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ARTICLE HIGHLIGHTS

• There are few existing pharmacogenomic studies in populations of color.
• This study is one of the few pharmacogenomic studies of metformin for the treatment of type 2 diabetes and the

first in which African American individuals alone comprised the discovery population.
• Variants in the gene ARFGEF3 appeared to impact metformin treatment response as measured by the change in

glycated hemoglobin levels.
• These findings may help to direct type 2 diabetes treatment in the future and may lead to new therapeutic

targets.
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OBJECTIVE

Metformin is the most common treatment for type 2 diabetes (T2D). However, there
have been no pharmacogenomic studies for T2D in which a population of color was
used in the discovery analysis. This study sought to identify genomic variants associ-
ated with metformin response in African American patients with diabetes.

RESEARCH DESIGN AND METHODS

Patients in the discovery set were adult, African American participants from the Diabe-
tes Multi-omic Investigation of Drug Response (DIAMOND), a cohort study of patients
with T2D from a health system serving southeast Michigan. DIAMOND participants
had genome-wide genotype data and longitudinal electronic records of laboratory re-
sults and medication fills. The genome-wide discovery analysis identified polymor-
phisms correlated to changes in glycated hemoglobin (HbA1c) levels among individuals
on metformin monotherapy. Lead associations were assessed for replication in an in-
dependent cohort of African American participants from Kaiser Permanente Northern
California (KPNC) and in European American participants from DIAMOND.

RESULTS

The discovery set consisted of 447 African American participants, whereas the
replication sets included 353 African American KPNC participants and 466 Euro-
pean American DIAMOND participants. The primary analysis identified a variant,
rs143276236, in the gene ARFGEF3, which met the threshold for genome-wide
significance, replicated in KPNC African Americans, and was still significant in the
meta-analysis (P = 1.17 × 1029). None of the significant discovery variants repli-
cated in European Americans DIAMOND participants.

CONCLUSIONS

We identified a novel and biologically plausible genetic variant associated with a
change in HbA1c levels among African American patients on metformin monother-
apy. These results highlight the importance of diversity in pharmacogenomic studies.

In the U.S., �34 million people (10.5% of the total population) have diabetes, and
the majority of these individuals (90–95%) have had type 2 diabetes (T2D) (1). For
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more than a decade, the American Dia-
betes Association and the European As-
sociation for the Study of Diabetes have
recommended metformin as the initial
drug of choice for the treatment of T2D
(2,3). According to the 2018Medical Expen-
diture Panel Survey, metformin is estimated
to be the sixth most commonly used medi-
cation in the U.S. in terms of the number of
patients filling a prescription and the fourth
most common medication in terms of total
prescriptions filled (4). Nevertheless, the
mechanism by which metformin exerts its
effect on blood glucose levels and gluconeo-
genesis is not completely known and may
involve both AMPK-dependent and AMPK-
independent pathways (5).
Heritability for the change in glycated

hemoglobin (HbA1c) levels while onmetfor-
min has been estimated to be between
20% and 34%, suggesting that a consider-
able proportion of treatment response is
genetically determined (6). To date, there
have been four published genome-wide
association studies (GWAS) to identify
pharmacogenomic variants associated
with metformin treatment response (7–11).
Of note, using the additive genetic model,
the variants identified in these studies did
not meet genome-wide statistical signifi-
cance in the discovery analysis alone but,
rather, reached statistical significance only
after meta-analyzing results with other
cohorts.
In other pharmacogenomic analyses,

we and others have demonstrated that
risk variants identified in one population
group often do not replicate in other
groups (12). We have also demonstrated
the advantages of genetic association
studies in diverse population groups, par-
ticularly African Americans, where lower
linkage disequilibrium (LD) can facilitate
finer mapping resolution (13).
In this study, we performed an ancestry-

stratified genome-wide analysis for phar-
macogenomic variants associated with gly-
cemic response among African American
individuals treated with metformin. Study
participants were from the DiabetesMulti-
omic Investigation of Drug Response
(DIAMOND), a diverse cohort of indi-
viduals with T2D from southeast Michi-
gan and the Detroit metropolitan area.

