReplication panel (n 5 1,450): the RS (subcohorts RS-III-1 and RS-BIOS).
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166251189

43642366
55316481

cg05119988

cg27243685
cg10177197

SE
0.004
0.003
0.003
0.003
0.003

Effect

20.006
0.010

20.003

20.002
20.001

DHCR24

ABCG1

ABCG1
DHCR24

SC4MOL

Gene

5.04E-1
8.01E-1

3.59E-1

1.03E-3

1.63E-1

P

0.041
20.015

20.004

0.076

20.023

Effect

0.014
0.015

0.015

0.014

0.019

SE

log insulina

4.62E-3
3.08E-1

7.84E21

4.63E-8

2.35E-1

P

0.039
20.016

20.007

0.086

20.029

Effect

0.016
0.016

0.016

0.015

0.021

SE

log HOMA-IRa

1.39E-2
3.18E-1

6.65E-1

1.05E-8

1.62E-1

P

0.218
0.080

20.058

0.293

20.175

Effect

0.051
0.052

0.055

0.048

0.064

SE

1.99E-5
1.2E-1

2.9E-1

9.5E-10

6.2E-3

P

1.24 (1.13, 1.38)
1.08 (0.98, 1.20)

0.94 (0.84, 1.05)

1.34 (1.22, 1.47)

0.84 (0.74, 0.95)

OR (95% CI)

Incident type 2 diabetesb

Model adjusted for leukocyte proportions, batch effects, sex, age, smoking status, SBP, antihypertensive medication, presence of CHD, statin use, and BMI. Boldface type indicates statistically signiﬁcant associations
after Bonferroni correction of P , 2.5E-03. Chr, chromosome; HOMA-IR, homeostatic model assessment insulin resistance. aSample n 5 1,165 (RS) complete case subjects, of whom 119 were current statin users.
Nonfasting samples (n 5 25), prevalent type 2 diabetes case subjects (n 5 181), and former statin users (n 5 74) were excluded from the analysis. bSample size n 5 4,422 (RS n 5 626, KORA n 5 1,134, LOLIPOP
n 5 2,659), of whom 1,173 are incident type 2 diabetes case subjects.

55353706

43656587

cg17901584

cg06500161

Position

CpG

log glucosea

Table 2—Association of DNAm of the replicated CpGs associated with statin use with glycemic traits and type 2 diabetes
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Table 3—Causal mediation analysis on the signiﬁcant associations between the statin-related CpGs (cg06500161 and
cg27243685) as mediators and glycemic traits and incident type 2 diabetes as outcomes
ACME estimate of
Proportion mediated
mediator CpG (95% CI)
ADE estimate (95% CI)
Total effect (95% CI)
by cg06500161 (95% CI)
cg06500161
log glucosea
log insulina
log HOMA-IRa
Incident type 2 diabetesb

0.006 (0.003, 0.010)
0.043 (0.024, 0.060)
0.049 (0.028, 0.070)
0.017 (20.002, 0.040)

0.009 (20.007, 0.020)
0.233 (0.149, 0.320)
0.242 (0.151, 0.330)
0.094 (0.024, 0.190)

0.015 (26.79E203, 0.030)
0.275 (0.190, 0.360)
0.291 (0.199, 0.380)
0.111 (0.033, 0.220)

0.404 (21.250, 2.600)
0.155 (0.086, 0.260)
0.168 (0.095, 0.270)
0.153 (20.029, 0.390)

cg27243685
Incident type 2 diabetesb

0.0005 (20.006, 0.010)

0.127 (0.033, 0.23)

0.128 (0.035, 0.23)

0.004 (20.053, 0.10)

Models adjusted for sex, age, and cohort. Boldface type indicates statistically signiﬁcant results for the proportion mediated by cg06500161. ACME,
average causal mediator effect. aSample n 5 1,180 (RS) complete case subjects, of whom 178 were current statin users. Nonfasting samples (n 5 25),
prevalent type 2 diabetes case subjects (n 5 181), and former statin users (n 5 74) were excluded from the analysis. bSample n 5 642 (RS) complete case
subjects, of whom 23 were incident type 2 diabetes case subjects.

