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Abstract
Type 2 diabetes mellitus is a chronic disease characterized by progressive deterioration of glycemic control and an
increased risk of associated complications. Remogliflozin etabonate is the ester prodrug of remogliflozin, a selective
sodium-dependent glucose transporter-2 inhibitor that was under development to treat type 2 diabetes. This work
investigated the in vitro inhibition of efflux and uptake transporters and cytochrome P450 enzymes by remogliflozin
etabonate, remogliflozin and a number of other metabolites. As well, the ability of remogliflozin to induce cytochrome
P450 enzymes in human hepatocytes was examined. Remogliflozin etabonate, remogliflozin and GSK279782 (an
active pharmacological metabolite of remogliflozin) were inhibitors of organic anion transporting polypeptide-1B1 with
IC50 values of 5.3, 25 and 14 µM, respectively. Remogliflozin etabonate and remogliflozin were inhibitors of organic
cation transporter-1 with IC50 values of 43 and 39 µM, respectively. In contrast, remogliflozin etabonate, remogliflozin,
GSK279782, and GSK333081 (a metabolite of remogliflozin) were not inhibitors of P-glycoprotein, a number of other
renal transporters, or cytochrome P450 enzymes. Further, three circulating glucuronide metabolites found in human
plasma were not inhibitors of cytochrome P450 enzymes or organic anion transporters. Remogliflozin etabonate,
but not remogliflozin or GSK279782, activated the pregnane X Receptor in vitro. Further studies demonstrated that
remogliflozin (up to 100 µM) did not induce cytochrome P450 3A4 or 1A1 mRNA in human hepatocytes; however
a small increase was noted for CYP2B6 mRNA. Combined with pharmacokinetic data from healthy volunteers and
diabetic subjects, these in vitro investigations provide a low drug interaction potential for remogliflozin etabonate,
remogliflozin and the associated metabolites to be perpetrators of clinical drug interactions. This information has
been used to guide the design of clinical studies with remogliflozin etabonate when given with other co-medications.
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Introduction
Type 2 diabetes mellitus (T2DM) is a chronic disease characterized
by progressive deterioration of glycemic control and an increased risk
of associated complications. Evidence from clinical trials suggests that
improving glycemic control can substantially reduce the long-term
microvascular and macrovascular complications of diabetes [1-3].
Current guidelines recommend that T2DM patients should be initially
managed with diet and exercise followed by pharmacological treatment,
which typically involves patients taking multiple medications [4,5].
Sodium–dependent glucose co-transporter (SGLT) inhibitors are an
exciting new class of anti-diabetic agents [6-9]. These drugs act by
competitively inhibiting the SGLT proteins, thus blocking intestinal
and renal absorption of glucose. Inhibition of SGLTs has been shown
to translate to a reduction in plasma glucose concentrations with a low
incidence of hypoglycemia [9].
Within the SGLT family of transporters, the SGLT1 and SGLT2
proteins have been active drug targets for over a decade. SGLT1 is a
high-affinity, low-capacity glucose/galactose co-transporter primarily
expressed in the intestine, which is also expressed at lower levels in
the kidney [10,11]. In contrast, SGLT2 is a low-affinity, high-capacity
glucose transporter that is specifically expressed in the renal proximal
tubule at high levels. Of the approximately 180 g of plasma glucose
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filtered and reabsorbed by the kidney each day, the vast majority (80
to 90%) of the glucose uptake activity is associated with SGLT2, with
SGLT1 having a more modest (10-20%) contribution [9]. Therefore,
selective inhibition of SGLT2 has become an attractive drug target
[10,12,13]. Indeed, it has been clearly demonstrated in numerous
clinical studies that pharmacological inhibition of SGLT2 results in
glucosuria, which leads to reductions in post-prandial and fasting
plasma glucose concentrations [8,13].
Remogliflozin etabonate (GSK189075; KGT-1681) is the prodrug of
remogliflozin (GSK189074; KGT-1650), the active entity that inhibits
SGLT2 [14,15]. Remogliflozin is a potent and selective SGLT2 inhibitor
with an in vitro IC50 value of 12.4 nM [15]. Oral administration of remogliflozin etabonate reduced postprandial glucose excursions without
inducing hypoglycemia, improved plasma glucose concentrations in
subjects with diabetes, and reduced glycosylated hemoglobin (HbA1c)
levels [14]. The objective of this work was to investigate the in vitro
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inhibition of efflux/uptake transporters and cytochrome P450 (CYP)
enzymes, and the potential impact of remogliflozin etabonate, remogliflozin and metabolites to cause drug interactions. From these in vitro
and in vivo investigations, a mechanistic basis for elucidating potential
clinical drug interactions has been developed to guide the design of future clinical studies with remogliflozin etabonate.