RESEARCH DESIGN AND METHODS

Study Populations and Settings
The cohorts included in this studywere ap-
proved by the institutional review boards

of the Henry Ford Health System; the Uni-
versity of California, San Francisco; and
Kaiser Permanente. All participants pro-
vided written informed consent at the
time of enrollment prior to the collection
of study-related data and samples.
Eligible DIAMOND participants were aged
$18 years, were members of the health
system and possessed affiliated health
insurance with pharmaceutical coverage,
and resided in southeast Michigan. Among
this group, individuals with two or more
recorded diagnoses of T2D and at least
one HbA1c value $6.5% were invited to
participate. Individuals with a diagnosis of
type 1 diabetes, gestational diabetes
mellitus alone, or drug-associated diabe-
tes (e.g., because of corticosteroid use)
were excluded. For the discovery analysis,
we restricted the study sample to individ-
uals who self-identified as African Ameri-
can and who had been treated with
metformin alone (i.e., metformin mono-
therapy) for diabetes.

The replication cohort consisted of
African American patients who received
care at Kaiser Permanente Northern Cali-
fornia (KPNC), and White individuals of
European descent (European Americans)
from the DIAMOND cohort. The KPNC
cohort has been described in detail else-
where (9,14). Electronic medical records
were used to identify patients with T2D
who had received at least 6 months of
care in the health system and who had
not used other diabetes medications
prior to their first metformin prescrip-
tion. Patients had to have an HbA1c mea-
surement within 90 days and $90 days
following metformin initiation. Patients
who met these criteria were contacted
via letter and invited to participate.

DNA Collection, Genotyping, and
Quality Control
At the time of enrollment, participants
underwent a detailed evaluation that in-
cluded completing a research survey, a
clinical examination, and specimen collec-
tion. DNA was primarily obtained from
blood, but occasionally from saliva (Ora-
gene DNA Kit; DNA Genotek Inc.). Geno-
mic DNA was isolated and assessed for its
quality and quantity using a Nanodrop
spectrophotometer and PicoGreen dsDNA
quantification assay (Thermo Fisher Scien-
tific). Genome-wide genotyping was per-
formed with the Axiom Precision Medicine
Research Array (Thermo Fisher Scientific) at
the University of North Carolina’s Functional

Genomics Core.The genotyping quality con-
trol (QC) threshold for including an individu-
al’s results was a dish QC >0.82 and an
overall call rate >97%. A total of 2,158
DIAMOND participants were genotyped; 13
(0.6%) samples did not pass genotyping QC.

Variant QC included assessment of
overall call rate and Hardy-Weinberg
equilibrium (P < 10�6). Of 855,849 sin-
gle nucleotide polymorphisms (SNPs)
genotyped, 797,368 (93%) passed our
QC criteria. The internal QC filter of the
Michigan Imputation Server (reference
panel TOPMed-r2 version 1.0.0 [hg38])
excluded an additional 70,265 variants,
and the remaining set of variants were
used to impute missing genotypes (15).
Variants with an imputation score $0.8
were used in the analysis. We also re-
stricted our association analyses to bial-
lelic SNPs with a minor allele frequency
(MAF)$1%.

Population structure was characterized
using principal components (PCs) (16,17).
Individuals$6 SDs from their self-reported
race group in the first 10 PCswere removed
from the analysis (no African Americans
and eight European American participants
were excluded based on this criterion). An
additional eight samples were removed
(three African American and five European
American participants) based on an in-
breeding coefficient $6 SDs from the rest
of the group. Relatedness among partici-
pants was estimated using kinship coeffi-
cients computed in PLINK 2.0 (18). In
situations where participants were related
(i.e., pairwise kinship coefficient >0.1),
one individual’s sample was randomly ex-
cluded from the analysis set. Twenty-six
individuals (20 African American and 6
European American participants) were
removed based on relatedness.

Individuals in the KPNC cohort and their
samples underwent a similar QC process.
These individuals were genotyped on the
Illumina Infinium OmniExpress-24 version
1.2 array. After QC, 725,468 SNPs were
used to impute missing genotypes on the
Michigan Imputation Server.

Local and global genetic ancestries were
assessed in both the discovery and replica-
tion groups using the programs RFMix ver-
sion 1.5.4 (19) and ADMIXTURE 1.3.0 (20).
The reference populations for ancestry esti-
mation were the YRI (Yoruba in Ibadan,
Nigeria) and CEU (Northern Europeans from
Utah) groups from the 1000 Genomes
Project (21).
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Clinical Data and Drug Exposure
Measures
The HbA1c laboratory results used for as-
sessing metformin response had to be at
least 120 days apart; metformin use had
to span this interval such that a 120-day
window of drug exposure could be calcu-
lated and related to the change in HbA1c.
The first set of HbA1c measurements fulfill-
ing these criteria (i.e., the interval closest
to or including treatment initiation) was
used in calculating the primary outcome.

