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Summary eBioMedicine
Background Metformin is one of the most used drugs worldwide. Given the increasing use of proteomics in trials, 2025;118: 105859
bioresources, and clinics, it is crucial to understand the influence of metformin on the levels of the circulating Published Online 19 July

roteome. o
P . https://doi.org/10.

1016/j.ebiom.2025.
Methods We analysed a combined longitudinal proteomics dataset from the IMPOCT, RAMP and S3WP-T2D 45559

clinical trials in 98 participants before and after metformin exposure. This discovery analysis contained 372
proteins measured by proximity extension assays (Olink). We followed up experiment—wise statistically
significant findings in two cross-sectional cohorts of people with type 2 diabetes comparing metformin treated
and untreated individuals: IMI-DIRECT (784 participants, 372 proteins, Olink) and IMI-RHAPSODY (1175
participants, 1195 proteins, SomaLogic).

Findings Overall, 23 protein analytes were robustly associated with exposure to metformin in the discovery and
replication. This includes 11 protein-metformin associations that replicated in both replication sets and platforms
(REG4, GDF15, REGI1A, t-PA, TFF3, CDH5, CNTN1, OMD, NOTCH3, THBS4 and CD93), with the remaining
12 protein-metformin associations replicated using the Olink platform (EPCAM, SPINK1, SAA-4, COMP, ITGB2,
ADGRG2, FAM3C, MERTK, COL1A1, HAOX1, VCAN, TIMD4) but not measured on the SomaLogic platform.
Gene-set enrichment analysis revealed that the metformin exposure was associated with intestinal associated
proteins.

Interpretation These data highlight the need to account for exposure to metformin, and potentially other drugs, in
proteomic studies and where protein biomarkers are used for clinical care.
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Research in context

Evidence before this study

Metformin is one of the most used drugs worldwide.
Quantifying the effects of metformin on the circulating
proteome is important for both enhanced understanding of
the drug’s mechanisms of action, as well as to help address
the confounding role metformin may play in studies of
protein-disease associations. There are limited systematic
proteomic studies of metformin exposure, and these have
largely been targeted using small panels of proteins or
smaller, isolated sample sets.

Introduction

In recent years, there has been an increase in our ability
to measure circulating plasma proteins at scale—
measuring thousands of analytes in tens of thousands
of people.! This has helped increase biological under-
standing of disease as well as the potential use of pro-
teomic panels for diagnosis, risk prediction and disease
monitoring.? However, like most other biomarkers,
epidemiological associations between proteins and
disease are prone to confounding. To ensure clinically
robust, reproducible findings it is critical to account for
this possibility in protein-disease association studies. Of
the many potential confounders, drug treatment is an
especially important example in disease cohorts owing
to the physiological potency of medications.

Metformin has been used to treat diabetes for many
decades, and today more than 200 million people are
treated with the drug globally, yet its mechanisms of
action remain poorly understood.” Therefore, quanti-
fying the effects of metformin on the circulating pro-
teome is important for both enhanced understanding of
the drug’s mechanisms of action, as well as to help
address the confounding role metformin may play in
studies of protein-disease associations.

There are limited systematic proteomic studies of
metformin exposure, and these have largely been tar-
geted using small panels of proteins or smaller, isolated
sample sets. A statistically robust association has been

Added value of this study

To better understand how metformin alters the circulating
proteome, here we extend prior analyses in a comparatively
large sample of participants from six different longitudinal
studies, with repeat sampling before and after metformin
initiation, and cross-sectional studies using two commonly
used proteomic panels. We show that twenty-three proteins
are robustly associated with metformin treatment.