Materials and Methods
Materials
GlaxoSmithKline Chemical Development supplied [14C]-remogliflozin etabonate (55-57 mCi/mmol), remogliflozin etabonate, remogliflozin, GSK279782 (a pharmacologically active metabolite), GSK333081
(metabolite), GSK1997711 (glucuronide metabolite), GSK1997714
(glucuronide metabolite), GSK355993 (glucuronide metabolite) and
GF120918 (Elacridar). [G-3H]-digoxin (5 Ci/mmol), [3H]-estradiol
17β-D-glucuronide (45.0 Ci/mmol), [14C]-p-Aminohippuric acid (53
mCi/mmol), [3H]-prostaglandin F2α (155 Ci/mmol), [3H]-estrone sulfate (57 Ci/mmol), and [3H]-histamine (18 Ci/mmol) were supplied by
Perkin Elmer Life Sciences (Boston, MA). [14C]-Tetraethylammonium
(55 mCi/mmol) was purchased from American Radiolabeled Chemicals (St. Louis, MO) and [14C]-uric acid (52 mCi/mmol) was purchased
from Moravek Biochemicals (Brea, CA). Ethoxyresorufin (ER) was purchased from Biomol (Plymouth Meeting, PA) and 7-benzyloxyquinoline (7BQ) was purchased from BD Biosciences (Henshaw, MA). Cell
culture reagents were purchased from Invitrogen (Carlsbad, CA). All
other reagents were purchased from Sigma-Aldrich (St Louis, MO).
Transwells (12-well, 11-mm diameter, 0.4 µm pores) were purchased
from Corning Costar (Cambridge, MA).

Pgp inhibition assays
Cell culture and transport inhibition studies were completed as
described [16] using the MDCKII-MDR1 cell line. Remogliflozin
etabonate, remogliflozin, and selected metabolites were tested in
triplicate at a minimum of six concentrations spanning 0.1 to 100
µM for Pgp inhibition. Inhibition studies were conducted for 90 min
using [3H]-digoxin (27 nM) as the probe substrate. [3H]-Digoxin was
quantified by liquid scintillation counting (LSC) by using a 2900TR
liquid scintillation counter (Packard Instrument Company; Downers
Grove, IL). GF120918 was used as a positive control inhibitor.

OATP, OAT, OCT and URAT inhibition assays
Cell culture and transport inhibition studies were completed as
described previously [17]. For OATP1B1 studies, a Chinese Hamster
Ovary cell line heterologously expressing the human OATP1B1
transporter (CHO-OATP1B1) was obtained from the University of
Zurich (Zurich, Switzerland). CHO-OATP1B1 cells were seeded into
24-well assay plates (Becton Dickinson, Franklin Lakes, NJ) at a density
of 50000 cells/cm2 in cell culture medium (Dulbecco’s Modified Eagle
Medium with Glutamax (DMEM), 10% (v/v) fetal bovine serum, 0.5%
(v/v) penicillin/streptomycin 10000 units/mL, 0.1% (v/v) L-proline 50
mg/mL and 0.7% (v/v) Geneticin 50 mg/mL). The monolayers were
used 2 days post seeding and induced for at least 24 hours prior to use
with 5 mM sodium butyrate. For inhibition studies, CHO-OATP1B1
monolayers were preincubated (37°C) for 15 to 30 minutes in 1 mL
transport medium (Dulbecco’s Phosphate Buffered Saline (DPBS) plus
1% DMSO) with or without remogliflozin etabonate, remogliflozin,
metabolites or rifamycin (positive control inhibitor). Following
removal of preincubation solution, 400 µL of transport medium
containing 20 nM [3H]-estradiol 17β-D-glucuronide, with or without
inhibitors, was added and the cells incubated at 37°C for 5 minutes. The
J Diabetes Metab
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inhibitor solution was removed, cells rinsed three times using 800 µL
cold (4°C) DPBS, cells lysed with 400 µL of 1% (v/v) Triton X-100 and
radioactivity quantified by LSC.
OAT, OCT and URAT inhibition screening studies were completed
at Fuji Biomedix Co. Ltd. (Yamanashi, Japan). For OAT and OCT
inhibition assays, transporter expressing S2 cells were seeded at a cell
density of 105 cells/well in 24-well tissue culture plates individually
expressing either OAT1, OAT2, OAT3, OAT4, OCT1, OCT2, OCT2-A,
or OCT3; the parental S2 cell line is derived from the S2 portion of
the renal proximal tubules and carries a temperature-sensitive simian
virus 40 large T-antigen gene [18]. For URAT inhibition assays,
transporter expressing HEK-293 cells were seeded in 24-well Biocoat
plates (Becton Dickinson, Franklin Lakes, NJ) at a cell density of 105
cells/well. Transporter expressing cells were cultured for 2 days at 33°C
(S2 cells) or 37°C (HEK293 cells) as described [18]. Remogliflozin
etabonate, remogliflozin, metabolites and positive control inhibitors
(probenecid, quinidine and benzbromarone for OATs, OCTs, and
URAT1, respectively) were dissolved in DMSO and then diluted to a
final concentration of 30 µM into uptake medium (DPBS pH 7.5 for S2
cells or Hank’s balanced salt solution (HBSS) pH 7.4 containing no Clfor HEK293 cells) containing the radiolabeled substrates. Monolayers
were incubated for 2 min (OAT1, OAT3 and OAT4), 0.5 min (OAT2),
15 min (OCT1), 5 min (OCT2 and OCT2-A), 1 min (OCT3) or 5 min
(URAT1). After incubation, the solution was removed and uptake
stopped by adding ice-cold DPBS (or HBSS). Cells were lysed with 0.1
M sodium hydroxide, lysate collected and radioactivity determined by
LSC. Protein concentrations of cellular lysates were determined using a
BCA Protein Assay Reagent (Pierce, Rockford, IL) as described by the
manufacturer.

