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ARTICLE INFO ABSTRACT

Keywords: Aims: Despite metformin being used as first-line pharmacological therapy for type 2 diabetes, its underlying

Ep%genﬂic.s mechanisms remain unclear. We aimed to determine whether metformin altered DNA methylation in newly-

Eﬁlgenomlcs. ) diagnosed individuals with type 2 diabetes.

Eh:lr:acoeplgenencs Methods and Results: We found that metformin therapy is associated with altered methylation of 26 sites in blood

Gl Py from Scandinavian discovery and replication cohorts (FDR < 0.05), using MethylationEPIC arrays. The majority
ycemia . . . . N

Mechanism (88%) of these 26 sites were hypermethylated in patients taking metformin for ~ 3 months compared to controls,

EWAS who had diabetes but had not taken any diabetes medication. Two of these blood-based methylation markers
mirrored the epigenetic pattern in muscle and adipose tissue (FDR < 0.05). Four type 2 diabetes-associated SNPs
were annotated to genes with differential methylation between metformin cases and controls, e.g., GRBI0,
RPTOR, SLC22A18AS and TH2LCRR. Methylation correlated with expression in human islets for two of these
genes. Three metformin-associated methylation sites (PKNOX2, WDTCI and MICB) partially mediate effects of
metformin on follow-up HbAlc levels. When combining methylation of these three sites into a score, which was
used in a causal mediation analysis, methylation was suggested to mediate up to 32% of metformin’s effects on
HbAlc.

Conclusion: Metformin-associated alterations in DNA methylation partially mediates metformin’s antidiabetic
effects on HbAlc in newly-diagnosed individuals with type 2 diabetes.

1. Introduction

Metformin is globally used as first-line pharmacotherapy for type 2
diabetes. The main effects of metformin are considered to be decreased
hepatic gluconeogenesis and increased glucose uptake in peripheral
tissues through activation of AMP-activated protein kinase (AMPK) [1].
However, its mechanisms are more complex and certain effects of met-
formin may be independent of AMPK. To ensure an optimal use of
metformin, it is essential to ascertain its underlying mechanisms.
Interestingly, metformin may act through epigenetic mechanisms [2].
For example, we previously found decreased methylation of genes
encoding the metformin transporters OCT1, OCT3, and MATEI] in liver
from 20 individuals with type 2 diabetes taking metformin [3].

Additionally, short-term metformin administration in 12 healthy par-
ticipants altered methylation in blood [4], and differentially methylated
regions were found in blood of 12 long-term metformin-treated in-
dividuals with type 2 diabetes compared to 12 drug-naive type 2 dia-
betes individuals [5]. Moreover, metformin increased the level of the
methyl donor SAM [6] and altered the activity of several epigenetic
enzymes, including DNA methyltransferases (DNMT), which may
thereby affect DNA methylation levels [7,8]. Although these data sug-
gest that metformin could act through epigenetic mechanisms in
humans, previous studies were of limited sample size, lack replication
and did not test if metformin’s function on clinical outcomes could be
mediated through DNA methylation.

Our aim was therefore to first explore whether metformin therapy
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affects the genome-wide methylation pattern in blood from a discovery
and a replication cohort including a total of 322 newly-diagnosed in-
dividuals with type 2 diabetes, of whom 92 were cases who had been
taking metformin for ~ 3 months and 230 were controls who had not
been taking any diabetes medication. We further performed a causal
mediation analysis to test if methylation could mediate the effect of
metformin on glycated haemoglobin (HbAlc) levels.

2. Material and Methods
2.1. Study populations

Newly-diagnosed individuals with type 2 diabetes from two pro-
spective cohorts, ANDIS discovery cohort (n = 171) and ANDiU repli-
cation cohort (n = 151), and with DNA methylation data available, were
included to investigate the effects of metformin on genome-wide
methylation in blood (Fig. 1). Individuals with type 2 diabetes were
diagnosed by clinical examination including blood glucose levels,
HbAlc measurements, c-peptide values, and GADA antibodies to
exclude subjects with type 1 diabetes and latent autoimmune diabetes in
adults (LADA).

Participants in the discovery cohort were selected from the ANDIS
(All New Diabetics in Scania) project (http://andis.ludc.med.lu.se), a
prospective cohort aiming at registering all new diabetics within the
Scania region [9]. This register intends to provide a better understand-
ing of the heterogeneity of diabetes to ameliorate its diagnosis and
treatment. At registration, patients filled out a questionnaire and blood
samples were taken. Information on patients’ medication is gathered
from the drug registry recording when patients collect their medication
from the pharmacy. Written consent was obtained from all participants
within the ANDIS study and it adheres to the Declaration of Helsinki.
The research protocol was approved by the Regional Ethical Review
Board in Lund (numbers 584,/2006, 2011/354, 2014/198).

To replicate our findings, an independent cohort was obtained from

ANDIS cohort

497 people with DNA methylation
data available

Exclusion criteria
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the ANDiU (All New Diabetics in Uppsala) study (https://www.andiu.
se/) [9]. Anyone who was diagnosed with diabetes according to the
WHO classification and resides in the County of Uppsala, Sweden, was
eligible to participate. Within twelve months after diagnosed with dia-
betes each patient was provided with written information and asked for
a written consent to participate in the study. Then blood tests (fasting
plasma glucose, HbAlc, GADA antibodies, c-peptide, sample for geno-
typing and for biobanking) were given at the local primary health care
center. The diabetes nurse completed the online questionnaire together
with the patient. Follow-up was by automatic synchronization to the
National Diabetes Registry. The design of ANDiU has been granted
acceptance by the Swedish Data Inspection Board and by the Regional
Ethical Review Board in Uppsala (2011/155). Written consent was ob-
tained from all participants within the ANDiU study and it adheres to the
Declaration of Helsinki.

A statistical power of 88% and 89% (a = 0.05) was achieved to find
1% differences in methylation (SD = 2) between cases and controls in
the ANDIS and ANDiU cohort, respectively, using the pwr package in R
(Fig. A.1).

2.2. Study design

Subjects were considered metformin positive cases if they were on
metformin for > 7 days before their DNA samples were taken. Controls
were randomly selected and matched to cases for HbAlc levels, age and
BMI at inclusion to a ratio of 1:3 for the discovery and 1:2 for the
replication cohort. Patients with HbAlc levels > 13.1% (120 mmol/mol)
at inclusion, patients with missing phenotype information, patients on
other diabetes medication or on metformin for 1-6 days were excluded
from this study (Fig. 1). Patient characteristics are presented in Table 1
and no differences in any of the studied variables were observed at in-
clusion between cases and controls. Written consent was obtained from
all participants following ethical guidelines.

