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Influence of common polymorphisms in the SLC5A2 gene on
metabolic traits in subjects at increased risk of diabetes and
on response to empagliflozin treatment in patients with

diabetes

Heike Zimdahl**, Axel Haupt"*, Michael Brendel?, Louis Bour?,
Fausto Machicao®9, Afshin Salsali", Uli C. Broed!", Hans-Juergen Woerle",

Hans-Ulrich H.éiringb’c’d’e

Objective Inhibition of the renal sodium-glucose
cotransporter 2 (SGLT2) is a novel concept in the therapy of
diabetes mellitus. In this study, we first assessed whether
common single nucleotide polymorphisms (SNPs) in the
SGLT2-encoding gene SLC5A2 affect diabetes-related
metabolic traits in subjects at risk for type 2 diabetes and,
second, whether these have pharmacogenetic relevance by
interfering with the response to empagliflozin treatment in
patients with type 2 diabetes.

Patients and methods Samples from a metabolically well-
phenotyped cross-sectional study population (total
N=2600) at increased risk for type 2 diabetes and pooled
pharmacogenetic samples from patients from four phase Il
trials of empagliflozin (in total: 603 receiving empaglifiozin,
305 receiving placebo) were genotyped for five common
SNPs (minor allele frequencies > 5%) present in the
SLC5A2 gene locus.

Results In the cross-sectional study, none of the SLC542
SNPs significantly influenced metabolic traits such as body
fat, insulin sensitivity/resistance, insulin release, HbA,,
plasma glucose, or systolic blood pressure when multiple
testing was taken into account (all P> 0.0083). Further, no
relevant effect on response to treatment with empagliflozin
on HbA, , fasting glucose, weight, or systolic blood pressure
was observed for the SNPs tested in the

pharmacogenetic study.

Introduction

The sodium—glucose cotransporter 2 (SGLT2) is
responsible for most glucose reabsorption in the kidney
and represents the target of a novel class of antidiabetes
drugs: the SGLTZ inhibitors [1]. SGL'T2 inhibition
results in loss of glucose through the urine and in clini-
cally relevant reductions in plasma glucose and HbA,.. [2].

SGLT2 is encoded by the SLC5A2 gene located on

human chromosome 16p11.2. Several rare mutations in
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this gene that cause functional defects in SGL'T2
(impaired transport capacity) and result in familial renal
glucosuria (FRG) have been described [3]. Studies have
identified missense mutations, premature stop codons,
and frameshift mutations that are phenotypically asso-
ciated with FRG [4-6]. None of these mutations were
consistently found across studies/families, indicating that
they represent private mutations. FRG is therefore an
inhomogeneous disease that can have an autosomal
recessive or dominant mode of inheritance, and gluco-
suria that is mild (10-30 g/1.73 m?/day) or considerable
(>150¢g/1.73 mZ/day) [3]. Mutations that cause FRG have

potentially beneficial effects on the prevalence of
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Association of SGLT2 single nucleotide polymorphisms with pathomechanistic risk factors for type 2 diabetes

Table 1

P-value SNP rs9934336 P-value SNP rs3813008 P-value SNP rs31161150 P-value

SNP rs9924771

AA GG GA AA

43
32.6

GA AA GG GA
1643
34.8

843

GG
1251
35.3

AA
215

GA

9

GG

Genotype

n

144
30.6

881

1204
35.4

543

135
31.1

01

1113

34.6

338

36.1

35.3

35.8

35.4

Sex (male) (%)
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indices with sex, age, and BMI as covariates; and insulin release indices with sex, age, BMI, and IS| as covariates.

AUC, area under the curve; Cpep, C-peptide; glc, glucose; HOMA-IR, homeostasis model assessment of insulin resistance; ins, insulin; ISI, insulin sensitivity index; SNP, single nucleotide polymorphism.

overweight and diabetes because of loss of calories in the
urine [7]. Thus, it is likely that these mutations are even
rarer in patients with diabetes compared with the general
population, questioning the importance and feasibility of
testing the impact of the SLC5A2 gene on the efficacy of
pharmacologic SGL'T2 inhibition.

At a higher frequency, several common single nucleotide
polymorphisms (SNPs) have been identified in the
SLC5A2 gene, most of them in noncoding regions
(introns), with no established functional impact on tran-
script expression or protein activity of relevance to clin-
ical phenotypes or type 2 diabetes [8]. In a study based
on two populations, SNP 1s9934336 was the only com-
mon variant that showed nominal associations with glu-
cose concentrations during three-point oral glucose

tolerance tests (OGTT's) [8].