CYP inhibition assays
The inhibition of CYP enzymes (CYP 1A2, 2A6, 2B6, 2C8, 2C9,
2C19, 2D6 and 3A4) by remogliflozin and GSK279782 was assessed
in human liver microsomes (pool of 16 individuals; XenoTech LLC,
Lenexa, Kansas) using LC/MS based methods as described [19,20],
while the metabolites (GSK333081, GSK1997711, GSK1997714,
GSK355993) were assessed in recombinant (CYP 1A2, 2C9, 2C19, 2D6
and 3A4) enzymes (bactosomes, 10 mg/mL; XenoTech LLC) using
fluorescence based methods as described below.
Human liver microsomes: The ability of remogliflozin or
GSK279782 to inhibit CYP enzymes in a direct and metabolismdependent manner was investigated with a pool of human liver
microsomes [19,20]. Duplicate incubations (250µL) were conducted
at 37°C containing potassium phosphate buffer (50 mM, pH 7.4),
an NADPH-generating system (1.7 mg NADP+, 7.8 mg glucose-6phosphate, and 6 units of glucose-6-phosphate dehydrogenase per
mL), human liver microsomes (0.1 mg/mL), inhibitor (or solvent) and
probe substrate at approximately the Km. The probe substrates were:
CYP 1A1- phenacetin; 2A6 – coumarin; 2B6 – buproprion; 2C8 –
rosiglitazone; 2C9 – diclofenac; 2C19 – mephenytoin; 2D6 – bufuraol;
3A4 – atorvastatin, midazolam, and nifedipine. Reactions were initiated
by addition of the NADPH regenerating system after pre-warming at
37°C for 5 minutes to assess direct inhibition. To examine metabolismdependent inhibition, remogliflozin, GSK279782, or positive control
inhibitor were preincubated at 37 °C with human liver microsomes and
an NADPH-generating system for 20 minutes. After the preincubation
period, the probe substrate was added, and the incubation continued
for 5 or 10 min. Known direct and metabolism-dependent inhibitors
were included as positive controls [19]. Reactions were terminated
by the addition of 250 µL acetonitrile, centrifuged to remove protein,
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spiked with an internal standard and analyzed by LC-MS/MS on a Sciex
API3000 or equivalent using a validated method for the detection of
probe substrate metabolites. Analyte/internal standard peak area ratios
and the metabolite concentrations were determined by interpolation
from the appropriate standard curve. Rates of metabolite production
at each concentration of remogliflozin, GSK279782, or positive control
inhibitor, were expressed as a percentage of the mean uninhibited
control rate for each assay.
Recombinant: Duplicate (250μL) incubations were conducted
at 37°C containing potassium phosphate buffer (50 mM, pH 7.4), an
NADPH-generating system (1.7 mg NADP+, 7.8 mg glucose-6-phosphate, and 6 units of glucose-6-phosphate dehydrogenase per mL), recombinant enzyme (0.1 mg/mL), inhibitor (or solvent) and probe substrate at approximately the Km. The probe substrates were: CYP 1A2
ethoxyresorufin; 2C9 – 7-methoxy-4-trifluromethylcoumarin-3-acetic
acid; 2C19 – 3-butyryl-7-methoxycoumarin; 2D6 – 4-methylaminomethyl-7-methoxycoumarin; 3A4 – diethoxyfluorescein and 7-benzyloxyquinoline
Reactions were initiated by addition of the NADPH regenerating
system after pre-warming at 37°C for 10 minutes. GSK1997711,
GSK1997714 or GSK355993 were tested at final concentrations of up to
300 µM and GSK333081 up to 100 µM. Incubations with miconazole
were used to confirm an appropriate inhibition response. The probe
substrates (with the exception of ER and 7BQ) were designed based on
reported CYP structure activity relationships and synthesized in-house
at GlaxoSmithKline [International Patent Application WO 00/22159,
2000; WO 02/12542, 2002; WO 99/58710, 1999; WO 01/44495, 2001].
The incubation plate was analyzed using a fluorescence plate reader
with the excitation and emission wavelengths optimized for each
of the metabolites derived from the probe substrate. SoftMax Pro
(v3.1.2, Molecular Devices, Sunnyvale CA) calculated the change of
fluorescence intensity over 10 scan cycles and expressed the results
as the rate (slope). The percentage of remaining enzyme activity was
determined using Excel (v. 2002 SP3); the rate of the vehicle control
(solvent only) was set at 100%. Rates of metabolite production at each
concentration of inhibitor were expressed as a percentage of the mean
uninhibited control rate for each assay.