ANDIU cohort

208 people with DNA methylation
data available

- HbA1c at inclusion > 120 mmol/L
- Patients with missing phenotypes
- Patients on other diabetes medication or on metformin 1-7 days

214 people fulfilling inclusion criteria

Cases (n=43) Controls (n=128)

*controls were randomly selected and matched to cases
for age, HbA1lc at inclusion and BMI (ratio 1:3)

174 people fulfilling inclusion criteria

Cases (n=49) Controls (n=102)

*controls were randomly selected and matched to cases
for age, HbA1c at inclusion and BMI (ratio 1:2)

Identifying and validating methylation sites associated with metformin therapy
- Epigenome-wide association analysis using the MethylationEPIC array in the ANDIS discovery cohort

- Multiple linear models: methylation ~ metformin therapy + age + sex + Hba1c at inclusion + BMI + cell counts

- Validation in the ANDIU replication cohort using the same technique and statistical model

Examine if methylation of sites associated with metformin therapy may partially mediate the effect of metformin on follow-up HbA1c

- Association of methylation of sites (mediator) with both metformin therapy (exposure) and follow-up HbA1c (outcome)

- Causal mediation analysis to test if methylation may partially mediate the effect of metformin on follow-up HbA1c in

the combined ANDIS and ANDiU cohorts

Fig. 1. Diagram of the study design including selection of participants and analyses. We included 171 and 151 individuals from the ANDIS discovery and
ANDIU replication cohorts respectively, with available DNA methylation data, fulfilling the inclusion criteria, and controls were randomly selected and matched to
cases for age, HbAlc at inclusion and BMI. The analyses in this study can be divided into two steps: 1) Identifying and validating methylation markers associated with
metformin therapy by epigenome-wide analyses in discovery and replication cohorts; 2) Examine if methylation markers identified and validated in step 1 may
partially mediate the effect of metformin on follow-up HbA1lc levels by performing causal mediation statistical analyses in the combined ANDIS and ANDiU cohorts.
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Table 1

Baseline clinical characteristics of metformin positive cases and diabetes drug naive controls.

ANDIU replication cohort (n = 151)

ANDIS discovery cohort (n = 171)

Cases (n = 49)

Controls (n = 102)

Cases (n = 43)

Controls (n = 128)

96.0 (85.4)
7-376

55

27

71.51 (93.4)

8-517
46.5
20

mean (SD)
min-max
male (%)
male (n)

Time on metformin therapy (days)

0.484

49

0.751

42.2

Sex

50
63.02 (9.48)

40-83

0.147

59.82 (12.22)

33-85

0.334

61.93 (10.05)

43-81

60.14 (10.94)

38-85

mean (SD)
min-max
mean (SD)
min-max
mean (SD)
min-max
Yes (%)

Age (years)

0.415

32.14 (4.84)

21-41

31.65 (5.66)

20 - 48
7.3 % (56.09 mmol/mol, SD 17.02)

0.936

31.64 (6.33)

31.25 (5.26)

BMI (kg/m2)

18.56 — 49.45

20.38 — 48.43

0.417

7.3 % (56.37 mmol/mol, SD 16.79)

30-115
55.1

0.563

8.1 % (64.86 mmol/mol, SD 17.10) 8.2 % (65.63 mmol/mol, SD 18.88)
34-114
48.8

41-116
54.7

HbA1lc (% and mmol/mol) at inclusion

30-118

45.1

0.249

0.625

Antihypertensives

27

46

70

Yes (n)
Yes (%)
Yes (n)

36.7 0.090

18

23.5
24

37.2 0.118

16

23.4
30

Lipid lowering drugs

Phenotypes were measured in individuals with newly-diagnosed diabetes from the ANDIS (All New Diabetics in Scania) study and the ANDiU (All New Diabetics in Uppsala) study. P-values were calculated with Mann-

Whitney U test for continuous variables and Pearson’s chi-square test for binary variables. p < 0.05 was considered significant. Cases and controls were matched for the relevant phenotypes (age, bmi and hbalc) to

minimise confounding in the analysis.
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2.3. Phenotypes measurements

Information regarding the patients’ age, sex and BMI, were regis-
tered at the same time point as blood samples for DNA methylation
analysis were taken. Standard protocols were used to measure height
and weight and calculate BMI (kg/m?). Information regarding diabetes
medication, lipid lowering drugs and antihypertensive drugs were ob-
tained from the drug registry linked to ANDIS and ANDiU. Patients on
another diabetes medication were excluded from the study, as well as
patients who had picked up metformin < 7 days before blood samples
for DNA methylation analysis were taken. HbAlc was measured using
Variant II Turbo HbAlc Kit 2.0 (Bio-Rad Laboratories, Copenhagen,
Denmark). Basal HbAlc levels included in Table 1 were analysed before
or at the same time point as blood samples for DNA methylation anal-
ysis, while follow-up HbAlc levels, used for the causal mediation
analysis, were measured at the same time as methylation data was
generated or afterwards. For cases taking metformin, the follow-up
HbAlc was always measured after at least 3 months on metformin
monotherapy to give metformin enough time to reduce HbAlc. While,
for controls who were not on any diabetes medication, the follow-up
HbAlc could be analysed at the same time point as blood samples for
DNA methylation analysis or shortly later.

Regarding the analyses of response to metformin treatment in the
ANDIS discovery cohort, the glycaemic response of the participants was
based on the change in HbA1lc levels after ~ 1-1.5 years of metformin
monotherapy. It should be noted that most of the 128 individuals in the
metformin control group of the ANDIS discovery cohort (Table 1)
started metformin therapy after blood samples for analysis of DNA
methylation were taken, and they were therefore also included in this
analysis. We used EASD and ADA guidelines for definition of glycaemic
response, along with the criteria presented in our previous study on
metformin response [9]. Hence, glycaemic responders were those who
had a HbAlc < 6.5-7% (<48-53 mmol/mol) and reduction in HbAlc >
1% after ~ 1-1.5 years therapy, while non-responders were those who
had a HbAlc > 6.5-7 % (>48-53 mmol/mol) and reduction in HbAlc <
1% after ~ 1-1.5 years therapy. Based on these criteria, among the 43
metformin cases in the ANDIS discovery cohort, 10 were glycaemic
responders and 5 non-responders, while among the 128 metformin
controls, 31 were glycaemic responders and 13 non-responders. These
responders and non-responders were on metformin monotherapy dur-
ing ~ 1-1.5 years without starting any other diabetes medication.

2.4. Genome-wide DNA methylation analysis in whole blood

Blood samples for the analysis of DNA methylation were taken at
registration. The Gentra Puregene Blood kit (Qiagen, Hilden, Germany)
was used to extract the DNA according to the manufacturer’s in-
structions. Nucleic acid concentration and purity were determined
using the NanoDrop 1000 spectrophotometer (NanoDrop Technolo-
gies). The genome-wide DNA methylation analysis was carried out at
the SCIBLU genomics centre and at Lund University Diabetes Centre.
DNA methylation in whole blood samples was analysed in type 2 dia-
betes metformin-positive cases and metformin-negative controls with
the Illumina MethylationEPIC BeadChip microarray (Illumina, Inc., San
Diego, CA, USA) covering a total of 853,307 CpG sites. 500-1000 ng of
genomic DNA was bisulfite treated using the EZ DNA methylation kit
(Zymo Research, Orange, CA, USA). DNA samples were then rando-
mised across chips and DNA was amplified, fragmented, and hybridised
to the BeadChips following the Infinium HD assay methylation protocol
(Illumina). The BeadChips’ images were acquired using the Illumina
iScan after single base extension and staining. Raw methylation score
for each DNA methylation site was obtained from GenomeStudio
methylation module software (Illumina). 8-values for these methylation
scores were calculated with the following equation: p-value = intensity
of the Methylated allele (M) / (intensity of the Unmethylated allele (U)
+ intensity of the Methylated allele (M) + 100), ranging from
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0 (completely unmethylated) to 1 (completely methylated). Samples
with a high bisulfite conversion efficiency (intensity signal > 4,000)
were subsequently included in further analyses after passing the
GenomeStudio (Illumina) quality control steps using built-in control
probes for staining, hybridisation, extension and specificity. Raw
methylation data was exported from GenomeStudio and analysed with
Bioconductor. We filtered away rs-probes, cross-reactive probes and
polymorphic probes based on annotation from McCartney et al. [10], Y
chromosome and non-CpG probes, as well as individual probes based on
mean detection p-values > 0.01. In order to remove heteroscedasticity in
further analyses, 3-values were converted into M—values [11]. ComBat
was used to correct for batch effect [12]. Since whole blood contains
multiple cell types, we also used the reference-free Houseman method
[13] in some models to correct for potential effects of cellular hetero-
geneity. In order to easier interpret the data, M—values were recon-
verted into B-values using the equation: M = log, B-value/(1 — B-value),
which were then used for the data description and creating tables and
figures.