ABCG1 expression (Supplementary Table
9). When ABCG1 expression was studied
as a predictor of insulin traits, we found an
inverse association between ILMN_1794782
and fasting insulin and HOMA-IR (Supplementary Table 10).
Dose Effect

Statin dose exposure was signiﬁcantly
associated with the ﬁve identiﬁed CpGs
after Bonferroni correction (P , 0.01)
(Supplementary Table 11). Exposure to
increasing statin dose was associated
nominally with lower levels of ABCG1 expression at ILMN_1794782 and suggestively with ILMN_2329927 (Supplementary
Table 12).
Sensitivity Analyses

Residual confounding and confounding
by indication were as follows: 1) additional adjustment of the EWAS for serum
total cholesterol or blood lipids HDL, LDL,
and triglycerides instead (Supplementary
Table 13); 2) exclusion of prevalent type 2
diabetes and pre–type 2 diabetes case
subjects (Supplementary Table 14); or 3)
restriction of the EWAS to participants
with LDL $70 mg/dL or $100 mg/dL
(Supplementary Table 15) did not change
the associations of the ﬁve CpGs. Further,
exclusion of type 2 diabetes case subjects
from the other analyses did not affect the
results (data not shown).
With regard to transethnic replication,
the new EWAS taking Caucasians only for
discovery and South Asians for replication showed that all ﬁve CpGs passed the
Bonferroni correction threshold (Supplementary Table 16).
CONCLUSIONS

The current study sheds light on potential
mechanisms linking statin use and type 2

risk diabetes by, ﬁrstly, identifying and
replicating associations between statin
therapy and methylation at ﬁve CpGs
(cg06500161, cg27243685, cg17901584,
cg10177197, and cg05119988) independent of blood lipids and, secondly, providing evidence on the partial mediation
via ABCG1 methylation in the effect of
statins on increased levels of insulin and
insulin resistance under the sequential
ignorability assumption.
Our results on the association between
statin use and DNAm agree with a report
from the Framingham Study, which found
epigenome-wide signiﬁcance at only two
sites (cg17901584 and cg06500161) (5).
The Framingham Study examined this
association in a smaller sample (n 5
1,545 vs. 6,820 for our discovery panel),
and contrary to our investigation, they
did not proceed with replication or examine associations among gene expression, metabolic markers, and type 2
diabetes. Moreover, our work reports
novel associations and adds to current
knowledge that statin dosage might be
implicated in the degree of methylation
and ABCG1 expression. The latter ﬁnding
goes in line with an experimental study
where macrophages treated with various
types of statins showed lower ABCG1
expression as dose increased (22).
Sites cg06500161 and cg27243685
are annotated to ABCG1, cg17901584
and cg10177197 to DHCR24, and site
cg05119988 is annotated to SC4MOL.
ABCG1 (ATP-binding cassette member-1
subfamily-G) encodes a protein that mediates the transport of different molecules, such as cholesterol efﬂux to the
HDL, oxysterols, and phospholipid transport in macrophages (23,24). It is also
involved in insulin secretion and sensitivity (25). ABCG1 expression was reduced

in statin users compared with nonusers
(26) and in patients with type 2 diabetes
(27,28). Genes DHCR24 (24-dehydrocholesterol reductase) and SC4MOL (sterolC4-methyl oxidase-like) code enzymes
catalyzing different steps during cholesterol biosynthesis. DHCR24 mutations are
related to desmosterolosis (29,30) and
Alzheimer disease (31). Deﬁciency of the
protein coded by SC4MOL produces congenital cataracts, microcephaly, growth
delay, skin conditions, and immune dysfunction (32). An observational study
found that DHCR24 and SC4MOL were
upregulated among statin users (26),
while SC4MOL upregulation increased
type 2 diabetes risk (27,28).
Methylation at four of the identiﬁed CpGs (cg06500161, cg27243685,
cg17901584, and cg05119988) was previously associated with glycemic traits,
type 2 diabetes, and blood lipids, while
cg06500161 (ABCG1) was associated
with increased glucose, insulin, HbA1c,
HDL, and triglyceride levels (33–35). Our
causal mediation analyses provided evidence of cg06500161 methylation partially mediating the association between
statin use and higher fasting insulin
and HOMA-IR. However, given the crosssectional nature of these analyses, our results must be interpreted with caution.
Since the mediator was measured at the
same time as the outcome, reverse causation cannot be completely ruled out.
However, in an effort to overcome this
issue, we excluded type 2 diabetes case
subjects.Themediationeffectobservedmay
be the result of more complex interactions of combined effects across the
epigenome. Moreover, the lack of signiﬁcant ﬁndings in mediation by the
other CpG at ABCG1 (cg27243685) could
reﬂect a power issue. Hence, future
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studies shall explore how the CpGs within
the same gene interact and mediate the
effects.
Based on our ﬁndings and the available
evidence, we hypothesize that cg06500161
hypermethylation may be a consequence
of statin use, possibly inducing a decrease in
ABCG1 transcription in blood. Further research is needed to investigate to what
extent this downregulation could in turn
compromise downstream signals, resulting
in impaired insulin metabolism. In this line,
impaired insulin sensitivity and secretion
as a consequence of statin treatment were
recently observed in a longitudinal study
(36). Furthermore, a functional study suggested an epigenetic regulation of ABCG1
mediated by methylation-dependent
transcription factor binding (37). Our hypothesized model is displayed in Fig. 2.
Nevertheless, further investigations should
test this hypothesis and assess the effect of
statins in target tissues and to what extent
these ﬁndings are generalizable to populations with ethnic backgrounds other than
Caucasians and South Asians.
We highlight the large sample size
with DNAm data in our study, the use of
a replication panel, and the comprehensive
assessment of confounding factors. Addition of complementary data like gene expression, transethnic replication, and use
of a causal inference method as mediation
analysis also add value to our research.