Metformin exposure was estimated us-
ing available pharmacy claims data in the
manner similar to what we have done
previously (22); a schematic is shown in
Supplementary Fig. 1.We used the claims
information on each metformin fill (i.e.,
preparation strength, total amount dis-
pensed) to calculate the total amount of
medication received. The time interval
between refills was then used to equally
distribute the total amount dispensed
over that interval, thereby assigning an
estimated daily amount consumed to each
day between fills. Anchoring on the date
of the second HbA1c test result (for the ob-
servation window used), we averaged the
estimated daily amount of metformin con-
sumed for the preceding 120-day period
(i.e., the period of glycemic control reflected
in the HbA1c result). Baseline HbA1c was the
first HbA1cmeasurement in the selected ob-
servation window. Serum creatinine meas-
ures taken within the 6 months of baseline
HbA1c were used for the estimated glomer-
ular filtration rate (eGFR) (23).

Statistical Analysis
The primary outcome was the change in
HbA1c levels while on metformin mono-
therapy. In our initial analysis, we assessed
the relationship between genotype and
the primary outcome, restricted to individ-
uals whose estimated daily metformin use
was $425 mg. This dose was selected to
represent the equivalent of 80% adher-
ence to the lowest possible daily dose of
metformin (i.e., 500 mg/day) or 50% ad-
herence of the next lower pill size (850mg)
to define a consistent level of exposure;
this is the approximate range of adher-
ence observed in studies of metformin
use by us and others (24). To validate this
threshold, we also evaluated the relation-
ship between metformin use and change
in HbA1c levels (Supplementary Fig. 2)
and the distribution of metformin expo-
sure (Supplementary Fig. 3).These analyses
suggested that 425 mg/day of metformin

constituted an inflection point in terms of
treatment response (i.e., the point above
which increasing metformin use lowered
HbA1c levels). Change in HbA1c was nor-
malized using rank-based inverse normal
transformation (25). The transformed
change in HbA1c levels was regressed on
genotype, using an additive genetic model
and restricted to biallelic SNPs. Additional
covariates included patient age, sex, eGFR,
and baseline HbA1c levels (i.e., the initial
HbA1c level in the interval assessed). Asso-
ciation testing was performed using the
software package GENESIS (26) and was
restricted to regions identified as homozy-
gous for African ancestry based on results
from RFMix. Genome-wide statistical sig-
nificance was defined as P< 5 × 10�8.

Variants that met the threshold for
statistical significance were reassessed
in the KPNC cohort and in European
American DIAMOND participants. A P
value of 0.05 was used as the signifi-
cance threshold for the replication. The
regression models used in the replica-
tion analysis were the same as those
used for the discovery analysis. Results
from African American participants in
the discovery and replication groups
were meta-analyzed using the program
METAL (27). Based on a discovery group
sample size of 447, P < 5 × 10�8 signifi-
cance threshold, and an MAF of either
$0.01 or $0.03, we estimated 80%
power to detect effect sizes of $2.07
and $1.21, respectively. For the replica-
tion group using a sample size of 353,
P = 0.05 significance threshold, and an
MAF of either $0.01 or $0.03, we esti-
mated 80% power to detect effect sizes
of $1.05 and $0.61, respectively. We
also performed a post hoc sensitivity
analysis to account for the periods used
in our evaluation with respect to metfor-
min initiation. These analyses included
separately stratifying the group by the
time of assessment, as well as by adjust-
ing for time since initiation in the regres-
sion model.

Our second approach for identifying
pharmacogenomic variants associated
with metformin treatment response in-
volved evaluating for gene (genotype) ×
drug interactions associated with change
in HbA1c. Rank-based inverse normal trans-
formed change in HbA1c levels was re-
gressed on genotype, metformin exposure
(i.e., <425 vs. $425 mg/day), and an in-
teraction term between genotype and
metformin use. The models adjusted for

patient age, sex, eGFR, and baseline HbA1c
levels. Statistical significance was assessed
by comparing the full model (i.e., the
model with age, sex, eGFR, baseline HbA1c
level, metformin exposure, genotype, and
a genotype × metformin interaction) with
a parsimonious model (i.e., the model
without the genotype and genotype ×
metformin interaction terms). Therefore,
the joint association test assessed the
combined effect of adding genotype and
the interaction term. The genome-wide
statistical significance threshold for the joint
association was also set at P < 5 × 10�8.
See the Supplementary Methods and
Discussion for additional commentary on
the analyses performed.