To investigate the impact of the SLC5A2 genetic variants
on risk factors for diabetes, such as overweight, insulin
resistance, and B-cell failure, we assessed the associations
of common SNPs with clinical parameters in an exten-
sively phenotyped cross-sectional study population at
increased risk for type 2 diabetes. In addition, we
investigated the pharmacogenetic relevance of these
SNPs with respect to treatment response in a pool of
patients from four phase III clinical trials testing two
doses of the SGL'T2 inhibitor empagliflozin in patients
with type 2 diabetes.

Patients and methods

Study populations

Two study populations were subjected to genotyping
and data analysis. A flow chart including sample and SNP
selection for the cross-sectional study (A) and the phar-
macogenetic study (B) is given in Supplementary Fig. 1
(Supplemental digital content 1, Azp.//links.lww.com/FPC/
BIT71).

Cross-sectional study

Data analysis was carried out in 2229 individuals without
diabetes recruited from the ongoing Tiibingen Family
(TUF) study for type 2 diabetes. TUF includes more than
2600 nonrelated individuals at increased risk for type 2
diabetes, that is, with a family history of type 2 diabetes,
BMI of at least 27 kg/m?, impaired fasting glycemia, and/or
previous gestational diabetes. All TUF participants
underwent an assessment of medical history, smoking
status, and alcohol consumption habits, physical exam-
ination, routine blood tests, and five-point OGTT's [9].
Recruitment of the current study population was based on
complete OGTT and genotype data sets. Patient char-
acteristics stratified by genotype are presented in Tables 1
and 2. The study adhered to the Declaration of Helsinki
and all participants provided their informed written con-
sent before participation in the study. The protocol was
approved by the Ethics Committee of the University of
Tibingen (Tibingen, Germany).

Kluwer Health, Inc. All rights reserved.
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Table 2 Association of SGLT2 single nucleotide polymorphisms with clinically relevant endpoints HbA,, glucose concentrations, blood pressure,

and estimated glomerular filtration rate by genotype in the cross-sectional study

HbA. HbA;. Fasting glucose 120-min glucose AUCq_120min glucose  Systolic blood pressure eGFR
(%) (mmol/mol) (mmol/l) (mmol/l) (mmol/I) (mmHg) (ml/min/1.73 m2)

SNP rs9924771

GG 5.40+0.46 36+5.0 5.16+0.53 6.34+1.56 14.7+ 31 126+18 93.4+21.8

GA 5.42+0.47 36+5.1 5.17+£0.57 6.34+1.65 14.8+3.2 125+18 95.6+22.7

AA 5.42+0.42 36+4.6 5.12+0.50 6.35+1.51 148+2.8 126+17 94.6+22.1

P-value 0.4 0.4 1.0 0.5 0.2
SNP rs9934336

GG 5.42+0.44 36+4.8 5.17+0.54 6.36+1.60 14.8+3.1 126+18 94.5+22.7

GA 5.41+0.48 36+5.2 5.16+0.55 6.33+1.62 14.8+3.1 125+18 94.8+22.0

AA 5.36+0.50 35+£55 5.11+0.52 6.24+1.41 145+3.1 125+17 91.4+188

P-value 0.2 0.3 0.6 0.2 0.9
SNP rs3813008

GG 5.40+0.46 36+5.0 5.16+0.53 6.36+1.59 14.8+3.0 126+18 93.8+22.1

GA 5.44+0.46 36+5.0 5.19+0.57 6.30+1.61 14.7+3.2 125+18 96.4+22.8

AA 5.42+0.38 36+4.2 5.04+0.49 6.24+1.53 14.2+2.9 127+18 94.1+20.2

P-value 0.1 0.9 0.2 0.3 0.1
SNP rs3116150

GG 5.41+0.47 36+5.1 5.156+0.56 6.33+1.61 14.7+ 31 125+17 95.0+22.1

GA 5.41+0.44 36+4.8 5.17+£0.52 6.33+1.55 14.8+3.0 126+18 93.8+22.2

AA 5.42+0.46 36+5.0 5.23+0.58 6.49+1.70 15.2+3.2 128+ 20 93.6+23.7

P-value 0.7 0.0226 0.0272 0.0083 0.3

Data are unadjusted raw data (mean + SD). Associations were analyzed by multiple linear regression analysis (standard least-squares method) in the additive inheritance
model. All parameters were tested with sex, age, and BMI as covariates. Nominal associations (P < 0.05) are marked in bold.
AUC, area under the curve; eGFR, estimated glomerular filtration rate (Modification of Diet in Renal Disease); HbA;., hemoglobin Alc; SNP, single nucleotide

polymorphism.