Figure 2—Scheme of the hypothesized mechanism linking statin therapy and risk of type 2
diabetes. The solid black arrow represents
the effect of statins on plasmatic insulin and
HOMA-IR levels that operates directly or
through a pathway different from the mediator analyzed in the current study (methylation at cg06500161). The dotted black
arrows represent the suggested alternative
pathway, where an indirect effect of statins
on insulin and HOMA-IR is mediated by
cg06500161 methylation. The black thin arrows indicate decreased or increased level
of the parameter; in this ﬁgure they are
representing decrease in gene expression
of ABCG1 and increase in serum levels of
fasting insulin and HOMA-IR.
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One limitation is the lack of data on
DNAm and gene expression from speciﬁc
tissues of interest for type 2 diabetes and
drug metabolism (pancreas, liver, adipose tissue), as both DNAm and gene
expression may be tissue speciﬁc (38).
Instead, we used whole peripheral blood,
allowing for cell mixture. Consequently,
we included adjustments for estimated
blood leukocytes proportions.
Most cohorts had limited information
on former statin users; thus, it is likely
that they were included in the reference
group. However, the replication panel
showed that the same results are valid
for the group of current statin users only,
although we had limited numbers to
investigate such associations. Furthermore, it was not possible to explore
potential effects of cessation time or
treatment duration on DNAm. A Mendelian randomization approach based
on genetic instrumental variables to
explore a potential causal effect of
statins on DNAm was not possible due
to the lack of adequate genetic variants
that may mimic the randomization of
the hypothesized adverse effect of
statins on type 2 diabetes risk. The use
of variants at the gene encoding 3-hydroxy3-methylglutaryl CoA reductase (39), statins’ target protein, would mimic the
main effect of statins, rather than an
alternative pathway leading to the hypothesized effect. Moreover, these variants were associated with LDL (39),
reﬂecting cholesterol metabolism. This
violates the Mendelian randomization assumption that the instrumental variable is
associated with the outcome only through
the exposure, since high cholesterol is a
risk factor for type 2 diabetes.
All cohorts used Illumina 450K array to
measure DNAm, except one, which used
Illumina EPIC array (n 5 247). Despite
differences between the two, EPIC array
covers ;90% of the same sites on the
450K chip; both use the same technology
and showed overall per-sample correlations of r . 0.99 (40), thus encouraging
the application of combined data. Moreover, cohorts used different methods to
diagnose type 2 diabetes, which might
introduce error measurement.
The heterogeneity observed in the
meta-analysis for some of the CpGs
might be a consequence of differences
in statin use prevalence (ranged from
9.2% to 18.1%) and types and dose of
statin used across cohorts. Additionally,

differences in ethnicity could have inﬂuenced heterogeneity (the association of
statin use and cg06500161 in the overall
meta-analysis showed I2 5 52.30, while I2 5
5.20 across Caucasians only), as could different methods applied to collect data on
medication and disease (pharmacy and general practitioner records or self-report).
Finally, some analyses were performed
using data from the replication panel
only, which may introduce a type II error.
Conclusion

We identiﬁed and replicated ﬁve DNAm
sites associated with statin therapy, of
which cg06500161 may be partially mediating the effect of statins on increasing
insulin levels and HOMA-IR. This could be
one potential mechanism linking statin
therapy and type 2 diabetes onset observed in clinical trials and observational
studies. Nevertheless, other biological
pathways should not be discarded. From
our study, it is not clear what might be the
mechanism by which statins may induce
DNAm changes; this shall be a challenge
for future research.
Meanwhile, close monitoring of risk
factors for type 2 diabetes in these patients is imperative to prevent further
complications.
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