Implications of all the available evidence

These data highlight the need to account for exposure to
metformin, and potentially other drugs, in proteomic studies
and where protein biomarkers are used for clinical care.

described between metformin exposure and serum
Growth differentiation factor 15 (GDF15) concentra-
tions, first discovered using a Luminex panel of 237
proteins in the ORIGIN cohort.* This observation was
extended through mechanistic rodent studies estab-
lishing that metformin-associated increase in GDF15
resulted in a reduction in food intake and body weight.’
More recently, Gummesson et al. carried out a more
comprehensive proteomic analysis following metfor-
min treatment. This further showed that GDF15 was
increased following metformin treatment in addition to
identifying other proteins significantly altered by met-
formin exposure; for example, EpCAM was reduced in
those treated with metformin.®

To better understand how metformin alters the
circulating proteome, here we extend prior analyses in a
comparatively large sample of 2057 participants from
different cross-sectional and from longitudinal studies
of metformin exposure, using two commonly used
proteomic panels.

Methods

We undertook initial analysis in a combined longitu-
dinal dataset that includes the previously reported
S3WP-T2D cohort® but expanded with two additional
cohorts (IMPOCT and RAMP) to increase statistical
power. Replication used cross-sectional data from the
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IMI-RHAPSODY study (including two cohorts GoD-
ARTS and DCS) and the IMI-DIRECT study. Design of
the study is shown in Fig. 1.

Ethics

The studies described were approved by the local
medical ethics committees (Supplementary Table S1).
All participants provided written informed consent
before the start of the studies. The research conformed
to the ethical principles for medical research involving
human participants outlined in the declaration of
Helsinki.

Discovery cohorts
Individual level longitudinal data were combined from
the following 3 cohorts.

S3WP-T2D

This study was carried out to elucidate the changes in
the proteome in the early stages of diabetes and how the
proteome is affected by diabetes treatments including
metformin.® 52 previously undiagnosed individuals

were identified as having type 2 diabetes through a
screening programme, and as a result were recruited
for the study. Individuals were excluded if they had a
pre-existing disease which would affect their ability to
participate, severe hyperglycaemia needing hospital-
isation or immediate insulin therapy, or a major sur-
gical procedure or trauma within the prior 4-weeks.
Enrolled participants were treated for diabetes via first-
line therapy; weight management and exercise with or
without metformin, which was decided by a doctor.
Protein levels in the blood were measured at baseline,
one month and three months using Olink (details see
proteomics section). Of the 52 participants, 51
completed the 3-month follow-up visit, and for 3
participants’ plasma samples were not available for the
1-month visit. This left data for 48 participants for sta-
tistical analysis.

IMPOCT

The IMPOCT study was designed to investigate the
impact of the SLC22A1 (OCT1) genotype and OCT1
inhibiting drugs on an individual’s ability to tolerate

Discovery Analysis
Longitudinal data from IMPOCT, RAMP and S3WP-
T2D was combined (n=98) and 372 proteins were
analysed using OLINK panels. 68 proteins were
significantly changed following metformin

Replication

<

Proteins analysed using cross-
sectional data from GoDARTS
(n=599) and DCS ( n=576) using
Somalogic platform

\ 4

4

Proteins analysed using cross-
sectional data from IMI-Direct
(n=784) using OLINK panels

\ 4

11 Proteins replicated in both replication studies

Fig. 1: Flowchart showing the study design which identifies many proteins that are significantly changed following exposure to metformin.
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metformin. For this analysis, only data from when in-
dividuals were treated with metformin or placebo were
utilised, and not data from individuals on OCT1 inhib-
iting drugs. 38 healthy participants without diabetes
were recruited for this study. They were on metformin
for 4 weeks, titrated to a maximum dose of 1000 mg BD
which they took for the final week of the study. Protein
levels in the blood were measured at baseline and after
the 4 weeks of metformin treatment using various Olink
panels (details see proteomics section).