PXR activation assay
Cell culture and pregnane X receptor (PXR) activation studies
were completed as described [21]. HuH7 cells were seeded onto 96
well microtitre plates at a seeding density of 180,000 cells/mL (each
well received 18,000 cells) and plates incubated overnight at 37°C.
The next day, cells were transfected with a human PXR/SPAP reporter
gene and β-galactosidase to correct for transfection efficiency. On day
three, remogliflozin etabonate, remogliflozin, GSK279782 (eleven
concentrations covering 0.01 to 10 µM) or rifampicin (positive control
run at 10 µM) were added and plates incubated overnight. Following
incubation with test article, the wells were assayed for SPAP and
β-galactosidase activity. Approximately 50 µL supernatant per well was
transferred to a clean plate containing 200 µL of either SPAP buffer (1.86
mg/mL p-Nitrophenyl phosphate, 0.106 mL/mL diethanolamine, 16.36
mg/mL NaCl, 0.102 mg/mL MgCl2 in water, pH 9.85) or β-galactosidase
substrate buffer (1.1 mg/mL o-Nitrophenyl ß-D-Galactopyranoside
in 0.1M NaHPO4, pH 7.2 with 0.125% Triton-X 100). Samples were
incubated at 37°C for 30 to 45 minutes for color development and
absorbance was measured at 405 nm.
J Diabetes Metab
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Induction of CYP mRNA in human hepatocytes
Primary human hepatocytes were obtained commercially, and
plated in a sandwich configuration on a collagen substratum with
Matrigel overlay (Invitrogen, Carlsbad, CA). Hepatocytes were treated
with remogliflozin, positive control inducers or 0.1% DMSO dissolved
in Modified Chee’s Medium (MCM) for 48 hours. After the treatment
period, cells were harvested with 1:1 mixture of RLT (Qiagen, Valencia,
CA) and TRIZOL (1:1) (Invitrogen, Carlsbad, CA) and stored at -80°
until analysis. Total RNA was extracted from hepatocytes by column
extraction using a Qiagen RNeasy® 96 RNA extraction kit (Qiagen,
Valencia, CA). Following extraction, samples were DNase treated
and quantified using a Ribogreen® RNA quantitation kit (Molecular
Probes, Eugene, OR), and cDNA was synthesized using Superscript
II™ RNase H- reverse transcriptase (Invitrogen, Carlsbad, CA). The
resultant cDNA template was used to quantify the number of copies of
mRNA for selected CYP genes using an ABI 7900 Sequence Detection
System (Applied Biosystems Inc., Foster City, CA). Serially diluted
human genomic DNA was used as a standard for determining the
relative copy number of each CYP gene. The resulting copy numbers
were normalized to the total RNA concentration, and the fold change
of treated samples compared to vehicle control treated samples was
calculated. Sequences of primers and probes used in TaqMan assay were:
Gene

Forward Primer

Probe

Reverse Primer

CYP1A2

AGCACGCCCGCTGTGA

CATGTCCAGGCGCGGCTGC

GGTGTCTTCTTCAGTTGATGGAGAA

CYP2B6

TCCCCGCCTCTGTAGACAAT

CTCTGACTCCCC- CTGGCTTGTAGCAGGCAACTTCCT
GTCTCTCA

CYP3A4

TCTGGTGTTCTCAG- CGGTGCGCACAGA
CATCCCTTGACTCAACCT

GAPDH

CAAGGTCATCCATGACAACTTTG

CAACCAGAAAAACCCGTTGTTC

ACCACAGTCCAT- GGGCCATCCAGCCATCACTGCCA CAGTCTTCTG

Whole-body autoradiography
All dosing procedures were done according to the approved
Institutional Animal Care and Use Committee protocols. The tissue
distribution of radioactive drug-related material in the male ListerHooded rats (Charles River Laboratories, UK) following a single oral
dose of 25 mg/kg [14C]-remogliflozin etabonate (formulated in 0.1%
(w/v) 400 cps methylcellulose containing 0.1% (v/v) Tween 80) was
investigated using whole-body autoradiography at 0.25, 1, 4, 24 hours,
3 days and 28 days hours after dose administration (n=1 animal per
time point). Tissue processing and image analysis were completed as
described [22-24]. Sections were imaged using [14C]-sensitive Fuji
imaging plates (BAS-MS, Raytek Scientific Ltd, Sheffield, UK) and
the plate scanned (FUJI FLA-5000 radioluminography system, Raytek
Scientific Ltd, Sheffield, UK). The resulting images were read and
stored using FUJI FLA-5000 Image Reader software version 2 (Raytek
Scientific Ltd, Sheffield, UK). Quantification, relative to the standards,
was performed using Seescan Densitometry image analysis software
(version 1.3 (build 136); Lablogic PLC, Sheffield, UK).