Pharmacogenetic study

Data were pooled from patients with type 2 diabetes
from four placebo-controlled phase III clinical trials that
evaluated the safety and efficacy of empagliflozin 10 and
25 mg as monotherapy or as add-on therapy to (i) pio-
glitazone alone or in combination with metformin or (ii)
metformin or metformin plus sulfonylurea. Details of the
studies from which data were extracted for retrospective
genetic analyses are provided in Supplementary Table 1
(Supplemental digital content 2, Aztp://links.lww.com/FPC/
B172). The monotherapy study included a sitagliptin
active comparator group. On the basis of the different
modes of action, there is no scientific rationale to explore
the effect of SLC5A2 on response to sitagliptin and
because of the comparably low number of patients in this
treatment group (#=71), the respective (underpowered)
data are not presented. Study design and primary and
secondary endpoints have been reported [10-13]. Of
2705 patients randomized in the four trials, 979 patients
provided informed consent for pharmacogenetic analyses.
The baseline characteristics of the patients included in
the pharmacogenetic analyses were similar to those of the
overall pool (data not shown) and are presented stratified
by genotype in Table 3.

Genotype analysis

On the basis of publicly available data from the 1000
Genomes Project  (htp://browser.1000genomes.orglindex.
html), we selected six common SNPs [minor allele fre-
quencies (MAFs) >0.05] to cover the SLLC5A2 locus
(gene region plus 2kb of the 5'-flanking region):
1s9924771 G/A, 1511646054 G/C, rs3116149 G/A, and
rs9934336 G/A in intron 1, and rs3813008 G/A and

rs3116150 G/A in intron 5. Three of these, that is,
rs9934336, 1s3813008, and rs3116150, were reported by
Enigk ez a/. [8]. In both studies, DNA was extracted from
whole-blood samples and DNA sequences encompassing
the SNPs were amplified by PCRs.

Genotyping in the cross-sectional study

SNPs rs3116149, rs9934336, rs3813008, and rs3116150
were genotyped by mass spectrometry using the
massARRAY platform from Sequenom and the manu-
facturer’s iPLEX software (Sequenom, Hamburg,
Germany). Two SNPs, rs9924771 and rs11646054, resis-
ted multiplex assay design for massARRAY. For
1$9924771, but not for rs11646054, a TaqgMan assay for
allelic discrimination could be designed (Applied
Biosystems, Foster City, California, USA). Of the five
SNPs ultimately genotyped, rs3116149 was shown to be
monomorphic (all patients homozygous for the major
G-allele) and, therefore, was excluded from the analyses.

Genotyping in the pharmacogenetic study

SNPs 1s3116149, 159934336, 153813008, rs11646054,
1s3116650, and 159924771 were genotyped by allelic
discrimination using TagMan PCR assays (Applied
Biosystems). The TagMan assay for rs9924771 resulted
in clusterplots of limited quality (possibly because of
multiple repetitive sequences near the SNP position).
Therefore, 159924771 was excluded from the analyses in
the pharmacogenetic study.

Thus, five SNPs were analyzed in at least one of the two
studies and these SNPs cover ~83% of the common
genetic variation within the gene locus.

Copyright © 2017 Wolters Kluwer Health, Inc. All rights reserved.
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Table 3 Demographic and baseline characteristics in the pharmacogenetic study by single nucleotide polymorphisms