RAMP

The RAMP study’ was designed to investigate the
response of individuals with ataxia telangiectasia to
metformin and pioglitazone. For this analysis, we only
utilised data from control participants (without ataxia
telangiectasia) on metformin (not pioglitazone). Met-
formin therapy was initiated in 12 non-diabetic, healthy
controls, who had not previously been treated with the
drug. Metformin administration last 8-weeks, titrated to
a maximum dose of 1000 mg BD for the final 4 weeks
of the study. Protein levels in the blood were measured
at baseline and after the 8 weeks of metformin treat-
ment using various Olink panels (details see prote-
omics section).

Replication in cross sectional studies

Olink replication

This replication uses data from the IMI-DIRECT (DIa-
betes REsearCh on patient straTification) study: This
cohort included 784 patients with recently diagnosed
type 2 diabetes. The mean age at inclusion was 62 years
with the youngest 35 years old at baseline. Participants
were diagnosed 0-24 months before recruitment, were
on lifestyle and/or metformin treatment only, and had
glycated haemoglobin (HbA;) < 60.0 mmol/mol
(<7.6%) within the previous three months.* Protein
levels were measured using various Olink panels (de-
tails see proteomics section).

Somalogic replication

This study consists of two cohort studies, GoODARTS
and DCS together as part of the IMI-RHAPSODY
study.’

GoDARTS

The Genetics of Diabetes Audit and Research Tayside
Study (GoDARTS) is a cohort of ~8000 individuals with
T2D." Laboratory measurements were non-fasted. For
SomalLogic analysis, samples from 599 patients were
selected age >35 years, GAD antibody negative, with
blood sampled close to diagnosis (median diabetes
duration 1.4 years).

DCS
The Hoorn Diabetes Care System (DCS) cohort is a
prospective  cohort with currently over 14,000

individuals with routine care data. In 2008-2014, addi-
tional blood sampling was done in 5500 participants,
who provided written informed consent. These samples
were used for this study. For Somalogic analysis,
samples from 576 patients were selected age >35 years,
GAD antibody negative, with blood sampled close to
diagnosis (median diabetes duration 2.6 years)."

Protein levels in both cohorts were measured
simultaneously using a SomaLogic panel (details see
proteomics section).

Proteomics assays

We used two complementary affinity proteomics ap-
proaches to determine the relative levels of circulating
proteins in blood samples, Olink and SomalLogic
respectively."

For the discovery analysis, after proteins were
removed following quality control and to ensure each
protein was available in all three cohorts, 372 proteins
were analysed in the combined analysis of S3WP-T2D,
IMPOCT and RAMP. These originated from the five
Olink Target96 panels common across the 3 cohorts
(Cardiometabolic, Cardiovascular II, Cardiovascular III,
Development and Metabolism).

For replication analyses, the same 372 proteins were
available in Olink replication set cohort using the same
5 Olink Target96 panels. For the SomaLogic replication
set, the SomaLogic platform was used to measure 1195
proteins (Somalogic version 1.3). 159 proteins over-
lapped with the 372 discovery Olink proteins.

Statistics

This study was based on reusing already existing data
and as such there were no special inclusion or exclusion
criteria applied specifically for this study nor an a priori
power calculation to determine the optimal sample size.

Discovery: longitudinal Olink analysis
The longitudinal data from the S3WP-T2D cohort
described by Gummesson et al.® were combined with
the longitudinal data from IMPOCT and RAMP. In
these cohorts, Olink panels were used to measure
proteins before and after metformin exposure.
Statistical analysis was performed using R Studio
version 4.1.2. Proteins were analysed using linear
mixed models, with the R package LmerTest. Within
these models, metformin dose, age, sex and study name
were included as fixed-effects, and the participant was
included as a random-effect. In a sensitivity analysis the
linear mixed model was also run using study name as a
random effect and similar results were observed (Cor-
relation between the Beta’s of both models was
? = 0.999). Metformin doses are shown in
Supplementary Table S2. Dosing in S3WP-T2D was
variable due to patients being treated as per guidelines.
For the linear mixed model, dosing was collapsed to 0 if
they were not on metformin, 1 if they were on a lower
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dose (500 mg or 1000 mg daily) and 2 if they were on a
higher dose (1500 mg or 2000 mg daily), to account for
variability in metformin dosage and treatment. P-values
were adjusted using the Bonferroni method for multi-
ple test correction, and those that remained statistically
significant were taken forward for replication in the two
cross-sectional studies. We repeated the analysis to
show the S3WP-T2D cohort analysed against the com-
bined dataset of IMPOCT and RAMP to highlight the
results in people with diabetes versus controls.