Calculations
For transporter and CYP inhibition studies, the IC50 values
(the concentration of inhibitor required for 50% inhibition of the
monolayer transport, cellular uptake or metabolite production rates)
were calculated with GraFit (version 5.06, Erithacus Software Limited,
London, UK) using:
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petrator drug interactions that remogliflozin etabonate and its metabolites could have on other therapeutic agents. The rationale for
testing of remogliflozin etabonate, remogliflozin and its metabolites
in these assays is as follows. Remogliflozin etabonate is a prodrug that
is rapidly metabolized by cellular esterases to remogliflozin, the active
SGLT2 inhibitor. Remogliflozin undergoes further metabolism by CYP
enzymes directly yielding GSK279782 and GSK333081, and non-CYP
mediated pathways such as glucosidases and UDP-glucuronosyltransferases ultimately yielding glucuronide metabolites. Remogliflozin and
GSK279782 are both potent SGLT2 inhibitors (in vitro Ki values ~ 12
nM) [15] and account for the majority of the pharmacological activity
in vivo [25]. Of the four non-glucuronide analytes, remogliflozin is the
major circulating metabolite, with GSK279782 being 16-22% of remogliflozin exposure. In contrast, GSK333081 has an in vitro Ki of ~30
nM and exposures of ~6% of remogliflozin; thus, it is not expected that
GSK333081 contributes significantly to the in vivo pharmacological activity in humans. Remogliflozin etabonate does not have pharmacological activity and is <2% of the remogliflozin exposure [15]. The final end
products of remogliflozin metabolism are three inactive glucuronide
conjugates (GSK1997711, GSK1997714, GSK355993), which are eliminated almost exclusively in the urine [25]. GSK1997711 is the largest
circulating metabolite, representing 48% of the dose.

+ background

s

where y = the rate of transport, uptake or metabolite generation
of an appropriate probe (expressed as a percentage of the uninhibited
control), Range = the rate in the absence of test compound, s = is the
slope factor, x = the inhibitor concentration (µM), background = the
uninhibited rate (expressed as a percentage of the total rate).
PXR activation is expressed as a percentage of that achieved with 10
µM positive control (% maximum) and is calculated by the following
formula:


Fold activation by test article
% maximum = 
 *100
 Average fold activation of positive control 

Further, fold activation is given by:
   SPAP-SPAP substrate blank average 

 
 - DMSO vehicle average  
 (β-Gal) -( β-Gal substrate blank average) 




Fold activation =


DMSO vehicle average







ATP-Binding Cassette (ABC) and Solute Carrier (SLC)
transport inhibition assays

Results

The inhibition of Pgp (concentration range 0.1 to 100 µM) by
remogliflozin etabonate, remogliflozin, GSK279782, and GSK333081
was assessed by determining the B→A transport of [3H]-digoxin
across MDCKII-MDR1 monolayers. Neither remogliflozin etabonate,

Background metabolism of remogliflozin etabonate
The metabolism of remogliflozin etabonate has been extensively
characterized (Figure 1) [25]. This work focused on the potential per-
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Figure 1: Structure and human metabolic pathway for Remogliflozin Etabonate. The * indicates the position of the 14C label.
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Transporter

IC50 (µM)

Probe Substrate

Remogliflozin Etabonate

Remogliflozin

GSK279782

GSK333081

Pgp

>100

>100

>100

>100

[3H]-digoxin

OATP1B1

5.3 (1.1) a

25 (2.3)

14 (1.5)

NT

[3H]-estradiol 17β-D-glucuronide

OCT1

43.4 (3.7)

38.6 (1.6)

>100

>100

[14C]-tetraethylammonium

OCT3

>100

>100

>100

>100

[3H]-histamine

Data are the mean (± standard deviation) from triplicate wells.
NT: Not Tested
a

Table 1: Inhibition of Human ABC and SLC Transporters by Remogliflozin etabonate, Remogliflozin and Metabolites.
Transporter

% Control Activity a

Probe Substrate

Remogliflozin Etabonate

Remogliflozin

GSK279782

GSK333081

OAT 1

102 (5.2)

101 (4.1)

105 (2.5)

107 (5.4)

[14C]-p-aminohippuric acid

OAT 2

122 (3.4)

84.3 (3.5)

87.2 (1.4)

82.5 (1.5)

[3H]-prostaglandin F2α

OAT 3

84.4 (1.9)

110 (0.6)

112 (3.7)

115 (1.9)

[3H]-estrone sulfate

OAT 4

96.3 (1.5)

99.6 (2.1)

89.5 (0.5)

93.0 (2.0)

[3H]-estrone sulfate

OCT 1

44.6 (4.6)

84.0 (3.2)

74.0 (3.1)

72.2 (9.8)

[14C]-tetraethylammonium

OCT 2

105 (2.1)

107 (3.5)

98.3 (7.2)

113 (0.7)

[14C]-tetraethylammonium

OCT 2A

98.9 (1.6)

112 (3.2)

112 (1.5)

102 (2.7)

[14C]-tetraethylammonium

OCT 3

73.8 (3.6)

62.9 (1.7)

87.5 (2.9)

69.0 (0.7)

[3H]-histamine

URAT1

106 (2.6)

112 (2.5)

111 (4.4)

112 (2.5)

[14C]-uric acid

Data are the mean (± standard deviation) from triplicate well from a single concentration screening experiment. Inhibition of more than 20% was considered notable and
observed for OCT 1 and 3. Therefore, a subsequent study was completed to determine an IC50 values reported in Table 1.
a

Table 2: Inhibition of Human Solute Carriers by 30 µM Remogliflozin etabonate, Remogliflozin and Metabolites.
CYP Enzyme