DNA methylation data are deposited at the LUDC repository (http
s://www.ludc.lu.se/resources/repository) under the following acces-
sion numbers: LUDC2023.02.1 (ANDIS discovery cohort), and
LUDC2023.02.2 (ANDiU replication cohort), and are available upon
request.

2.5. DNA methylation in other tissues

The Monozygotic Twin cohort [14] was used to assess if metformin-
associated methylation in blood mirror methylation in key tissues for
type 2 diabetes, i.e. adipose tissue (n = 28) and skeletal muscle (n = 36),
and to correlate methylation with expression for these two tissues. In
this cohort including monozygotic twin pairs discordant for type 2
diabetes, methylation from the Illumina 450 K is available for the three
cell-types from the same individual (blood, adipose tissue, muscle),
while expression data is only available from adipose tissue and muscle.
Methylation data were extracted if the methylation sites significantly
associated with metformin therapy were also covered by the 450 K
array. In total 12 out of 26 methylation markers were available in the
450 K array. Moreover, we correlated DNA methylation of these 12 sites
with expression data of annotated genes available in the GeneChip
Human Gene 1.0 ST arrays (Affymetrix, Santa Clara, CA), using Pearson
correlations and the data from skeletal muscle and adipose tissue of the
twins. Additional information of this cohort is published elsewhere
[9,14,15].

We also assessed whether DNA methylation of the metformin-
associated sites correlated with gene expression in human pancreatic
islets [16]. Here, we included 102 donors not diagnosed with diabetes
(34% females, age = 59 + 10.8, BMI = 26.2 + 3.9) with available DNA
methylation (MethylationEPIC array) and gene expression data (RNA-
Seq on a HiSeq 2000 or NextSeq 500) (Illumina).

2.6. Causal mediation analysis

A causal mediation analysis was performed to study if metformin-
associated alterations in methylation could be a potential mechanism
through which metformin may partially act to achieve its antidiabetic
effect. This analysis requires that the exposure (in our case metformin
treatment including cases and controls) has a significant effect on the
outcome (in our case follow-up HbAlc measured at the same as
methylation or afterwards) and then it tests if methylation of sites
significantly associated with metformin treatment may partially
mediate the effect of metformin on HbAlc. Subsequently, both metfor-
min naive controls and cases need to be included in the causal mediation
analysis. Overall, mediation helps to find out how metformin treatment
might influence HbA1c levels. Follow-up HbA1lc levels were measured at
the same time as methylation data or afterwards. Controls have a mean
follow-up HbAlc of 7.7% (61 mmol/mol, SD 17.6). For cases, the mean
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follow-up HbAlc was 6.8% (51 mmol/mol, SD 9.8) and it was always
measured after at least 3 months on metformin monotherapy to give
metformin enough time to reduce HbAlc. For this analysis, the ANDIS
and ANDiU cohorts were combined (n = 310), and some cases were
excluded (n = 12) because they did not have available follow-up HbAlc
levels that fulfil the requirements. Age, sex, BMI and cohort were
included as confounders. The required sample size to detect the medi-
ated effect with 0.8 statistical power was calculated using information
from Fritz and MacKinnon’s tables [17]. Using the standardized co-
efficients obtained from the linear models in the causal mediation
analysis and looking at the percentile bootstrap approach, 126 partici-
pants are needed to reach 80% power. Since the number of participants
is higher for this analysis (n = 310), the statistical power needed to reach
this aim is guaranteed.

This analysis was performed in R using the R mediation package [18]
which runs a nonparametric bootstrap using the default settings. For a
variable to be considered a mediator, it needs to be associated with both
the exposure (in our case, metformin therapy) and the outcome (in our
case, follow-up HbA1c levels). Therefore, this analysis was done only for
the four methylation sites found to be associated with both metformin
and follow-up HbAlc levels (q < 0.05) in a previous step. We also tested
whether a methylation score, including the three methylation sites
found to be significant partial mediators, could better mediate the as-
sociation between metformin and follow-up HbA1c levels. The score was
calculated as the sum of the standardized methylation values for each of
the included methylation sites, and this was multiplied by the B-coeffi-
cient for the respective site in the discovery cohort [9,15]. This
methylation score was calculated to test if when combining the three
methylation sites, independently of genomic location, results in a
stronger mediator effect than assessing one by one, which is a similar
concept to the widely known genetic risk scores.

2.7. Statistical analyses

Multiple linear regression models were applied to assess associations
between DNA methylation and metformin therapy. The models were
adjusted for sex, age, BMI and HbAlc levels at inclusion to minimise
confounding effects. We further adjusted the analysis for cell composi-
tion using the reference-free Houseman method in both cohorts. In all
regression analyses, methylation levels were the dependent outcome
and metformin therapy the independent variable. False Discovery Rate
(FDR) below 5% (q < 0.05) based on Benjamini-Hochberg was applied.
Moreover, Pearson analyses were performed to assess the correlations
between methylation in blood and methylation in other tissues, and
between methylation and expression of the respective annotated gene in
these other tissues (q < 0.05).

The ANDIS discovery and ANDiU replication cohorts were combined
for following downstream analyses. Linear regression models to assess
the association between methylation sites and follow-up HbAlc were
adjusted for age, sex, BMI and cohort, and q < 0.05 was applied. Causal
mediation analyses were run using the R mediation package including
age, sex, BMI and cohort as confounders.

3. Results

To assess the effects of metformin therapy on DNA methylation in
blood, we conducted two separate analyses in the ANDIS discovery
cohort (n = 171, Table 1). The first linear model, adjusted for sex, age,
BMI and HbA1c at inclusion, resulted in 7,957 differentially methylated
sites (q < 0.05) between metformin positive cases and controls (Fig. 2A).
The second linear model, also including the reference-free Houseman
method to adjust for cell composition, resulted in 24,857 differentially
methylated sites (q < 0.05) between cases and controls. 5,371 methyl-
ation sites were found in both of these analyses. To capture robust dif-
ferences in methylation between cases and controls, we considered
methylation of these overlapping 5,371 sites to be affected by metformin
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Fig. 2. Methylation markers associated with metformin therapy in newly-diagnosed individuals with type 2 diabetes. (A) Volcano plot showing the effect
size (comparing controls versus metformin positive cases) and significance level of all methylation sites analyzed with the Illumina MethylationEPIC BeadChip
microarray (~850,000 sites) in the ANDIS discovery cohort (n = 171). The significance cut off indicated with a dotted line is FDR < 5%. In the plot, 7,957 sites were
found to be significant between metformin cases and controls in the linear model adjusted for sex, age, BMI and HbAlc. Highlighted in dark blue are the 26
methylation sites replicated in the ANDiU replication cohort, and among these ones three sites are highlighted in red which are found to mediate the effect of
metformin on follow-up HbA1lc levels. (B) Methylation in blood of 2 out of 26 sites associated with metformin therapy (12 sites were available in the Illumina 450 K
array used for this data) mirror methylation in target tissues of type 2 diabetes, i.e. adipose tissue and skeletal muscle, after correcting for multiple testing (q < 0.05).
(C) Causal mediation analysis was performed in the combined ANDIS and ANDiU to assess the role of methylation as a mediator of the effect of metformin on follow-
up HbA1lc levels. In the scheme, the solid black arrow shows the effect of metformin therapy on follow-up HbAlc levels that operate directly or through a pathway
different from methylation (ADE) which is 68%. The dotted black arrows show a suggested alternative pathway, where an indirect effect (ACME) of metformin
therapy on HbA1lc levels is mediated by DNA methylation representing 32% of the total effect. (D) Three methylation sites partially mediated the association of
metformin and HbAlc, and when combining these sites into a score, 32% of the effect of metformin on HbAlc could be explained by DNA methylation. Causal

mediation analyses were adjusted for age, sex, BMI and cohort.