Sex stratified analyses, and adjustment for BMI
and HbA1c change

The analyses for the discovery cohorts were also
repeated stratified by both sexes as obtained from the
study records. We subsequently analysed sex stratified
results for the 11 proteins robustly replicated across all
replication cohorts.

To investigate how the change in protein levels
with metformin change could have been consequent
upon or associated with HbAlc or BMI changes seen
with metformin exposure we adjusted for BMI change
and HbAlc where possible. BMI after metformin
treatment was not available in IMPOCT therefore BMI
adjustment was studied in a combined dataset of
S3WP-T2D and RAMP. Analysis was again completed
using a linear mixed model with BMI, metformin
dose and study name as fixed effects and the study
individual as a random effect. HbA1C data was only
available before and after metformin treatment in
S3WP-T2D. The 68 significantly changed proteins in
the combined analysis were analysed in S3WP-T2D
with and without HDAIC adjustment. We again
used metformin dose as a fixed effect and study in-
dividual as a random effect in a linear mixed model,
and added HbA1C as a fixed effect when adjusting for
HbA1C.

Gene-set enrichment analysis for proteins
associated with metformin exposure

We used the enrichR package in R to evaluate which
tissues were enriched, based upon the change in pro-
teins in response to metformin treatment in the lon-
gitudinal studies. Only proteins were included with an
adjusted P-value smaller than 0.05/372. Proteins were
converted to gene symbols and upregulated and
downregulated proteins were tested separately. For the
enrichment, P-values were FDR adjusted and a Pgpg
<0.05 was considered significant.

Replication: cross sectional Olink and SomaLogic
analysis

Replication using Olink

A linear mixed model with metformin exposure (Y/N)
was applied using the Imer function of the R package
Ime4. In this model, the Olink NPX data was adjusted
by information related to the donor (age at sampling,

www.thelancet.com Vol 118 August, 2025

sex), the sampling event (date, centre (random effect) as
well as technical aspects (assay plate).

Replication using Somalogic
We undertook linear regression using the biomarker as
the dependent variable, with metformin exposure (Y/N)
as an independent variable, adjusted for age and sex.
This was done for both DCS and GoDARTS and then
data were combined using random effects meta-
analysis.

Metformin: Protein associations were considered to
replicate if they were directionally consistent and with a
P < 0.05 in both replication data sets.

Sex stratified analyses

The above described analyses were repeated stratified
by sex for the discovery cohorts and for the subsequent
11 robustly replicated proteins.

Role of the funders

The funders of this study had no role in the design, data
collection, data analysis, data interpretation, or writing
of this manuscript.

Results
Discovery: longitudinal metformin exposure
We analysed protein concentrations longitudinally in
individuals before metformin treatment and after
metformin initiation in 3 clinical trials (Supplementary
Data S1). Baseline characteristics of included cohorts
are shown in Supplementary Table S2. After Bonferroni
correction, 68 proteins (18% of measured proteins on
the Olink platform) were found to be significantly
associated with metformin treatment (Supplementary
Table S3) and are represented in the volcano plot
(Fig. 2). The top 8 most significant proteins are labelled
in the figure (smallest adjusted p value) and are as
follows from most statistically significant to least sig-
nificant: REG4, GDF-15, EpCAM, SPINK1, REGIA,
LDL receptor, IGFBP-2 and t-PA. When analysing this
data in S3WP-T2D (all people with diabetes) versus a
combined analysis of IMPOCT and RAMP (people
without diabetes), the direction of effects are very
similar (Supplementary Data S2, top_68 1> = 0.81 and
Fig. 3). However, as shown in Fig. 3 it seems the effect
sizes are in general slightly stronger in the controls.
Analysis of the longitudinal data including adjust-
ment for BMI change and HbAlc are shown in
Supplementary Tables S4 and S5. Because of the
reduction in sample size (IMPOCT could not be
included as no BMI on treatment was recorded) only 30
proteins were associated with metformin exposure after
Bonferroni adjustment. Adjusting for BMI change after
metformin initiation had limited impact on these as-
sociations with only four out of 68 signals with a beta
differing by >25%—i.e. none of our 11 top protein-