RESULTS

Study Populations
The discovery set comprised 447 African
American DIAMOND participants with
genome-wide genotype data and consis-
tent metformin use (i.e., an estimated
$425 mg/day during the observation
period). Similarly, there were 353 Afri-
can American participants from the
KPNC cohort and 466 European Ameri-
can participants from the DIAMOND
cohort with similar data for replica-
tion. The characteristics of these partici-
pants are shown in Table 1 and Supple-
mentary Table 1. The average age among
African American DIAMOND participants,
African American KPNC participants, and
European American DIAMOND participants
was 56.4, 55.2, and 59.5 years, respec-
tively. The sex distribution in these groups
was 69.1%, 66.3%, and 41.8% female, re-
spectively. Baseline HbA1c levels in these
groups were 7.6%, 7.3%, and 7.3%, and
the average absolute change in HbA1c
among individuals whose average metfor-
min usewas$425mg/day during the study
observation period was �0.57, �0.66, and
�0.44, respectively.

Genome-Wide Association Identifies
Relationship Between Variant
rs143276236 and HbA1c Change
Among Individuals With T2D on
Metformin Therapy
Results from the genome-wide associa-
tion analysis are shown in Table 2 and
Fig. 1. The quantile-quantile plot is shown
in Supplementary Fig. 4. In the discovery
analysis, 11 SNPs had an association
P value less than the genome-wide sig-
nificance threshold of P < 5.0 × 10�8 in
regions homozygous for African ancestry.
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Variants rs143276236 and rs116251012
in the gene ARFGEF3 on chromosome 6
had a consistent direction of effect in
both DIAMOND and KPNC cohorts, and
the variants had a replication P < 0.05
in KPNC cohort. A meta-analysis of the
signal in regions homozygous for African
ancestry in DIAMOND and KPNC par-
ticipants was statistically significant for
rs143276236 (P = 1.17 × 10�9) and for
rs116251012 (P = 1.59 × 10�8). A locus
zoom plot of the region (Supplementary
Fig. 5) demonstrates that the lead variant
rs143276236 was in high LD with variant
rs116251012 (r2 = 0.78). Only two of the
variants identified in African ancestry re-
gions were sufficiently frequent to assess
in European American DIAMOND partici-
pants (Supplementary Table 2). Neither
of these variants reached statistical signifi-
cance among European American partici-
pants or when meta-analyzed in all three
study groups.

Unique African and European
Haplotypes in Chromosome 6 Region
Associated With Metformin Glycemic
Response
Supplementary Fig. 6 demonstrates the
haplotype structure in the region sur-
rounding the leading variant rs143276236
on chromosome 6. As can be seen, the ex-
tent of LD was lower and the size of the

haplotype blocks smaller in a back-
ground homozygous for African ancestry
(Supplementary Fig. 6A) compared with
the same region homozygous for Euro-
pean ancestry (Supplementary Fig. 6B).

An Ancestry-Informed Gene ×
Metformin Interaction Association
Analysis for Glycemic Response
Identifies Similar Top Genetic Variant
Associations
In DIAMOND, we had 203 additional Afri-
can American participants who were on
metformin monotherapy but had an aver-
age estimated exposure <425 mg/day in
the observation period (Supplementary
Table 3). Average estimated metformin
use in this group was 224.2 mg/day. As
would be expected, the absolute im-
provement in HbA1c levels was lower in
individuals whose average exposure was
<425 mg/day compared with those using
$425 mg/day (�0.22 vs. �0.57, respec-
tively; P = 0.024). Both the high and lowmet-
formin exposure groups (i.e., $425 mg/day
and <425 mg/day) were used to assess for
gene × metformin interactions (i.e., variants
whose effect on HbA1c appeared to differ
based onmetformin exposure).The associ-
ation analysis was again restricted to intra-
individual genomic regions homozygous
for African ancestry. The quantile-quantile
plot is shown in Supplementary Fig. 7. A