therapy independently of cell composition in the ANDIS discovery
cohort (Table A.1). We then validated these sites in an independent
cohort, showing that 26 methylation markers were associated with
metformin therapy (q < 0.05) also in the ANDIiU replication cohort (n =
151) after adjusting for the same confounders and cell composition
(Table 2). We next performed additional models in which we further
adjusted for other potential confounders, i.e., lipid-lowering medication,
antihypertensives or time from diabetes diagnosis, and then methylation
of all 26 sites was associated with metformin therapy in the ANDIS and
ANDiU cohorts, with P = 3.35 x 10 - 5.85x10% (Table A.2). Moreover,
the methylation levels of the 26 sites were not associated with time on
metformin treatment among the cases (q > 0.05, Table A.3).

The majority (88%) of the 26 sites were hypermethylated in cases
taking metformin compared to the controls, and 20 of them were an-
notated to gene regions. Notably, SNPs annotated to four of these 20
genes with differential methylation after metformin therapy, GRB10,
RPTOR, SLC22A18AS and TH2LCRR, have been associated with type 2
diabetes in previous genome-wide association studies (GWAS catalogue,

accessed 13/09/2022, Table A.4). We further tested if methylation of
the metformin-associated sites correlates with gene expression in human
pancreatic islets, skeletal muscle, and adipose tissue [14,16]. Interest-
ingly, expression of SLC22A18, SLC22A18AS, OLFM1 and GRBI10
correlated with methylation of respective metformin-associated site in
human pancreatic islets, while expression of TPCN1 correlated nomi-
nally with methylation in muscle (Table A.5), implying a biological
function of these methylation sites also in other tissues.

Moreover, blood-based methylation for two of these 26 sites,
¢g09320595 annotated to MICB (r = 0.522, ¢ = 0.013) and cg20246548
annotated to SLC35B3 (r = 0.631, g = 0.004), correlated positively with
methylation in skeletal muscle and adipose tissue (Fig. 2B), respectively,
suggesting that these sites may play a role also in muscle and adipose
tissue.

We then examined whether methylation of any of the validated 26
metformin-associated sites also correlated with follow-up HbAlc levels,
which were analysed at the same time as DNA methylation analyses or
afterwards, i.e., after > 3 months of metformin therapy for the cases, in



Table 2

Validated DNA methylation sites associated with metformin therapy in newly-diagnosed individuals with type 2 diabetes from both the ANDIS discovery (n = 171) and ANDiU replication (n = 151) cohorts, including cases
on metformin monotherapy for > 7 days and controls who had not taken any diabetes medication.

ANDIS (n = 171)

ANDiU (n = 151)

Target Gene Gene region  CpG B- SEM p- value g-value Cases Controls Difference p- q- Cases Controls Difference p- q- p- value
D island coeff from linear from linear case value value' case value value' from linear
Mean SD Mean SD Mean SD Mean SD
group model model -control -control * model
adjusted adjusted adjusted
for sex, for sex, for sex,
age, BMI age, BMI age, BMI
and HbAlc and HbAlc and HbAlc
cg00292857  RNF139 TSS200 Island -0.118 0.032 3.37E-04 4.34E-02 4.66 0.6 431 05 0.35 3.23E- 2.29E- 4.65 0.85 4.20 0.73 0.45 1.31E- 1.16E- 7.26E-04
04 02 05 02
cg04176235  PTK2B 5'UTR open_sea -0.239 0.063 2.08E-04 3.66E-02 92.84 1.34 91.6 195 1.24 4.55E- 8.57E- 91.06 1.82 90.05 2.28 1.01 1.76E- 3.29E- 5.87E-03
07 04 04 02
cg04223026  GRBI10 Body;5'UTR opensea -0.138 0.035 1.03E-04 2.82E-02 54.16 3.42 52.03 3.59 2.13 3.04E- 2.23E- 58.01 4.35 56.04 3.62 1.96 1.31E- 2.93E- 6.65E-03
04 02 04 02
cg04656692  MRGPRG; 1stExon;Body Island -0.144 0.039 2.66E-04 4.00E-02 64.63 3.19 62.53 3.92 2.1 9.23E- 3.88E- 68.90 3.77 66.24 4.19 2.66 3.01E- 4.14E- 7.95E-05
Cllorf36 04 02 04 02
cg04986290  MMP2 S5UTR; S_Shore -0.208 0.058 3.95E-04 4.62E-02 89.54 2.64 883 237 1.24 7.66E- 3.55E- 88.64 1.99 86.91 282 1.72 4.44E- 4.88E- 1.11E-04
TSS1500;Body 04 02 04 02
¢g05929100 intergenic opensea 0.284 0.067 3.32E-05 1.96E-02 12.12 3.64 14.65 4.46 -2.53 3.32E- 2.33E- 11.15 2.70 12.10 3.51 -0.95 2.17E- 3.59E- 9.75E-03
04 02 04 02
cg07018107  MIR1208 Body opensea -0.215 0.053 7.45E-05 2.52E-02 71.13 4.49 67.98 5.06 3.15 2.27E- 6.09E- 7498 4.16 71.55 6.25 3.43 4.23E- 1.85E- 5.98E-04
05 03 05 02
cg08915125 intergenic open_sea -0.188 0.049 1.78E-04 3.44E-02 87.42 2.6 86.09 224 1.33 2.64E- 6.60E- 84.10 2.10 82.44 2.68 1.66 1.34E- 1.17E- 3.29E-04
05 03 05 02
cg09198782  SLC22A18AS; 5UTR; N_Shore -0.168 0.041 6.04E-05 2.35E-02 83.99 2.06 8239 241 1.6 6.35E- 3.22E- 85.13 2.15 83.76 2.34 1.37 1.92E- 1.36E- 3.81E-04
SLC22A18 TSS1500 04 02 05 02
¢g09320595  MICB 3UTR opensea 0.191 0.048 9.65E-05 2.78E-02 90.54 1.68 91.61 1.41 -1.07 2.62E- 6.57E- 87.09 3.00 88.33 2.53 -1.24 8.86E- 2.50E- 1.97E-03
05 03 05 02
cg10495402 CHD6 Body opensea -0.274 0.065 3.81E-05 2.04E-02 89.39 3.06 87.61 2.55 1.78 6.80E- 1.08E- 84.44 3.64 8250 290 1.93 5.06E- 1.98E- 2.39E-04
07 03 05 02
cgl2174736  TH2LCRR TSS200;Body  Island -0.271 0.072 2.19E-04 3.72E-02 53.32 8.44 48.72 6.67 4.6 5.39E- 9.47E- 57.74 6.21 55.16 6.40 2.58 2.68E- 1.54E- 3.28E-03
05 03 05 02
cg12914100 TPCN1 3'UTR open_sea -0.193 0.039 2.06E-06 7.26E-03 81.23 2.46 79.23 2.63 2 1.45E- 1.62E- 81.95 2.49 80.35 2.46 1.60 5.28E- 2.02E- 3.20E-04
06 03 05 02
cgl3151474  PKNOX2 Body opensea -0.192 0.049 1.21E-04 2.98E-02 67.33 4.36 64.34 4.25 2.99 1.40E- 1.52E- 70.01 4.32 68.29 4.50 1.72 3.14E- 4.23E- 4.80E-03
04 02 04 02
cgl3572380  KCNN3 Body opensea -0.175 0.044 1.14E-04 2.93E-02 76.7 3.19 7472 3.57 1.98 2.04E- 1.84E- 79.09 296 77.80 3.33 1.29 6.16E- 2.16E- 4.80E-02
04 02 05 02
cg15665653 WDTC1 5'UTR;1stExon Island -0.212 0.046 8.02E-06 1.15E-02 17.54 2.39 15.65 2.52 1.89 1.32E- 4.65E- 13.91 230 13.01 2.60 0.91 1.14E- 2.77E- 8.05E-03
05 03 04 02
cg15904623  FLNC Body opensea -0.222 0.058 1.83E-04 3.49E-02 94.79 1 93.95 1.35 0.84 1.29E- 4.60E- 93.78 0.95 93.00 1.46 0.78 2.50E- 1.50E- 1.73E-03
03 02 05 02
cgl6027745  OLFM1 Body N_Shelf -0.328 0.087 2.19E-04 3.73E-02 83.05 4.99 79.69 5.67 3.36 2.46E- 2.01E- 84.22 4.04 80.80 4.88 3.42 7.60E- 1.41E- 2.61E-05
04 02 08 03
cgl19537308  EPSSL3 Body opensea -0.205 0.049 4.46E-05 2.12E-02 91.15 1.47 89.94 1.85 1.21 2.73E- 2.12E- 90.48 1.63 89.59 1.47 0.89 6.16E- 2.16E- 2.12E-04
04 02 05 02
€g20023120 intergenic N_Shore  0.144 0.04 4.72E-04 4.93E-02 7.77 136 841 135 -0.64 1.32E- 4.65E- 8.43 1.47 9.26 1.79 -0.83 3.13E- 4.23E- 1.03E-02
03 02 04 02
cg20246548 SLC35B3 TSS200 Island -0.255 0.069 2.77E-04 4.06E-02 6.75 195 5.7 1.51 1.05 3.30E- 7.37E- 10.40 3.16 9.05 247 1.35 1.47E- 3.07E- 2.58E-03
05 03 04 02
cg20337105 intergenic opensea -0.131 0.034 1.38E-04 3.13E-02 69.2 299 67.38 3.01 1.82 2.11E- 1.93E- 66.51 2.76 65.17 3.24 1.34 4.09E- 4.72E- 2.92E-02
06 03 04 02