Sex Baseline Baseline Fasting eGFR Systolic blood
(male) Age BMI Body weight HbA; . HbA;. glucose (ml/min pressure
n (%) (years) (kg/mQ) (kg) (%) (mmol/mol) (mmol/l) 1.73m?) (mmHg)
SNP rs9934336
GG 572 53.8 56.6+10.3 31.31+5.63 8744+20.11 8.01+0.84 64+9.2 8.8+2.0 84.60+19.95 131.0£14.6
AG 362 54.7 574+10.3 31.54£5.61 89.39+£19.91 7.97+0.87 64+9.5 8.8+1.9 81.62+21.93 132.8£15.4
AA 45 55.6 58.6+11.9 30.44+5.34 8451+16.59 8.07+0.78 65+8.5 9.7+2.6 79.89+18.69 136.3£19.6
SNP 3813008
GG 727 54.1 570+10.2 31.49+£5.43 88.26+19.51 8.01+0.86 64+9.4 8.9+2.0 83.89+20.02 132.2+£15.4
AG 233 52.8 572+10.9 30.87+6.13 86.90+£20.91 798+0.83 64%9.1 8.7+1.9 81.31+22.68 130.9+£14.5
AA 18 77.8 54.8+9.8 31.92+5.90 92.07+22.66 7.82+0.76 62+8.3 81+23 85.04+20.49 130.4+£14.5
SNP 3116150
GG 625 51.2 56.0+£10.6 30.92+5.58 85.96+19.94 8.03+0.87 64+9.5 8.7+2.0 84.15+£21.75 130.6+£15.4
AG 320 58.3 58.3+£9.9 32.15+5.79 91.85+20.04 797+082 64+9.0 89+1.9 81.91+18.63 133.6£14.6
AA 305 66.7 60.7+8.4 31.89+£4.31 90.58+15.04 7.75+0.7 61+£79 9.0+1.7 80.84+18.62 136.9+£13.9
SNP 3116149
GG 846 541 572+10.3 31.47+5.49 88.36+19.59 799+0.85 64+9.3 8.8+2.0 83.18+19.96 132.2+£15.4
AG 128 55.5 55.9+10.7 30.58+6.29 85.86+21.38 8.01+0.86 64+9.4 8.7+2.0 83.95+25.07 129.4+13.9
AA 4 50.0 55.3+6.2 32.00+£7.60 90.18+3719 750+0.44 58+48 6.8+1.6 80.90+25.16 140.3+£7.7
SNP rs11646054
GG 353 52.4 56.2+10.8 30.79+5.62 86.11+19.6 8.01+0.87 64+9.5 8.8+2.1 83.23+23.04 130.7£15.0
CG 435 53.1 576+10.2 31.61+5.64 88.99+20.34 798+0.85 64+9.3 88+1.9 81.96+17.95 132.2+15.6
CcC 191 60.2 571+£10.0 31.81+5.46 89.36£19.16 799+0.82 64+9.0 8.8+1.9 86.39+21.69 133.3£14.3

Data are unadjusted raw data (counts, %, mean+ SD).

eGFR, estimated glomerular filtration rate; HbA1., hemoglobin A1c; SNP, single nucleotide polymorphism.

Clinical measurements and calculations

In the cross-sectional study, five-point OGTTs were
performed and HbA,., plasma glucose, serum insulin,
serum C-peptide, and bioimpedance-derived body fat
content were measured as described previously [16]. The
estimates of insulin sensitivity/resistance [insulin sensi-
tivity index (ISI) [17]; and homeostasis model assessment
of insulin resistance [18]] and insulin secretion [area
under the curve (AUC)g_30 min insulin/AUCy_30 min glu-
cose and AUC(_120 min C-peptide/AUC(_120 min glucose]
were calculated as reported earlier [19]. The estimated
glomerular filtration rate (eGFR) was calculated accord-
ing to the prediction equation of the Modification of Diet
in Renal Disease study [20]. The laboratory measure-
ments performed in the pharmacogenetic study have
been described [10-13].

Statistical analyses

If not indicated otherwise, data are presented as
mean+SD. Hardy—-Weinberg equilibrium was tested
using y*-tests with 1 4.f.

Data analysis in the cross-sectional study

SNP effects were primarily tested in the additive
inheritance model. Secondarily, genotypic and dominant
inheritance models were applied. Continuous variables
with a skewed distribution were log.-transformed before
statistical analysis. Multiple linear regression analyses
were carried out using the standard least-squares method.
In the regression models, the trait of interest (glucose
concentration, body fat, insulin sensitivity/resistance,
insulin release, or blood pressure) was chosen as the
outcome variable, the SNP genotype as an independent
variable, and sex, age, BMI, and ISI as confounding

variables where appropriate. The selection of confound-
ing variables was based on knowledge from large epide-
miological studies and on results of univariate and
multivariate analyses in the TUF study. The statistical
software JMP 10.0 (SAS Institute, Cary, North Carolina,
USA) was used for all analyses.

To correct for multiple testing, we applied Bonferroni
correction. In the cross-sectional study, a P-value less
than 0.0025 resulting from correction for 20 null
hypotheses tested in parallel given by five traits (glucose
concentration, body fat, insulin sensitivity/resistance,
insulin secretion, and blood pressure) and four SNPs
(rs9934336, rs3813008, rs3116150, and rs9924771) was
considered significant. Associations with P-values above
these Bonferroni-corrected a-levels and less than 0.05 are
indicated as nominal.