Articles

REG4
0o
204 GDF-15
©Ep-CAM
o
SPINK1
S 201
>
kel
L
()
>
©
> o
N lo, o REG1A
10- receptor |GO|:BP_2
0 .
-1.0 ~0.5 0.0 05
Effect size

Fig. 2: Effect of metformin on plasma protein levels in the discovery analysis. Volcano plot showing if protein concentrations are
significantly increased or decreased following metformin treatment in the longitudinal Olink analysis (n = 98). Estimate (beta coefficient) is
plotted on the x axis and -log10 of the unadjusted p value (calculated from the linear mixed-model) is plotted on the y axis. Proteins with an
adjusted p-value (Bonferroni method) of less than 0.05 are represented by a yellow dot and all other non-significantly changed proteins are
represented by a grey dot. Proteins which have an increased concentration following metformin treatment have a positive effect size whereas
proteins which have a decreased concentration following metformin treatment have a negative effect size.

metformin associations showed major differences after
including BMI change in the model (Supplementary
Table S4). Considering HbAlc change, which was
only available in the S3WP-T2D discovery cohort
(n = 48), 19 signals showed a beta difference >25% with
or without HbAlc change adjustment (Supplementary
Table S5). Adjusting for HbAlc change had little
impact on our 11 top signals (all <15%) except for
Notch3 for which the association with metformin
exposure ~ was  markedly increased = (+53%,
Supplementary Table S5).

In a gene-set enrichment analysis (Supplementary
Table S6), upregulated proteins were enriched for co-
lon (OR = 20.4, Padj = 6.49 x 10, based on overlap
with REG4, REG1A, GDF15, TFF3, SPINK1, CCL15,
PIGR and Gal-4. Downregulated proteins were
enriched for omentum (OR [95% CI] = 5.2 [2.9-9.1],
Padj = 2.93 x 107 and liver (OR [95% CI] = 4.84
[2.7-8.5], Padj = 7.52 x 107°).

Replication: cross sectional metformin exposure
Replication was undertaken in two cross sectional
replication sets using either of the two proteomics
platforms. Baseline characteristics of the study partici-
pants are shown in Supplementary Table S2.

From the discovery, all 68 significant longitudinal
protein-metformin associations were taken forward for
replication analyses, as shown in Supplementary
Table S3 and Supplementary Data S3 and S4 for both
platforms. Among these were 11 protein-metformin as-
sociations replicated in both replication studies (REG4,
GDF15, REGI1A, t-PA, TFF3, CDH5, CNTN1, OMD,
NOTCH3, THBS4, CD93) and these are shown in
Fig. 3. There were 12 proteins that were replicated in
the Olink replication but were not measured on the
SomalLogic platform (version 1.3), namely EPCAM,
SPINK1, SAA-4, COMP, ITGB2, ADGRG2, FAM3C,
MERTK, COL1A1, HAOX1, VCAN, TIMD4. Adjusting
for BMI and HbA1c in the diabetic replication cohorts

www.thelancet.com Vol 118 August, 2025
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Fig. 3: Comparison of effect size across the three studies showing the 11 protein-metformin associations that were replicated in both
replication studies (all P < 0.05). Data represent mean + SE. X-axis, effect size; y-axis, protein. In dark blue the main result for each cohort is
shown. Discovery (n = 98), Replication Olink (n = 784) and replication SomaLogic (n = 1175). Green colours represent the results of analysis
stratified by diabetes status (dark green = controls, n = 50; light green = T2D, n = 48). Results for the replication cohorts aren’t shown as these
consist of persons with T2D only. Results of sex stratified analyses where shown as dark red = men and lighter red = women. Discovery (men,
n = 52; women, n = 46), Replication Olink (men, n = 449; women, n = 335) and replication SomaLogic (men, n = 679; women, n = 496).