(continued on next page)
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Table 2 (continued)

ANDiU (n = 151)

ANDIS (n = 171)

p- value

Difference p-

case

Controls

Cases

Cases Controls Difference p-
case

q-value

SEM p- value

Gene Gene region  CpG

Target
D

from linear
model

value value

value value'

from linear from linear

model

coeff

island
group

Mean SD Mean SD

Mean SD Mean SD

-control

-control

model

adjusted
for sex,

adjusted
for sex,

adjusted
for sex,

age, BMI

age, BMI

age, BMI

and HbAlc

and HbAlc and HbAlc

1.25E-02

2.69E-
02

1.07E-
04

5.67E- 3.04E- 89.40 1.35 88.88 1.51 0.52

04

91.97 1.29 91.21 1.15 0.76

-0.146 0.038 1.76E-04 3.44E-02

open_sea

Body

RPTOR

¢g22035374

02

7.46E-03

2.62E-
02

1.01E-
04

1.04

3.26E- 85.35 2.46 84.31 2.37

03

6.50E-
06

82.55 2.41 1.64

84.19 2.3

-0.168 0.041 8.16E-05 2.61E-02

S_Shelf

5UTR

ZNF516

€g23483081

9.77E-04

2.73E-
02

1.10E-
04

2.02

1.76E- 86.26 2.86 84.24 3.53

02

1.89E-
04

85.12 3.58 82.83 4.16 2.29

3.97E-02

-0.266 0.071 2.61E-04

open_sea

intergenic

cg23513222

3.43E-04

3.89E-
02

2.63E-
04

3.05

6.04E- 3.14E- 84.21 3.92 81.16 5.18

04

85.88 291 83.89 3.28 1.99

-0.231 0.062 2.44E-04 3.87E-02

open_sea

intergenic

¢g25069770

02

Models are adjusted for age, sex, BMI and HbAlc at inclusion.

B-coefficients are shown comparing controls vs. metformin-positive cases.

" p-values from Houseman reference-free method.
t g-values from Houseman reference-free method.
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the combined ANDIS + ANDiU cohorts. DNA methylation of four sites
correlated with follow-up HbAlc levels after adjusting for age, sex, BMI
and cohort (q < 0.05) (Table A.6). The four methylation sites associated
with both metformin therapy and follow-up HbAlc levels, were then
included in a causal mediation analysis to test if methylation could
mediate the effect of metformin on HbA1c levels. This analysis showed
that; a) metformin therapy has a significant overall effect of B = -9.48
(95% CI: -12.48 to -6.37) on follow-up HbAlc levels (Total effect,
Table 3), b) part of that effect goes directly or via mediator(s) other than
methylation, called average direct effect (ADE), c) this effect may
operate via an indirect path (indirect effect), possibly through methyl-
ation, with a significant average causal mediator effect for 3 methylation
sites annotated to PKNOX2, WDTC1 and MICB (ACME, Table 3), and d)
consequently, the total effect of metformin therapy on follow-up HbAlc
levels, 11 to 15%, is suggested to act via these 3 methylation sites
(Table 3, Fig. 2C-D). When combining methylation of these three sites
into a score, which was then used in the causal mediation analysis,
methylation could explain up to 32% (95% CI: 14 to 56, p < 0.001) of
the effect of metformin on follow-up HbAlc, indicating methylation as a
partial mediator of this association (Table 3, Fig. 2C-D).

We next examined whether methylation levels of these 26 sites
differed between glycaemic responders and non-responders to metfor-
min based on reduction in HbAlc after 1-1.5 years treatment. Here, we
studied both the metformin cases and controls (Table 1), since also the
controls eventually were treated with metformin, but they started their
treatment after blood samples for DNA methylation analysis were taken.
However, methylation of the 26 sites did not differ between glycaemic
responders and non-responders to metformin in a subset of the ANDIS
cohort, neither in the metformin cases nor in controls (q > 0.05,
Table A.7).

We finally examined if genes annotated to metformin-associated
differentially methylated regions (DMRs) previously identified in 24
women [5], were also annotated to our methylation sites presented in
Table 2 and Table A.1. Eight genes had both metformin-associated DMRs
[5] and methylation sites in ANDIS (Table A.1), but these were not
among the 26 sites replicated in ANDiU.