joint test was used to assess the combined
effect of genotype and genotype × drug in-
teraction (Supplementary Table 4). The ef-
fect of metformin on the change in HbA1c
was evinced by the consistent inverse rela-
tionship between level of metformin expo-
sure and the outcome variable. Many of
the same variants identified in the previ-
ous analysis (Table 2) were again observed
in the interaction analysis. ARFGEF3 was
also identified in the gene × metformin in-
teraction analysis; significant variants in
this gene included rs143276236 (noted
previously) and the two SNPs rs141012141
and rs80340144 located within 137 base
pairs of each other. The joint test P values
for these three ARFGEF3 variants were
1.08 × 10�8, 3.48 ×10�8, 3.48 × 10�8, re-
spectively; however, only rs143276236 sug-
gested replication in the KPNC cohort (joint
test P = 0.06).

Association Between Variants in
ARFGEF3 and HbA1c Change by
Degree of Metformin Use
Differences in the apparent relation-
ship among degree of metformin use,
genotype, and HbA1c improvement are
shown in Fig. 2. Among individuals with
$425 mg/day average daily exposure to
metformin, individuals with the ARFGEF3
rs143276236 CC genotype had an aver-
age absolute HbA1c reduction of 0.59%,

Table 1—Characteristics of discovery and replication groups used in the primary analysis*

Discovery group Replication groups

African American DIAMOND
participants
(n = 447)

African American KPNC
participants
(n = 353)

European American DIAMOND
participants
(n = 466)

Age (years)† 56.4 ± 10.3 55.2 ± 10.0 59.5 ± 10.5

Female sex, n (%) 309 (69.1) 234 (66.3) 195 (41.8)

BMI (kg/m2)‡ 35.0 ± 7.1 (n = 328) 35.3 ± 7.2 (n = 287) 34.2 ± 6.0 (n = 306)

Proportion of African ancestry§ 81.7 ± 10.3 79.4 ± 14.3 0.06 ± 2.0

Baseline HbA1c level (%)jj 7.6 ± 1.8 7.3 ± 1.8 7.3 ± 1.4

Change in HbA1c on metformin
treatment**

�0.57 ± 1.76 �0.66 ± 1.78 �0.44 ± 1.40

Metformin use (mg/day)†† 937.5 ± 419.0 963.5 ± 471.7 1,088.5 ± 502.9

eGFR (mL/min/1.73 m2)‡‡ 93.7 ± 20.4 (n = 447) 94.4 ± 19.1 (n = 353) 87.0 ± 18.5 (n = 466)

Data are mean ± SD unless otherwise indicated. *This is among the study sample with an average metformin use $425 mg/day. †Age at the
time of metformin response was assessed. ‡BMI was available for 344 (72%), 298 (81%), and 319 (64%) of the African American DIAMOND
participants, the African American KPNC participants, and the European American DIAMOND participants, respectively. §Using the approach
described in the Research Design and Methods, the proportion of African ancestry refers to the proportion of each individual’s genome deter-
mined to be of African continental origin. This was then averaged over all participants to determine the average proportion across the subset
of participants. jjThe result of the first HbA1c level in the interval used to assess metformin response. **Absolute change in the HbA1c percent
in the observation period. ††Average estimated metformin daily use in mg/day during the 120-day period preceding the second HbA1c mea-
surement in the observation interval. ‡‡Derived using creatinine levels drawn within the 6 months preceding the exposure observation period
used for each individual.
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whereas individuals with the AC genotype
had an average absolute HbA1c reduction
of 0.28%; these differences were statisti-
cally significant (P = 0.0083) (Fig. 2A). The
genotype relationship was not statistically
significant among individuals with average
metformin exposure <425 mg/day (P =
0.11). A similar pattern was also observed
using the HbA1c change adjusted for base-
line HbA1c. The difference between the
two genotypes were statistically signifi-
cant (P = 0.012) (Fig. 2B) with average
metformin exposure $425 mg/day, but
the difference was not statistically signifi-
cant among individuals with average met-
formin exposure <425 mg/day (P = 0.91).