Direct IC50 (µM) a
GSK1997711 c

GSK1997714 c

GSK355993 c

1A2

Remogliflozin
>100

>100

>100

>300

>300

>300

2A6

>100

>100

NT d

NT

NT

NT

2B6

>100

>100

NT

NT

NT

NT

2C8

>100

>100

NT

NT

NT

NT

2C9

>100

>100

>100

>300

>300

>300

2C19

>100

>100

>100

>300

>300

>300

2D6

>100

>100

>100

>300

>300

>300

3A4

>100

>100

>100

>300

>300

>300

b

GSK279782

b

GSK333081

c

Direction inhibition studies added the inhibitor with probe substrate together. Assays were initiated with addition of cofactor.
CYP HPLC-LC/MS Inhibition method with probes substrates: CYP 1A2 Phenacetin; 2A6 – Coumarin; 2B6 – Buproprion; 2C8 – Rosiglitazone; 2C9 – Diclofenac; 2C19 –
Mephenytoin; 2D6 – Bufuraol; 3A4 – Atorvastatin, Midazolam, and Nifedipine
c
CYP Flourescence Inhibition Method with probe substrates: CYP 1A2- ethoxyresorufin; 2C9 – 7-methoxy-4-trifluromethylcoumarin-3-acetic acid; 2C19 – 3-butyryl-7methoxycoumarin; 2D6 – 4-methylaminomethyl-7-methoxycoumarin; 3A4 – diethoxyfluorescein and 7-benzyloxyquinoline
d
NT = not tested
a
b

Table 3: Inhibition of Cytochrome P450 Enzymes by Remogliflozin etabonate, Remogliflozin and Metabolites.

remogliflozin, nor the metabolites were inhibitors of Pgp (IC50 values
>100 µM; Table 1). In contrast, remogliflozin etabonate, remogliflozin,
and GSK279782 inhibited the OATP1B1-mediated uptake of [3H]estradiol 17β-D-glucuronide ([3H]-EG) in the CHO-OATP1B1 cell line.
The IC50 values were 5.3, 25, and 14 µM respectively for remogliflozin
etabonate, remogliflozin, and GSK279782 (Table 1).
The inhibitory effect of remogliflozin etabonate, remogliflozin,
GSK279782 and GSK333081 on a panel of human renal transporters
was investigated in S2 cells stably expressing organic anion transporter
1 (OAT1), OAT2, OAT3, or OAT4, the organic cation transporter 1
(OCT1), OCT2 (isoform a), OCT2-A (isoform b) or OCT3, and HEK293
cells expressing urate transporter 1 (URAT1). For each transporter,
transfected cells were initially incubated with the radiolabeled substrate
in the absence or presence of 30 µM of remogliflozin etabonate,
remogliflozin, GSK279782 or GSK333081 (Table 2). Of the nine
transporters tested, only OCT1 and OCT3 showed >20% inhibition
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by remogliflozin etabonate, remogliflozin, or the metabolites. Due to this
notable inhibition, a follow up study was completed to determine IC50 values
against OCT1 and OCT3. Remogliflozin etabonate and remogliflozin
inhibited OCT1 with IC50 values of 43.4 and 38.6 µM, respectively, while
GSK29782 and GSK333081 had IC50 values >100 µM (Table 1). All four
compounds had IC50 values >100 µM for OCT3, demonstrating weak
inhibition of this transporter. Finally, the three circulating glucuronide
metabolites GSK1997711, GSK1997714 and GSK355993 were tested as
OAT1, 3 and 4 inhibitors (0.1 to 300 µM) as they are eliminated in the
urine [25]. None of these compounds inhibited the OAT transporters (data
not shown).

CYP inhibition assays
The inhibition of CYP enzymes by remogliflozin and GSK279782 was
assessed using a LC/MS based methods (CYP 1A2, 2A6, 2B6, 2C8, 2C9,
2C19, 2D6 and 3A4) while the metabolites (GSK333081, GSK1997711,
GSK1997714, and GSK355993) were assessed using fluorescence based
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Treatment

Mean mRNA Expression
(Mean ratio of treated over control a)
CYP1A2

CYP2B6

CYP3A4

1 µM Remogliflozin

1.1 ± 0.16

1.0 ± 0.057

0.84 ± 0.19

10 µM Remogliflozin

1.7 ± 1.4

1.4 ± 0.18

1.7 ± 0.26

100 µM Remogliflozin 1.6 ± 0.38

2.2 ± 0.72

5.0 ± 2.4

Prototypical Inducer b 110 ± 83

8.6 ± 1.2 (PB)
14 µ 2.8 (Rif)

50 ± 32

Controls are defined as 0.1% (v/v) DMSO; Values are expressed as a mean ± standard deviation of 3 human hepatocyte preparations. The criterion for notable induction
is a response by the test compound that is greater than 20% of the response seen by
the prototypical inducer
b
Prototypical CYP Inducers include: 50 µM Omeprazole for CYP1A2; 200 µM Phenobarbital (PB) for CYP2B6; 50 µM Rifampicin (Rif) for CYP3A4 and CYP2B6
a

Table 4: Induction of Cytochrome P450 mRNA by Remogliflozin in Human Hepatocytes.
Concentration (µg
equivalents/g tissue)