Data analysis in the pharmacogenetic study

SNP effects were primarily tested in the genotypic
inheritance model. Secondarily, additive and dominant
inheritance models were applied. Data from randomized
patients in the four trials who were treated with at least
one dose of study medication, had a baseline HbA;,
measurement, had genetic polymorphism data available,
and fulfilled the genetic mismatch quality control criteria
were pooled. In cases where endpoint data were not
available, the last observed value was carried forward.
The homogeneity of the treatment effect on the change
from baseline after 24 weeks in the genotype subgroups
was investigated using analysis of covariance for the
endpoints HbA;. (primary endpoint), fasting glucose,
weight, and systolic blood pressure. Assuming different
modes of inheritance, all models included the baseline of

Copyright © 2017 Wolters Kluwer Health, Inc. All rights reserved.



the endpoint in question, baseline HbA;, baseline
eGFR, region, background medication, treatment,
genetic variant, and the interaction of genetic variant and
treatment. SAS, version 9.2 (SAS Institute Inc.) was used
for all analyses in the pharmacogenetic study. A P-value
less than 0.0025 resulting from correction for 20 null
hypotheses tested in parallel given by four traits and five
SNPs (rs3116149, 1s9934336, 13813008, rs11646054,
rs3116650) was considered significant. Associations with
P-values above these Bonferroni-corrected a-levels and
less than 0.05 are indicated as nominal.

Results

Cross-sectional study

We have analyzed the impact of common SLC5A2 SNPs
(rs9934336, 19924771, 1s3813008, and rs3116150) on glucose
concentrations, insulin sensitivity/resistance, insulin release,
body fat, and blood pressure in 2229 subjects at increased risk
for type 2 diabetes. The study population was middle-aged
(mean+ SD age: 39.8+12.9 years), obese (BMI: 31.2+9.9 kg/
m?), and about 1/3 were men. All four SNPs were in
Hardy-Weinberg equilibrium (P>0.1). After appropriate
adjustments and correction for multiple testing, none of the
SNPs significantly influenced BMI, waist circumference,
bioimpedance-derived body fat content, homeostasis model
assessment of insulin resistance, ISI, or insulin secretion as
estimated by AUCg 30 min insulin/AUCy 30 min glucose and
AUCq_120 min C-peptide/AUCq_120 min glucose (Paddicive > 0.06
all; Table 1). Furthermore, none of the SNPs were associated
significantly with HbA,,, fasting glucose, glucose concentra-
tion during OGTT, systolic blood pressure, or eGFR
(Pagditive = 0.0083 all; Table 2). Notably, minor A-allele car-
riers of SNP 183116150 showed elevated fasting glucose
concentrations (P,qgiive = 0.0226), elevated AUC of glucose
during the OGTT (Pgditve =0.0272), and elevated systolic
blood pressure (P,qgive =0.0083) without reaching the
Bonferroni-corrected  level of  significance (P <0.0025)
(Table 2). The nominal effects of rs3116150 on fasting glu-
cose and the AUC of glucose were still evident in the gen-
otypic model (P=0.0392 and P=0.0199, respectively), but
were lost in the dominant model (P>0.09). This SNP’s
nominal effect on systolic blood pressure was observed in the
genotypic and dominant models  (Penorypic = 0.0248,
Paominane = 0.0286).

In addition, the total study population was divided into
normal glucose-tolerant individuals (7 =1558) and pre-
diabetic individuals (# =671), and the SNPs for associa-
tion with HbAlc, fasting, and 2-h glucose concentrations
in normal glucose-tolerant (#=1558) and prediabetic
(7=671) subjects were tested separately. Data are shown
in Supplementary Table 2 (Supplemental digital content
3, hitp:/links.low.com/FPCIB173).

Pharmacogenetic study
The clinical responses in the genotyped subgroups were
compared with those in the overall population of patients
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from the four phase III trials. The number of patients and
genotype frequencies of SGLTZ2 polymorphisms
according to race in the analysis population are shown in
Supplementary Table 3 (Supplemental digital content 4,
hitp:fllinks.low.com/FPC/B174). Treatment responses in
the pharmacogenetic subgroup were almost identical to
those of the corresponding treatment groups in the
overall population, suggesting that the pharmacogenetic
subgroups were representative for the entire study
population (data not shown). All five SNPs analyzed were
in Hardy—-Weinberg equilibrium. The baseline char-
acteristics of the participants in the pharmacogenetic
study stratified by genotype are shown in Table 3. For
SNP rs3116149 and rs3813008, the genotype frequencies
of homozygous minor allele carriers was low, as expected
from the MAF (~5-7%) and the a priori exclusion of
SNPs with MAFs below 0.05 according to the 1000
Genomes Project. For 1s3116149, only four homozygous
minor A-allele carriers and for rs3813008, 18 homozygous
carriers were found. Because of the low minor allele
frequency of some SNPs, unexpected numerical differ-
ences were observed for some endpoints, which were not
significant in all relevant genetic models.