Post Hoc Analyses Accounting for
Time of Treatment
Since the exposure window used in our as-
sessment may not have coincided with
metformin initiation, we performed a post
hoc analysis to assess the potential effect
of timing on our results. Most assessments
were performed at the time of metformin
initiation (Supplementary Fig. 8). The dura-
bility of metformin response appeared to
last to day 403 following treatment initia-
tion, but it was most evident in the first
146 days (Supplementary Fig. 9). The lead
variant rs143276236 in the association
analysis had a consistent magnitude and
direction of effect between 0 and 146 days
and between 147 and 403 days postinitia-
tion (Supplementary Table 5), and it dem-
onstrated genome-wide significance within
the 403 days in which the metformin treat-
ment response was evident (P = 9.72 ×
10�9) (Supplementary Table 6). Variant
rs143276236 was also associated with
change in HbA1c after adjusting for time
since treatment initiation in both the dis-
covery (P = 9.09 × 10�9) and replication
sets (P = 0.035) (Supplementary Table 7).

CONCLUSIONS

Despite rapid progress in genomics, U.S.
minority populations are considerably un-
derrepresented in existing studies (28). For
example, individuals of African descent
constitute �2% of all GWAS participants
(29,30), and these figures aremuch smaller
when one considers the number of studies
where people of color comprise the discov-
ery population or are sufficiently repre-
sented for adequately powered subgroup
analyses. Without such studies, these pop-
ulation groups would not share in precision
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medication advancements that are predi-
cated on this foundational research (31).
To leverage the strength of our study’s

diversity, we used a technique that we
have used successfully on other projects
involving fine mapping of variant associa-
tions in regions homozygous for African
ancestry (13). This approach has multiple
potential advantages. First, it can be used
to assess for associations in an ancestral
background not previously evaluated,
thereby identifying novel or population-
specific risk variants. Second, it may per-
mit better mapping resolution of causal
variants, especially if ancestral group dif-
ferences in allele frequency, LD, or genetic
variation permit better signal isolation
(32). We also used methods developed
by us to assess metformin exposure in
large patient populations to ensure that
medication use was taken into account
(22,24).
Using the above approach, we evalu-

ated for variants associated with a change
in HbA1c levels while on metformin mono-
therapy. The most significant allele repli-
cated was rs143276236, an intronic SNP
located in the gene ARFGEF3 that is also
known as brefeldin A-inhibited guanine
nucleotide-exchange protein 3 (BIG3). Ex-
periments in mice have found BIG3 to be
highly expressed in islet a- and b-cells,
and BIG3 expression is inversely associ-
ated with both glucagon and insulin gran-
ule biogenesis in both types of cells,
respectively (33,34). BIG3 knockout mice
also had a 35% increase in insulin granule

content in b-cells and enhanced insulin
secretion; however, they were also more
likely to develop postprandial hyperglyce-
mia and hyperinsulinemia, consistent with
peripheral insulin resistance attributable
to chronic oversecretion (33). In short,
BIG3 appears to function as a negative
regulator of insulin secretion through its
role in regulating early granule biogenesis
in the Golgi apparatus. While the mecha-
nistic relationship between ARFGEF3/BIG3
and metformin use remain to be deter-
mined, the gene itself is a plausible media-
tor of blood glucose levels.

To investigate the possible effects that
our lead variant rs143276236 may have
on gene expression, we performed a
post hoc analysis using HaploReg version
4.1 (35) to assess potential effects on
transcription factor binding. The algo-
rithm estimated that the variant may al-
ter activating transcription factor 3 (ATF3)
and CACD2 binding motifs with reduced
binding affinity. Studies have suggested
that ATF3 may influence both T2D and
metformin’s effect on hepatic gluconeo-
genesis (36,37). Furthermore, a study
showed that ATF3 is the top gene that is
regulated by metformin in human liver
hepatocytes (38).

A previous GWAS identified variant
rs8192675 in the glucose transporter
gene SLC2A2 to be associated with met-
formin glycemic response among White
European individuals with T2D (9). We
did not find any significant variants
within the SLC2A2 among participants of