Tissue-to-Blood Ratio

Tissue

0.25 hr a 1 hr

4 hr

24 hr

0.5 hr

4 hr

8 hr

24 hr

Blood

2.92

3.56

1.02

0.15

1.00

1.00

1.00

1.00

Brain

0.24

0.53

0.14

BLQ b 0.08

0.15

0.14

NC

Harderian Gland 1.25

3.73

1.24

0.31

0.43

1.05

1.21

2.10

Heart

2.64

2.58

0.72

0.09

0.90

0.76

0.70

0.64

Kidney

11.0

14.1

3.96

0.41

3.75

3.97

3.87

2.79

Liver

32.8

16.3

9.06

1.72

11.2

4.57

8.87

11.7

Muscle

0.75

1.65

0.47

BLQ

0.26

0.46

0.46

NC

a
b

n = 1 animal per time point
Abbreviations: BLQ: Below Limit of Quantification; NC = Not Calculated

Table 5: Tissue Concentrations and Tissue-to-Blood Ratios of Radioactivity in Male
Rats After A Single Oral Administration of 25 mg/kg [14C]-Remogliflozin etabonate.

methods (CYP 1A2, 2C9, 2C19, 2D6 and 3A4). Remogliflozin etabonate
was not tested due to its instability in microsomes both in the presence
or absence of NADPH. Remogliflozin, GSK279782 and all of the other
metabolites were not inhibitors of any of the CYP enzymes tested (IC50
values >100 µM; Table 3). As well, remogliflozin and GSK279782 were
not metabolism dependent inhibitors (data not shown).

CYP induction assays
The CYP induction potential of remogliflozin etabonate,
remogliflozin and GSK279782 were assessed using a pregnane X
receptor (PXR) assay and the potential of remogliflozin to induce
CYP mRNA was assessed using human hepatocytes. Remogliflozin
etabonate (0.01 to 10 µM) activated PXR in vitro to 71% compared to
the maximum of the positive control (10 µM rifampicin). In contrast,

remogliflozin and GSK279782 (0.01 to 10 µM) did not activate PXR
(< 15% of control). Because of the activation seen by the prodrug
remogliflozin etabonate, remogliflozin was investigated for its ability
to induce CYP mRNA in human hepatocytes; remogliflozin etabonate
was not tested due to its instability in the cell culture conditions. After
incubation for 48 hours with remogliflozin (1, 10 or 100 µM), there
was no notable induction (<20% of prototypical inducer) of CYP1A2 or
3A4 mRNA (Table 4). There was a small increase in CYP3A4 mRNA in
one of three human hepatocytes preparations as reflected in the 5-fold
change and associated large standard deviation. However, the mean
5-fold change was well below the 50-fold induction observed with 50
µM rifampicin, a prototypical CYP3A4 inducer. However, at 100 µM,
remogliflozin did show a small induction of CYP2B6 mRNA (~26%
of the response seen with phenobarbarbital (200 µM), a prototypical
inducer of the CYP2B6 gene).

Whole-body autoradiography in rats
The tissue distribution of [14C]-remogliflozin etabonate was
determined in male rats by using whole-body autoradiography at 0.25,
1, 4, 24 hours, 3 and 28 days after oral administration (n = 1 animal
per time point). The absorption of radioactivity following a single
oral dose of 25 mg/kg [14C]-remogliflozin etabonate yielded widely
distributed radioactivity into tissues with the exception of brain and
was cleared from most tissues by 24 hours post dose, mainly by biliary
and renal elimination (Figure 2 and Table 5). Tissues with the highest
radioactivity included the liver, kidney, and harderian gland. Only
low levels of radioactivity were detected in the central nervous system
(CNS) at any time (brain-to-plasma ratios <0.15).

Discussion
SGLT2 inhibitors are a new class of potential anti-diabetic drugs
[6,8,12]. A number of small molecule SGLT2 inhibitors are/have been
under clinical development, including the first orally absorbable SGLT
inhibitor T-1095 [26], sergliflozin etabonate (GW868682) [27,28],
remogliflozin etabonate (GSK189075) [14], and dapagliflozin (BMS512148) [29,30]. Remogliflozin etabonate is a novel member of the betaD-glucopyranoside class of SGLT2 inhibitors with in vitro Ki values
near 12 nM [15]. In addition, as large (molecular weight range 408 to
523) and lipophilic (clogP range = 1.7 to 2.7) molecules, remogliflozin
etabonate, remogliflozin and GSK278782 are typical of drugs that
interact with ABC efflux and SLC transporters [31]. It was therefore
of interest to investigate the interaction of remogliflozin etabonate and
its metabolites with drug transporters to assess the potential for drug
interactions.