made no substantial difference to these results (Cor-
relation between the Beta’s of model 1 and model 2:
Olink replication * = 0.99; Somalogic replication
r? = 0.98, Supplementary Data S5 and S6). In the
Somalogic replication cohorts a limited number of
participants also used sulfonylurea derivatives and or

www.thelancet.com Vol 118 August, 2025

other diabetes drugs (Supplementary Table S2). In a
sensitivity analysis additional adjustment for these
potential confounders did not influence the results for
the 11 replicated proteins (r* = 1 for the correlation of
the beta’s with or without adjustment, Supplementary
data S7).
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Sex stratified analysis

The sex stratified results are provided in Supplementary
Table S7 for the longitudinal discovery cohorts. Results
were generally directionally consistent between men
and women. Focussing on the 11 robustly replicated
proteins it appears that GDF-15 and CNTN1 show a
consistent, stronger association in women (Fig. 3 and
Supplementary Tables S7 and S8).

Discussion

We have undertaken a comprehensive proteomic anal-
ysis of metformin exposure in people with and without
diabetes. The concentration of 11 proteins (REG4,
GDF15, REG1A, t-PA, TFF3, CDH5, CNTN1, OMD,
NOTCH3, THBS4, CD93) were robustly associated with
metformin exposure irrespective of the platforms and
studies, with a further 12 replicated using the discovery
Olink platform (EpCAM, SPINK1, SAA-4, COMP,
ITGB2, ADGRG2, FAM3C, MERTK, HAOX1, COL1A1,
VCAN, TIMD4). Enrichment analysis showed that the
strongest protein-set is of intestinal origin, consistent
with the very high concentrations of metformin seen in
intestinal epithelial cells.>"

In the recent paper reporting large-scale proteomic
analysis in UK Biobank and an Icelandic cohort, a
cross-platform comparison was made across Olink and
SomalLogic platforms."”” Each protein was given a con-
fidence tier —where tier 1 had a cis-pQTL on two plat-
forms with strong correlation; tier 2 had a cis-pQTL on
one platform only or on two platforms but with weak
correlation; tier 3 did not have a cis-pQTL on either the
Olink or SomalLogic platform. In this context it is
interesting to note that our 11 robustly replicated pro-
teins were from tier 1. The three proteins (Gal-4, TF,
NOV) that were associated with metformin exposure in
both the discovery and replication studies using Olink
that were not replicated using the SomaLogic panel and
therefore did not pass our replication criteria were in
tier 2 (Supplementary Table S3). Our data support that
findings associated with the tier 2 proteins should be
interpreted with caution and highlights the benefit of
cross-platform replication.

In an earlier study by Gummesson et al., metformin
was reported to be associated with increased REG4,
CPA2, GDF15 and a reduction in EpCAM and
PCDH17.° Here, we included the same data alongside
two additional longitudinal discovery cohorts. This
greatly increased the reliability of our findings. We
reproduced the REG4, GDF15 and EpCAM associations
in our discovery analysis and replicated these in cross-
sectional analyses. Our data also confirms the already
robust literature that metformin increases serum GDF-
15. GDF-15 is a protein that increases in concentration
owing to cellular stress caused by mitochondrial
dysfunction, hypoxia, and exercise.”* It has been previ-
ously shown that the intestine (particularly the lower