4. Discussion

This study shows differences in DNA methylation in newly-
diagnosed individuals with type 2 diabetes taking metformin
compared to controls. We identified and validated 26 methylation
markers to be associated with metformin therapy. Notably, hyper-
methylation was detected on most sites (88%) affected by metformin
treatment in this study, which concurs with the assumption that met-
formin increases the SAM:SAH ratio, with SAM being the primary
methyl donor for DNA methylation [6]. Similarly, metformin may also
affect the activity of epigenetic enzymes, and notably it could decrease
the influence of DNMT inhibitors inducing hypermethylation [7,8].
Interestingly, metformin-associated methylation markers are annotated
to genes previously associated with glucose homeostasis and type 2
diabetes in GWAS and other studies. For example, GRBI10 is a type 2
diabetes susceptibility gene encoding an inhibitor of insulin receptor
signaling, and the liver of individuals with type 2 diabetes showed
decreased methylation of GRBIO [19]. Other genes with altered
methylation by metformin treatment in our study, PTK2B, KCNN3 and
RPTOR, have been previously activated or downregulated by metformin
treatment in cell lines and animal models [20-22]. While metformin
activated PTK2B expression related to drug resistance in breast cancer
cell lines [20], it downregulated KCNN3 protein expression in the rat
heart [21]. Metformin has an antitumor potential through activation of
AMPK, which is a main negative regulator of the mTOR pathway where
RPTOR is involved [22]. Hence, the epigenetic regulation of these genes
might contribute to metformin’s antidiabetic and potential anticancer
effects.

Other studies have assessed the effect of metformin on blood DNA
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Table 3

Diabetes Research and Clinical Practice 202 (2023) 110807

Causal mediation analysis on the significant associations between metformin therapy and Hbalc-related methylation sites as mediators and HbAlc levels (mmol/mol)

as the outcome.

CpG site Gene ACME estimate of ACME ADE estimate Total effect Total effect Proportion mediated by
methylation as mediator p- (95% CI) (95% CI) p-value methylation (95%CI)
(95% CI) value
cg13151474 PKNOX2 -1.46 (-2.91 to -0.36) 0.004 -8.01 (-11.06 -9.48 (-12.48 <0.001 0.15 (0.04 to 0.31)
to —4.96) to —6.37)
cg15665653 WDTC1 -1.07 (-2.21 to -0.20) 0.014  -8.40 (-11.66 -9.48 (-12.48 <0.001 0.11 (0.02 to 0.25)
to -5.24) to —6.37)
¢g09320595 MICB -1.20 (-2.49 to -0.17) 0.022  -8.27 (-11.36 -9.48 (-12.48 <0.001 0.13 (0.02 to 0.27)
to -5.25) to —-6.37)
cg04656692 MRGPRG; -1.09 (-2.71 t0 0.13) 0.096  -8.38(-11.84 -9.48 (-12.48 <0.001 0.11 (-0.01 to 0.29)
Cl1orf36 to -5.24) to —6.37)
Score with the 3 -3.00 (-4.92 to -1.35) <0.001 -6.47 (-9.61 to -9.48 (-12.48 <0.001 0.32 (0.14 to 0.56)
significant methylation -3.33) to —6.37)

sites

Models are adjusted for age, sex, BMI and cohort (80 cases and 230 controls from ANDIS and ANDiU).

ACME, average causal mediator effect; ADE, Average direct effect.

methylation in healthy individuals (n = 12) [4] or long-term metformin-
treated women with type 2 diabetes (n = 24) [5]. There was some
overlap with our metformin-associated methylation sites in ANDIS
(Table A.1) and the results in the two smaller published studies, but
none of them were among our 26 replicated sites. However, differences
in experimental design (population, technique to measure DNA
methylation, smaller sample size, no replication cohorts included) could
explain the heterogenicity of the results between studies. On the other
hand, we previously showed that blood-based DNA methylation of 11
sites in drug-naive newly diagnosed individuals with type 2 diabetes
could predict the glycemic response to metformin, suggesting that these
may be used for precision medicine [9]. Importantly, and as one may
expect, these 11 sites were not influenced by metformin therapy and did
not overlap with the 26 methylation sites identified in the present study.
Also, since the study design between the studies is different, one would
not expect an overlap. Moreover, based on published data, type 2 dia-
betes was not found to impact methylation of the 26 metformin-
associated sites in liver [19], pancreatic islets [23] or blood [24], and
methylation of 25 of the 26 sites in human adipose tissue since
methylation of WDCTI1 was higher in adipose tissue from overweight
individuals without diabetes vs. individuals with diabetes [14].
Metformin has direct effects on glycemia and on reducing HbAlc
levels. Whether DNA methylation mediates this effect is unknown.
Methylation has been shown to mediate effects of other drugs, e.g.,
statins on LDL-cholesterol [25]. Here, we demonstrate for the first time
that methylation of PKNOX2, WDTC1 and MICB acts as a partial medi-
ator of metformin’s impact on HbAlc. Combining methylation of these
three sites into a score suggests that methylation explains 32% of the
effect of metformin on lowering Hbalc. Interestingly, overexpression of
WDTC1 in adipose tissue is associated with lower adiposity and
enhanced glucose utilization [26], and here we show that WDTCI
methylation could mediate the effect of metformin on HbAlc. Moreover,
methylation of WDCT1 in adipose tissue was higher in overweight in-
dividuals without diabetes (52.21 4 4.32) vs. individuals with diabetes
(48.70 + 4.81) [14] which is in accordance with our study (metformin
cases showed higher WDTC1 methylation), suggesting that metformin
might normalize DNA methylation status of this gene. PKNOX2 encodes
a tumor suppressor [27], and MICB is expressed in human cancer due to
cellular stress [28], and the methylation changes of these genes may
thus contribute to metformin’s impact on cancer. Indeed, increased in-
sulin levels are associated with cancer [29], and thus by reducing insulin
and glucose levels, metformin-induced AMPK activation reduces cancer-
associated cell proliferation [30]. Moreover, we showed that MICB
methylation in blood mirrored methylation levels in skeletal muscle in
monozygotic twin pairs discordant for type 2 diabetes, suggesting po-
tential biological roles of this methylation marker in a target tissue for
type 2 diabetes. This is in line with studies showing correlation between

methylation in blood and target tissues, which support the usefulness of
analyzing DNA methylation in minimally invasive tissues such as blood
[31,32].

This study has strengths, including identification and validation in
two different cohorts, use of a homogenous population of newly-
diagnosed individuals with type 2 diabetes, and the matching case-
—control design may decrease possible bias regarding clinical pheno-
types such as age, sex, HbA1 or BMI. Moreover, the causal mediation
analysis allowed us to better understand the biological role of epigenetic
mechanisms. Limitations include no access to the dosage or compliance
of metformin or smoking data from our participants. DNA methylation
was measured at one time-point in individuals either taking metformin
or not, and evidence for metformin-mechanistic conclusions can there-
fore not be provided. Modest differences in methylation between groups
were found but they can still be biologically relevant since epigenetic
changes due to environmental factors are commonly small but can have
additive and strong effects on transcriptional activity, can persist across
time and are based on the number of cells present in a sample which can
considerably affect that cell’s function depending on the nature and
characteristics of that cell [33]. Our findings have been replicated in an
independent cohort, suggesting the robustness of these relatively small
effects. Moreover, it is possible that the identified changes in methyl-
ation increase with longer exposure to metformin. Regarding the
mediation analysis, for some individuals the mediator was measured at
the same time as the outcome, thus reverse causation cannot be
completely ruled out. Northern Europeans were included in this study
and further research is needed in other ethnicities to validate our
findings.