Figure 2: Whole-body autoradiogram of a male rat 4 hours after a single oral administration of [14C]-Remogliflozin etabonate at a dose of 10 mg /kg in 0.5% (w/v)
aqueous hydroxypropyl methyl cellulose containing 0.1% (v/v) Tween 80. Tissue processing and image analysis were completed as described in Material and
Methods. Digital images were obtained by phosphorimaging. Abbreviations: bf- brown fat; ed- epdidymis; Hd- harderian gland; nm- nasal mucosa; pg- preputial
gland; pr- prostate; sg- salivary gland; skn- non-pigmented skin; skp- pigmented skin; sv- seminal vesicles; ts- testis
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Remogliflozin etabonate, remogliflozin and GSK279782 were
inhibitors of OATP1B1 (IC50 values of 5.3, 25 and 14 µM, respectively),
and remogliflozin etabonate and remogliflozin were inhibitors of OCT1
(IC50 values of 43 and 39 µM, respectively). In contrast, GSK333081 was
not an inhibitor of OATP or OCT1. Further, remogliflozin etabonate,
remogliflozin, GSK279782 and GSK333081 were not inhibitors of Pgp,
OCT2, OCT2A, OCT3, OAT1, OAT2, OAT3, OAT4 or URAT1. These
IC50 values for OATP1B1 and OCT1 inhibition are much higher than
the range of peak plasma concentrations following a 100 mg BID dose
[14] (remogliflozin etabonate = 0.03 µM or 16.3 ng/mL; remogliflozin
= 0.95 µM or 427 ng/mL; GSK279782 = 0.13 µM or 54.8 ng/mL)
suggesting little potential for transporter-mediated drug interactions,
even when taking into consideration the potential 3- to 12-fold higher
total drug and metabolite burden in tissues such as the kidney and liver
as observed in the whole-body autoradiography study (Figure 2 and
Table 5).
Remogliflozin etabonate, remogliflozin and its metabolites
were also tested for in vitro inhibition or induction interaction with
CYP enzymes. Remogliflozin and GSK279782 were not direct or
mechanism-based inhibitors of eight CYP enzymes (Table 3). Further,
GSK333081 and the three circulating glucuronide metabolites were also
not direct inhibitors of CYP enzymes. Remogliflozin etabonate, but not
remogliflozin or GSK279782, activated PXR in vitro with some potency
(71% of the prototypical inhibitor response when tested up to 10
clinical Cmax for remogliflozin M). This observation was followed up
with a human hepatocytes study using remogliflozin as the etabonate
prodrug was not stable in the cell culture conditions. Remogliflozin
(up to 100 µM) did not induce CYP3A4 or 1A1 mRNA in human
hepatocytes. However a small increase was noted for CYP2B6 mRNA.
This response was only 26% of the prototypical inducer phenobarbital
and was observed only at the high dose tested (100 µM), which is
100-times higher than the observed clinical Cmax for remogliflozin
following 100 mg BID dosing. Further the response was less than 20%
of the response of rifampicin, an inducer of both CYP2B6 and 3A4.
Overall, the CYP inhibition and induction data, along with the clinical
observations to date [14,32], suggest that remogliflozin etabonate
can be dosed with other drugs metabolized by CYP enzymes such as
sulfonylureas, calcium channel blockers and statins without concern of
a pharmacokinetic drug interaction.
The characterization of the interactions of remogliflozin etabonate
with transporters and drug metabolizing enzymes, together with other
clinical data, is a first step towards understanding the drug interaction potential between remogliflozin etabonate and other therapeutic
agents. Many T2DM patients take multiple anti-diabetic drugs, as well
as treatments for hypertension, heart failure and dyslipidemia. Such
agents often include metformin, DPP-IV inhibitors, thiazolidinediones,
sulfonylureas, digoxin and statins. The importance of understanding
the potential inhibition of transporters and enzymes is apparent with
the possible co-administration of these drugs. For example, metformin,
digoxin, rosuvastatin, and sitagliptin are not (extensively) metabolized,
but drug transporters have key roles in the disposition or efficacy of
these compounds (see drugs labels at http://www.accessdata.fda.gov/
scripts/cder/drugsatfda/index.cfm). Metformin is a substrate for OCT1
and 2 [33,34], rosuvastatin is a substrate for OATP1B1 [35], digoxin
is a Pgp substrate [36] and sitagliptin a substrate for OAT3 [37]. As
remogliflozin etabonate and its metabolites are not strong inhibitors
of transporters, there are expected to be no drug interactions between
remogliflozin etabonate and these agents. Indeed, a clinical study with
metformin and remogliflozin etabonate confirmed that there was no
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pharmacokinetic or dynamic interaction between these two anti-diabetic medicines [32]. Similarly, there are a number of expected coadministered drugs such as simvastatin, rosiglitazone and glimepiride
that undergo extensive CYP-mediated metabolism [38-40]. As remogliflozin etabonate and its metabolites are not CYP inhibitors or inducers,
it follows that interactions between these CYP substrates and remogliflozin etabonate are not expected.
In conclusion, remogliflozin etabonate and remogliflozin inhibit a
number of SLC transporters (OATP1B1 and OCT) that are involved
in the disposition of drugs used in the treatment of diabetes or its
associated co-morbidities. The IC50 values are significantly higher than
the expected peak plasma concentrations of remogliflozin following
a 100 mg BID dosing schedule, supporting that the risk of drug
interactions for other drugs when administered with remogliflozin
etabonate and remogliflozin is low. Further, remogliflozin etabonate
and its metabolites did not inhibit a number of other ABC and SLC
transporters or CYP enzymes. These in vitro investigations along with
pharmacokinetic studies in healthy volunteers and subjects with T2DM
provide a mechanistic basis for elucidating clinical drug interactions by
remogliflozin etabonate. This information has been used to guide the
design of clinical studies with remogliflozin etabonate.
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