No interaction was observed between the genotypes and
the change from baseline HbA;. after 24 weeks of
treatment for the SNPs considered (P,qgicive =>0.2132).
Application of the genotypic and dominant models did
not result in different findings (Pgenorypic =0.1698,
Pyominane = 0.1607). In addition, comparison of the treat-
ment effect of empagliflozin on HbA;. over placebo
between the genetic variants of the investigated SNPs
showed no differences (P,qgicive = 0.0958). The differ-
ences in the responses to empagliflozin (changes from
baseline HbA,., fasting glucose, weight, and systolic
blood pressure versus placebo after 24 weeks of treat-
ment) between the SGLT2 genotype groups in the
pharmacogenetic study using a genotypic model are
shown in Supplementary Table 4 (Supplemental digital
content 5, Autp://links.low.com/FPCIBI75).

With respect to the other endpoints, that is, changes from
baseline fasting glucose, body weight, and systolic blood
pressure after 24 weeks of treatment, no significant
interaction effects with the genotypes were observed
(Pagditive = 0.0142). There were nominal associations of
153116150 (Poqdicive =0.0147 and Pyenorypic =0.0043) and
rs11646054 (Padditivc =0.0142 and chnotypic:().o:SSO)
with systolic blood pressure mainly driven by empagli-
flozin 10 mg. Considering the differences in treatment
effects between the genotypes, nominal associations
of rs3116149 with fasting glucose in empagliflozin
25 mg (Pgenorypic =0.0310), and systolic blood pressure
(Pgenotypic = 0.0337) driven mainly by the homozygous
minor A-allele carriers (# =4) were no longer observed in
the additive or dominant inheritance models (P> 0.05)
(Table 4).
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Table 4 Empagliflozin treatment response (change versus placebo after 24 weeks of treatment) in SGLT2 genotypes groups assuming the

genotypic model and single nucleotide polymorphism association in the pharmacogenetic study