small intestine and colon) was a main site of increased
GDF-15 expression following metformin treatment.’
However interestingly a study that used a tissue spe-
cific silencing approach showed that up-regulation of
renal GDF-15 by metformin (given intravenously) may
mediate some of metformin’s effects on feeding and
weight.”” The strong association of intestinal-related
proteins with metformin treatment may simply reflect
the high exposure of intestinal epithelial cells to met-
formin and does not necessarily implicate these pro-
teins as mediating any beneficial or potentially harmful
effects of metformin. Where data were available, we
have investigated whether the association of metformin
exposure with protein levels was attenuated when
adjusting for HbAlc change or BMI change, as this
would support either that the metformin associated
protein change is mediating metformin action, or that
the protein change is an indirect effect of metformin
mediated via its effects on weight or HbAlc. A good
example of this is for leptin: leptin concentrations are
strongly negatively associated with metformin expo-
sure, yet when adjusting for change in BMI with met-
formin treatment this association is markedly
attenuated suggesting that the association of metformin
with lower leptin levels is likely mediated via metfor-
min’s effect on body weight. It is interesting to note that
very few of the top 11 metformin-protein associations
were attenuated by adjusting for either BMI change or
HbA1lc change which could be consistent with these
reflecting intestinal exposure and not mediating met-
formin’s effects. Results in people with or without
diabetes are in general directionally consistent although
the metformin-protein association seems greater in the
controls than those without diabetes—this may reflect
the fact that we are comparing a short term acute ‘clean’
intervention in those without diabetes than the longer-
term intervention in those with diabetes. As well as the
fact that metformin’s pharmacological role differs in
people with and without diabetes. However, other study
designs are needed to investigate this further.

Whilst we cannot conclude that the intestinal
signature for the metformin proteome mediates met-
formin action, it is important to be aware of these
strong associations as they may be important con-
founders in any proteomic analysis in cohorts of
metformin-treated individuals, and in clinical settings
where protein concentrations are used as biomarkers of
treatment response or disease progression, such as a
tumour marker. For example, REG4 is a postulated
tumour marker for pancreatic adenocarcinoma,
gastric and colorectal cancer,” EpCAM is a well-
known tumour marker associated with many cancers
including colorectal, ovarian and breast cancers® and
REG1A has been recently associated with the develop-
ment of pancreatic cancer.”

The use of two proteomic platforms in both cross-
sectional and interventional studies, totalling 2057
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participants is a major strength of our study. However,
we recognise there are limitations. Firstly, newer pro-
teomic panels include substantially more proteins (e.g.
Olink Explore HT measures >5300 proteins, and
SomaScan measures 11,000 proteins). Secondly whilst
we combine 3 studies that measure proteins before and
after metformin initiation, the number of participants
in these longitudinal studies remains small. Thirdly,
our study design prohibits us to infer differences in
biological processes of metformin in those with and
without diabetes. Fourthly, given the different study
designs, it was not possible to consider a meta-analysis
across all the studies. Instead, we used the most pow-
ered design (longitudinal repeated measures) as our
discovery, limiting the cross-sectional cohorts to repli-
cation. We are aware that lack of replication could
simply reflect lack of power or the difference in cohort
and study design, but where we have replication across
multiple cohorts and multiple proteomic platforms, we
are confident that these results are robust. Fifthly, our
results are based on the analysis of data from partici-
pants with a European white background and as such
might not be representative for persons with other
ethnic backgrounds. Finally, whilst we establish many
robust signals, we do not describe causal mechanisms
for these associations. This will require further work
with, for example, mouse models as has been demon-
strated for the mechanistic contribution of GDF15 to
metformin action.’

In conclusion, we have carried out a comprehensive
and systematic study on changes to the circulating
proteins following metformin treatment. We show that
the proteomic signature of metformin highlights the
potential for metformin-induced bias in human prote-
omic studies, indicating the need to adjust for metfor-
min treatment in future studies.
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