In conclusion, metformin-associated alterations in DNA methylation
in blood from newly-diagnosed individuals with type 2 diabetes
partially mediate the effect of the drug on HbAlc levels.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

We thank the participants in the ANDIS and ANDiU studies, Professor
Leif Groop and Maria Sterner for valuable support as well as the SCIBLU
genomics facility at Lund University and SciLifeLab (KAW) at Uppsala
University for experimental analysis. We thank Gabriella Gremsperger
for her help with the ANDIS samples. We thank Tina Ronn, the Nordic
Network for Clinical Islet Transplantation (JDRF award 31-2008-413),
Human Tissue Laboratory in EXODIAB/Lund University Diabetes



S. Garcia-Calzon et al.

Centre, Bioinformatics and Expression Analysis. The authors thank Ylva
Wessman and Targ Elgzyri (Scania University Hospital, Malmo, Sweden)
and Per-Anders Jansson (Sahlgrenska University Hospital, Goteborg,
Sweden) for skilled technical assistance and collection of clinical ma-
terial from the Twin Monozygotic cohort.

This work was supported by the Novo Nordisk foundation, Swedish
Research Council (project grant nos. 2020-02191, 2015-2558 and
infrastructure grant nos. 2010-5983, 2012-5538 and 2014-6395), Lin-
naeus grant no. 349-2006-237, Region Skane (ALF), Marie Sktodowska-
Curie grant agreement No 706081 (EpiHope) under Horizon 2020, Hjart
Lung fonden, EFSD, Exodiab (strategic research grant no. 2009-1039),
Swedish Foundation for Strategic Research for IRC15-0067, Swedish
Diabetes Foundation. S.G.C. was supported by a postdoctoral fellowship
(Juan de la Cierva- Incorporacién, 1JC2019-040796-1).

SG, SS and CL contributed to the conception of the work. SG, SS, MM,
EA, and CL contributed to the data collection. SG, SS, and AP contrib-
uted to the data analysis. SG, SS and CL drafted the article. All authors
contributed to the interpretation of data and critical revision of the
article. All authors gave final approval of the version to be published. S.
G. and C.L. are the guarantors of this work and, as such, had full access to
all the data in the study and take responsibility for the integrity of the
data and the accuracy of the data analysis. We declare no competing
interests.

Appendix A. Supplementary material

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.diabres.2023.110807.

REFERENCES

[1] Rena G, Hardie DG, Pearson ER. The mechanisms of action of metformin.
Diabetologia 2017;60:1577-85. https://doi.org/10.1007/s00125-017-4342-z.

[2] Ling C. Pharmacoepigenetics in type 2 diabetes: is it clinically relevant?
Diabetologia 2022;65:1849-53. https://doi.org/10.1007/500125-022-05681-x.

[3] Garcia-Calzon S, Perfilyev A, Mannisto V, de Mello VD, Nilsson E, Pihlajamaki J,

et al. Diabetes medication associates with DNA methylation of metformin

transporter genes in the human liver. Clin Epigenetics 2017;9:102. https://doi.org/
10.1186/s13148-017-0400-0.

Elbere I, Silamikelis I, Ustinova M, Kalnina I, Zaharenko L, Peculis R, et al.

Significantly altered peripheral blood cell DNA methylation profile as a result of

immediate effect of metformin use in healthy individuals. Clin Epigenetics 2018;

10:156. https://doi.org/10.1186/s13148-018-0593-x.

Solomon WL, Hector SBE, Raghubeer S, Erasmus RT, Kengne AP, Matsha TE.

Genome-Wide DNA Methylation and LncRNA-Associated DNA Methylation in

Metformin-Treated and -Untreated Diabetes. Epigenomes 2020;4. https://doi.org/

10.3390/epigenomes4030019.

[6] Cuyas E, Fernandez-Arroyo S, Verdura S, Garcia RA, Stursa J, Werner L, et al.

Metformin regulates global DNA methylation via mitochondrial one-carbon

metabolism. Oncogene 2018;37:963-70. https://doi.org/10.1038/0onc.2017.367.

Bridgeman SC, Ellison GC, Melton PE, Newsholme P, Mamotte CDS. Epigenetic

effects of metformin: From molecular mechanisms to clinical implications. Diabetes

Obes Metab 2018;20:1553-62. https://doi.org/10.1111/dom.13262.

Zhong T, Men Y, Lu L, Geng T, Zhou J, Mitsuhashi A, et al. Metformin alters DNA

methylation genome-wide via the H19/SAHH axis. Oncogene 2017;36:2345-54.

https://doi.org/10.1038/0nc.2016.391.

[9] Garcia-Calzon S, Perfilyev A, Martinell M, Ustinova M, Kalamajski S, Franks PW,
et al. Epigenetic markers associated with metformin response and intolerance in
drug-naive patients with type 2 diabetes. Sci Transl Med 2020;12. https://doi.org/
10.1126/scitranslmed.aaz1803.

[10] McCartney DL, Walker RM, Morris SW, McIntosh AM, Porteous DJ, Evans KL.
Identification of polymorphic and off-target probe binding sites on the Illumina
Infinium MethylationEPIC BeadChip. Genom Data 2016;9:22—4. https://doi.org/
10.1016/j.gdata.2016.05.012.

[11] Du P, Zhang X, Huang CC, Jafari N, Kibbe WA, Hou L, et al. Comparison of Beta-
value and M-value methods for quantifying methylation levels by microarray
analysis. BMC Bioinf 2010;11:587. https://doi.org/10.1186/1471-2105-11-587.

[12] Johnson WE, Li C, Rabinovic A. Adjusting batch effects in microarray expression
data using empirical Bayes methods. Biostatistics 2007;8:118-27. https://doi.org/
10.1093/biostatistics/kxj037.

[4

=

[5

=

[7

—

[8

=

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

Diabetes Research and Clinical Practice 202 (2023) 110807

Houseman EA, Molitor J, Marsit CJ. Reference-free cell mixture adjustments in
analysis of DNA methylation data. Bioinformatics 2014;30:1431-9. https://doi.
org/10.1093/bioinformatics/btu029.

Nilsson E, Jansson PA, Perfilyev A, Volkov P, Pedersen M, Svensson MK, et al.
Altered DNA methylation and differential expression of genes influencing
metabolism and inflammation in adipose tissue from subjects with type 2 diabetes.
Diabetes 2014;63:2962-76. https://doi.org/10.2337/db13-1459.

Schrader S, Perfilyev A, Ahlqvist E, Groop L, Vaag A, Martinell M, et al. Novel
Subgroups of Type 2 Diabetes Display Different Epigenetic Patterns That Associate
With Future Diabetic Complications. Diabetes Care 2022;45:1621-30. https://doi.
org/10.2337/dc21-2489.

Bacos K, Perfilyev A, Karagiannopoulos A, Cowan E, Ofori JK, Bertonnier-Brouty L,
et al. Type 2 diabetes candidate genes, including PAX5, cause impaired insulin
secretion in human pancreatic islets. J Clin Invest 2023;133. https://doi.org/
10.1172/JCI163612.

Fritz MS, Mackinnon DP. Required sample size to detect the mediated effect.
Psychol Sci 2007;18:233-9. https://doi.org/10.1111/j.1467-9280.2007.01882.x.
Tingley D, Yamamoto T, Hirose K, Keele L, Imai K. mediation: R Package for Causal
Mediation Analysis. J Stat Softw 2014;59:1-38. https://doi.org/10.18637 /jss.
v059.i05.

Nilsson E, Matte A, Perfilyev A, de Mello VD, Kakela P, Pihlajamaki J, et al.
Epigenetic Alterations in Human Liver From Subjects With Type 2 Diabetes in
Parallel With Reduced Folate Levels. J Clin Endocrinol Metab 2015;100:
E1491-501. https://doi.org/10.1210/jc.2015-3204.

Al-Juboori SI, Vadakekolathu J, Idri S, Wagner S, Zafeiris D, Pearson JR, et al.
PYK2 promotes HER2-positive breast cancer invasion. J Exp Clin Cancer Res 2019;
38:210. https://doi.org/10.1186/s13046-019-1221-0.