HbA . (%) HbA;, (mmol/mol) Fasting glucose (mmol/l) Weight (kg) Systolic blood pressure (mmHg)
SNP rs9934336
G/G (10 mg Empa-Placebo) —0.67+0.08 —73+£0.9 —1.90+0.18 —1.93+0.27 —244+1.12
P-value <0.0001 <0.0001 <0.0001 0.0295
A/G (10 mg Empa—-Placebo) —0.61+0.10 —6.7+1.1 —1.41+£0.23 —2.13+0.36 —4.95+1.45
P-value <0.0001 <0.0001 <0.0001 0.0007
A/A (10 mg Empa-Placebo) —0.67£0.27 —73+3.0 —2.55+0.64 —1.22+0.98 —6.93+3.99
P-value 0.0132 <0.0001 0.2141 0.0827
G/G (25 mg Empa-Placebo) —0.73£0.08 —8.0+£0.9 —2.00£0.19 —2.44+0.29 —3.56+1.16
P-value <0.0001 <0.0001 <0.0001 0.0023
A/G (25 mg Empa—-Placebo) —0.69+0.10 —75+1.1 —1.88+0.22 —2.84+0.35 —6.65+1.41
P-value <0.0001 <0.0001 <0.0001 <0.0001
A/A (25 mg Empa—-Placebo) —0.64+0.28 —70£3.1 —2.91+0.67 —3.62+1.03 —5.35+4.19
P-value 0.0254 <0.0001 0.0005 0.2023
P-value (genotype x treatment interaction) 0.9869 0.2424 0.4460 0.3954
SNP 3813008
G/G (10 mg Empa-Placebo) —0.59+0.07 —6.4+0.08 —1.68+0.16 —1.70£0.24 —3.01+1.00
P-value <0.0001 <0.0001 <0.0001 0.0026
A/G (10 mg Empa—-Placebo) —0.79+0.12 —8.6+1.3 —1.97+£0.29 —2.81+0.44 —5.50+1.78
P-value <0.0001 <0.0001 <0.0001 0.0021
A/A (10 mg Empa-Placebo) —1.04+0.44 —11.4+48 —2.32+1.04 —2.10+1.59 —1.26+6.48
P-value 0.0181 0.0258 0.1881 0.8454
G/G (25 mg Empa-Placebo) —0.72+£0.07 —79+0.8 —2.07£0.16 —2.55+0.25 —5.33+1.02
P-value <0.0001 <0.0001 <0.0001 < 0.0001
A/G (25 mg Empa-Placebo) —0.63+0.12 —69+13 —1.78£0.29 —290+0.44 —38.74+1.79
P-value <0.0001 <0.0001 <0.0001 0.0373
A/A (25 mg Empa—-Placebo) —1.33+0.42 —145+46 —2.08+0.99 —2.60+1.52 —0.20+6.17
P-value 0.0015 0.0355 0.0865 0.9735
P-value (genotype X treatment interaction) 0.1698 0.5030 0.2793 0.3511
SNP 3116150
G/G (10 mg Empa-Placebo) —0.60+0.07 —6.6+0.8 —1.73£0.18 —1.68+0.27 —4.59+1.09
P-value <0.0001 <0.0001 < 0.0001 <0.0001
A/G (10 mg Empa—-Placebo) —0.71£0.11 —78%£1.2 —1.90+£0.25 —257+£0.38 —414+1.54
P-value <0.0001 <0.0001 <0.0001 0.0071
A/A (10 mg Empa-Placebo) —0.69+0.25 —75+2.7 —1.29+0.58 —1.37+£0.89 8.88+3.60
P-value 0.0049 0.0258 0.1224 0.0138
G/G (25 mg Empa-Placebo) —0.69+0.07 —75+£0.8 —1.92+0.17 —2.55+0.26 —4.50+1.06
P-value <0.0001 <0.0001 <0.0001 <0.0001
A/G (25 mg Empa—-Placebo) —0.78+0.11 85£1.2 —2.33+0.27 —3.08+0.41 —6.58+1.68
P-value <0.0001 <0.0001 <0.0001 <0.0001
A/A (256 mg Empa—-Placebo) —0.59+0.27 —6.4+£3.0 —1.42+£0.63 —1.62+0.96 —0.04+3.90
P-value 0.0279 0.0241 0.0919 0.9914
P-value (genotype X treatment interaction) 0.8518 0.6082 0.2958 0.0043
SNP 3116149
G/G (10 mg Empa-Placebo) —0.62+0.06 —6.8+0.7 —1.74+0.15 —1.93+0.23 —3.36+0.93
P-value <0.0001 <0.0001 <0.0001 0.0003
A/G (10 mg Empa—-Placebo) —0.76+0.16 —8.3+1.7 —1.71+£0.39 —2.10+0.59 —5.98+2.42
P-value <0.0001 <0.0001 0.0004 0.0137
A/A (10 mg Empa-Placebo) —0.02+1.03 —0.2+113 —5.49+243 —4.98+3.72 706+15.16
P-value 0.9847 0.0240 0.1811 0.6414
G/G (25 mg Empa-Placebo) —0.69+0.06 —75+£0.7 —1.98+0.15 —2.75+0.23 —5.27+0.95
P-value <0.0001 <0.0001 <0.0001 < 0.0001
A/G (25 mg Empa—-Placebo) —0.79£0.16 —8.6+1.7 —2.04+0.37 —1.90+0.56 —3.37£2.29
P-value <0.0001 <0.0001 0.0007 0.1422
A/A (25 mg Empa—-Placebo) —0.24+0.90 —2.6+938 —6.54+2.11 —5.14+3.24 22.84+13.18
P-value 0.7874 0.0020 0.1125 0.0835
P-value (genotype X treatment interaction) 0.8993 0.3051 0.4678 0.1077
SNP rs11646054
G/G (10 mg Empa-Placebo) —0.69+0.10 —75+1.1 —1.82+£0.23 —1.78+£0.36 —5.82+1.46
P-value <0.0001 <0.0001 <0.0001 < 0.0001
C/G (10 mg Empa-Placebo) —0.62+0.09 —6.8+1.0 —1.78£0.21 —2.20+0.32 —4.14+1.28
P-value <0.0001 <0.0001 <0.0001 0.0013
C/C (10 mg Empa-Placebo) —0.65+0.13 —-71x1.4 —1.59+0.31 —1.74+0.48 1.83£1.94
P-value <0.0001 <0.0001 0.0003 0.3433
G/G (25 mg Empa-Placebo) —0.72+0.10 —79+1.1 —1.99+0.23 —2.79+0.35 —5.77+1.41
P-value <0.0001 <0.0001 <0.0001 < 0.0001
C/G (25 mg Empa—Placebo) —0.69+0.09 —75+1.0 —2.15+0.21 —2.76+0.33 —5.35+1.33
P-value <0.0001 <0.0001 <0.0001 <0.0001
C/C (25 mg Empa-Placebo) —0.74+0.14 —8.1+15 —1.70+£0.33 —2.07+0.51 —1.56+2.06
P-value <0.0001 <0.0001 <0.0001 0.4495
P-value (genotype X treatment interaction) 0.9865 0.8340 0.6091 0.0350

ANCOVA results at week 24 for the change from baseline (LOCF, except for systolic blood pressure which was LOCF-H) for combined analysis data assuming a
genotypic genetic model. All sitagliptin data were excluded from the analysis. The model includes the baseline of the considered endpoint, baseline HbA, baseline eGFR
(Modification of Diet in Renal Disease), region, background medication, treatment, genetic variant, and genetic variant x treatment. Estimated treatment response of the
genotype groups (meant+ SE) and the corresponding P-values as well as P-values for genotype X treatment interaction are given for each SNP.