African ancestry, and the association of
rs8192675 with change in HbA1c ob-
tained a P value of 0.81 in our discovery
set. The discrepancy highlights the potential
importance of diversity in pharmacoge-
nomic studies. In addition, Mahajan et al.
(39) performed ameta-analysis of 122 sepa-
rate studies comprising 180,834 individuals
with T2D and 1,159,055 control subjects;
the composition of the group was 51.1%
White European, 28.4% East Asian, 8.3%
South Asian, 6.6% African (including African
Americans), and 5.6% Latino (of any ances-
try group). The investigators identified 277
separate genetic loci associated with T2D at
a significance level of P < 5 × 10�8. Again,
we did not find any significant variants over-
lapping with these 277 loci, suggesting that
the variant that we identified may be only
relevant in the presence of metformin, as
was observed in our study. Recently, Li et al.
(11) conducted a GWAS of individuals with
prediabetes from the Diabetes Prevention
Program (DPP). The investigators assessed
both for variants associatedwith various gly-
cemic traits, including HbA1c, in the treat-
ment arm and for gene × drug interactions
(using both treatment and placebo arms).
Variants in ENOSF1 and LOC101928519
were associated with a 1-year change in
HbA1c levels in the metformin-only group,
and variants in LINC01093, MAN2B2, and
SOX5 were associated with change in
HbA1c in the interaction model. Only
LOC101928519 was found to be statisti-
cally significant among African American

Figure 1—Manhattan plot of the discovery analysis relating genome-wide polymorphisms to changes in HbA1c among African American patients
with T2D on metformin monotherapy from the DIAMOND cohort. Discovery association results were restricted to regions where individuals were
homozygous for African ancestry. The dashed line denotes the threshold for genome-wide statistical significance (P< 5.0 × 10�8).
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DPP participants, and none of these var-
iants were identified in our current study.

Although the mechanism of metfor-
min’s effect on blood glucose levels is
not known, it is widely speculated that
the principal effect involves hepatic glu-
coneogenesis (40). Curiously, our top as-
sociations in ARFGEF/BIG3 suggest that
metformin may also affect glucose and
insulin levels through islet cell granule
formation. However, our observational
study design did not allow us to investi-
gate whether metformin has a direct or
indirect effect on these processes. Nev-
ertheless, the consistency of our findings
in terms of site of action, robustness to
different analytic methods, and replica-
tion in an independent sample suggests
that the pharmacogenomic variants iden-
tified here deserve additional functional
validation.

The use of observational data to assess
medication response has its limitations.
For example, we had to use strict criteria

to define drug exposure using retrospec-
tive electronic medical record data. We
have previously demonstrated that these
exposure measures are strongly related to
clinical outcomes (22); hence, these data
provide an opportunity to evaluate popu-
lation groups that are understudied in
clinical trials. We also acknowledge that
425 mg/day does not correspond to an
actual metformin pill size; however, this
level of exposure did appear to constitute
an inflection point for metformin treat-
ment response (Supplementary Fig. 2). It
is important to note that since patients of-
ten do not take their full dose as prescribed
(24), average levels of exposure may not
perfectly coincide with pill strengths. To best
leverage the data available to us, we also
used exposure times that did not always in-
clude metformin initiation. Nevertheless, in
post hoc analyses, we demonstrated that
our lead variantwas robust to variousmeth-
ods to account for time since treatment ini-
tiation. Most importantly, we demonstrated

that rs143276236 was a leading pharmaco-
genomic variant using two very different an-
alytic approaches: an exposure-only analysis
and a genotype × drug interaction analysis.

In summary, we have identified at least
one variant that appears to influence
metformin’s glycemic effect in African
American individuals with T2D. Perform-
ing pharmacogenomic studies in diverse
population groups is necessary for a num-
ber of reasons. First, pharmacogenomic
information for U.S. minority patients is
lacking, so without these studies, these
population groups will not equally benefit
from downstream advances in precision
medicine. For example, genetic predictive
risk scores developed using data from
European ancestry groups perform poorly
in other population groups (31); therefore,
more diverse pharmacogenomic studies
are needed as a basis for more broadly
applicable risk scores (22). Second, LD dif-
ferences between population groups may
actually improve fine-mapping resolution
and causal variant identification (13).While
further studies are needed to replicate our
findings, our approach provides a useful
roadmap for others to follow in terms of
leveraging diversity to improve pharmaco-
genomic discovery.
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Figure 2—Absolute changes (A) and adjusted changes (B) in HbA1c levels with metformin treat-
ment among African American DIAMOND participants stratified by the ARFGEF3 variant geno-
type rs143276236. Results are also stratified by average levels of daily metformin use as
assessed using pharmacy records of patient medication fills. Among individuals on metformin
monotherapy for T2D, high exposure was considered $425 mg/day (left), and low exposure
was considered<425 mg/day (right). Only one individual was AA homozygous for the ARFGEF3
rs143276236 variant (noted by dashed line).
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