FuX, PanY, Cao Q, Li B, Wang S, Du H, et al. Metformin restores electrophysiology
of small conductance calcium-activated potassium channels in the atrium of GK
diabetic rats. BMC Cardiovasc Disord 2018;18:63. https://doi.org/10.1186/
512872-018-0805-5.

Howell JJ, Hellberg K, Turner M, Talbott G, Kolar MJ, Ross DS, et al. Metformin
Inhibits Hepatic mTORC1 Signaling via Dose-Dependent Mechanisms Involving
AMPK and the TSC Complex. Cell Metab 2017;25:463-71. https://doi.org/
10.1016/j.cmet.2016.12.009.

Dayeh T, Volkov P, Salo S, Hall E, Nilsson E, Olsson AH, et al. Genome-wide DNA
methylation analysis of human pancreatic islets from type 2 diabetic and non-
diabetic donors identifies candidate genes that influence insulin secretion. PLoS
Genet 2014;10:e1004160.

Fraszczyk E, Spijkerman AMW, Zhang Y, Brandmaier S, Day FR, Zhou L, et al.
Epigenome-wide association study of incident type 2 diabetes: a meta-analysis of
five prospective European cohorts. Diabetologia 2022;65:763-76. https://doi.org/
10.1007/500125-022-05652-2.

Schrader S, Perfilyev A, Martinell M, Garcia-Calzon S, Ling C. Statin therapy is
associated with epigenetic modifications in individuals with Type 2 diabetes.
Epigenomics 2021;13:919-25. https://doi.org/10.2217/epi-2020-0442.

Galgani JE, Kelley DE, Albu JB, Krakoff J, Smith SR, Bray GA, et al. Adipose tissue
expression of adipose (WDTC1) gene is associated with lower fat mass and
enhanced insulin sensitivity in humans. Obesity (Silver Spring) 2013;21:2244-8.
https://doi.org/10.1002/0by.20371.

Zhang L, Li W, Cao L, Xu J, Qian Y, Chen H, et al. PKNOX2 suppresses gastric
cancer through the transcriptional activation of IGFBP5 and p53. Oncogene 2019;
38:4590-604. https://doi.org/10.1038/541388-019-0743-4.

Ferrari de Andrade L, Tay RE, Pan D, Luoma AM, Ito Y, Badrinath S, et al.
Antibody-mediated inhibition of MICA and MICB shedding promotes NK cell-
driven tumor immunity. Science 2018;359:1537-42. https://doi.org/10.1126/
science.aao0505.

Hopkins BD, Goncalves MD, Cantley LC. Insulin-PI3K signalling: an evolutionarily
insulated metabolic driver of cancer. Nat Rev Endocrinol 2020;16:276-83. https://
doi.org/10.1038/541574-020-0329-9.

Blandino G, Valerio M, Cioce M, Mori F, Casadei L, Pulito C, et al. Metformin elicits
anticancer effects through the sequential modulation of DICER and ¢-MYC. Nat
Commun 2012;3:865. https://doi.org/10.1038/ncomms1859.

Crujeiras AB, Diaz-Lagares A, Sandoval J, Milagro FI, Navas-Carretero S,
Carreira MC, et al. DNA methylation map in circulating leukocytes mirrors
subcutaneous adipose tissue methylation pattern: a genome-wide analysis from
non-obese and obese patients. Sci Rep 2017;7:41903. https://doi.org/10.1038/
srep41903.

Wahl S, Drong A, Lehne B, Loh M, Scott WR, Kunze S, et al. Epigenome-wide
association study of body mass index, and the adverse outcomes of adiposity.
Nature 2017;541:81-6. https://doi.org/10.1038/nature20784.

Breton CV, Marsit CJ, Faustman E, Nadeau K, Goodrich JM, Dolinoy DC, et al.
Small-Magnitude Effect Sizes in Epigenetic End Points are Important in Children’s
Environmental Health Studies: The Children’s Environmental Health and Disease
Prevention Research Center’s Epigenetics Working Group. Environ Health Perspect
2017;125:511-26. https://doi.org/10.1289/EHP595.


https://doi.org/10.1016/j.diabres.2023.110807
https://doi.org/10.1016/j.diabres.2023.110807
https://doi.org/10.1007/s00125-017-4342-z
https://doi.org/10.1007/s00125-022-05681-x
https://doi.org/10.1186/s13148-017-0400-0
https://doi.org/10.1186/s13148-017-0400-0
https://doi.org/10.1186/s13148-018-0593-x
https://doi.org/10.3390/epigenomes4030019
https://doi.org/10.3390/epigenomes4030019
https://doi.org/10.1038/onc.2017.367
https://doi.org/10.1111/dom.13262
https://doi.org/10.1038/onc.2016.391
https://doi.org/10.1126/scitranslmed.aaz1803
https://doi.org/10.1126/scitranslmed.aaz1803
https://doi.org/10.1016/j.gdata.2016.05.012
https://doi.org/10.1016/j.gdata.2016.05.012
https://doi.org/10.1186/1471-2105-11-587
https://doi.org/10.1093/biostatistics/kxj037
https://doi.org/10.1093/biostatistics/kxj037
https://doi.org/10.1093/bioinformatics/btu029
https://doi.org/10.1093/bioinformatics/btu029
https://doi.org/10.2337/db13-1459
https://doi.org/10.2337/dc21-2489
https://doi.org/10.2337/dc21-2489
https://doi.org/10.1172/JCI163612
https://doi.org/10.1172/JCI163612
https://doi.org/10.1111/j.1467-9280.2007.01882.x
https://doi.org/10.18637/jss.v059.i05
https://doi.org/10.18637/jss.v059.i05
https://doi.org/10.1210/jc.2015-3204
https://doi.org/10.1186/s13046-019-1221-0
https://doi.org/10.1186/s12872-018-0805-5
https://doi.org/10.1186/s12872-018-0805-5
https://doi.org/10.1016/j.cmet.2016.12.009
https://doi.org/10.1016/j.cmet.2016.12.009
http://refhub.elsevier.com/S0168-8227(23)00570-3/h0115
http://refhub.elsevier.com/S0168-8227(23)00570-3/h0115
http://refhub.elsevier.com/S0168-8227(23)00570-3/h0115
http://refhub.elsevier.com/S0168-8227(23)00570-3/h0115
https://doi.org/10.1007/s00125-022-05652-2
https://doi.org/10.1007/s00125-022-05652-2
https://doi.org/10.2217/epi-2020-0442
https://doi.org/10.1002/oby.20371
https://doi.org/10.1038/s41388-019-0743-4
https://doi.org/10.1126/science.aao0505
https://doi.org/10.1126/science.aao0505
https://doi.org/10.1038/s41574-020-0329-9
https://doi.org/10.1038/s41574-020-0329-9
https://doi.org/10.1038/ncomms1859
https://doi.org/10.1038/srep41903
https://doi.org/10.1038/srep41903
https://doi.org/10.1038/nature20784
https://doi.org/10.1289/EHP595

	DNA methylation partially mediates antidiabetic effects of metformin on HbA1c levels in individuals with type 2 diabetes
	1 Introduction
	2 Material and Methods
	2.1 Study populations
	2.2 Study design
	2.3 Phenotypes measurements
	2.4 Genome-wide DNA methylation analysis in whole blood
	2.5 DNA methylation in other tissues
	2.6 Causal mediation analysis
	2.7 Statistical analyses

	3 Results
	4 Discussion
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supplementary material
	REFERENCES