ANCOVA, analysis of covariance; eGFR, estimated glomerular filtration rate; Empa, empagliflozin; HbA., hemoglobin A1c; LOCF, last observation carried forward; SNP,

single nucleotide polymorphism.
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Discussion

With respect to individualized medicine and causal
therapies for common multifactorial diseases such as type
2 diabetes, hypertension, and cardiovascular disease,
pharmacogenetic investigations are considered to be of
crucial importance to overcome low or adverse response
[21,22]. With respect to SGLT2 inhibition, it was
recently discussed that common variants in the SLC5A2
gene may be a promising target for pharmacogenetic
studies [23]. Our study is the first to address the response
to treatment with empagliflozin in carriers of common
SLC5A2 SNPs.

In our cross-sectional study, we did not detect any sig-
nificant association between the tested SNPs and plasma
glucose concentrations, insulin sensitivity/resistance,
insulin release, body fat, or systolic blood pressure. Only
one SNP, rs3116150, showed a nominal association with
plasma glucose and blood pressure. In contrast to pre-
vious findings [8], where nominal associations were found
between 1s9934336 and glucose concentrations during
OGTT, no such associations were found in this study
population at risk for type 2 diabetes.

In the patients participating in the pharmacogenetic study
treated with two dosages of the SGL'T?2 inhibitor empa-
gliflozin, no significant and clinically relevant influences
of the common SLC5A2 SNPs on HbA,, fasting glucose,
body weight, or systolic blood pressure could be detected.
Nominal associations with systolic blood pressure were
observed with rs3116150, rs11646054, and rs3116149 and
with fasting blood glucose with rs3116149. Most of these
findings were not consistent for both dosages and were
driven by few minor allele carriers. As there were nominal
associations with systolic blood pressure in both sub-
studies, additional independent replication of this finding
may help to prove whether this is a real association or only
a statistical type-1 error. The strongest association
observed in the cross-sectional study with rs3116150
points to a glucose-lowering effect of the major allele
(suggesting some loss of SGLL'T2 function in major allele
carriers). However, this is unlikely because urinary glu-
cose excretion as a result of SGL'T2 dysfunction is a rare
event, even in a population at risk for diabetes. Thus,
from a mechanistic point of view, the nominal associations
observed in this study point in the direction of statistical
type-1 errors. Further studies to confirm the association
would be needed to clarify this point.

Even though functional studies on the impact of the
tested SNPs on protein function and/or gene expression
are lacking, our clear-cut negative results in the cross-
sectional setting, as well as on the therapeutic response to
empagliflozin, question the clinical relevance of common
genetic variations in the SLC5A2 gene. It has been
reported that SGL'T'1 can, at least partly, compensate for
SGLT?2 defects limiting renal glucose excretion [24,25].
Thus, it is conceivable that upregulation of SGL'T'1 may
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have masked possible effects of the common SLC5A2
SNPs. The realization of such a compensatory mechan-

ism would, however, not increase the clinical relevance of
the SLC5A2 SNPs.

Limitations of the study are the retrospective nature of
the analyses and the lack of 24-h urinary glucose excre-
tion measurements, which represent the most sensitive
means to assess the pharmacodynamic effects of SLC5A2
SNPs [26]. An additional point is that our analyses do not
cover 100% of the common genetic variation present in
the SLC5A2 locus, and rs11646054, a common SNP that
was also not analyzed in the study by Enigk ez 4/. [8], may
be of pharmacogenetic relevance. Empagliflozin was the
only SGL'T?2 inhibitor tested. Therefore, it is unknown
whether these negative observations are limited to
empagliflozin or can be considered a class effect. The
strength of our analyses is the use of two unrelated stu-
dies to investigate the potential effects of genetic varia-
bility of SLC5A2: a well-phenotyped cross-sectional study
of subjects at increased risk for type 2 diabetes and a pool
of patients with type 2 diabetes from well-matched phase
[T studies. A longitudinal follow-up study is needed and
would further strengthen our findings of a lack of asso-
ciation with the SNPs investigated.

Conclusion

We provide the first evidence that common genetic var-
iants in the SLC5A2 gene do not affect diabetes-related
metabolic traits in subjects at increased risk of type 2
diabetes or have a clinically relevant impact on the
treatment response to the SGL'T'2 inhibitor empagliflozin
in patients with type 2 diabetes.
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