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Abstract Empagliflozin is an orally active, potent and
selective inhibitor of sodium glucose co-transporter 2
(SGLT2), currently in clinical development to improve
glycaemic control in adults with type 2 diabetes mellitus
(T2DM). SGLT2 inhibitors, including empagliflozin, are
the first pharmacological class of antidiabetes agents to
target the kidney in order to remove excess glucose from
the body and, thus, offer new options for T2DM manage-
ment. SGLT2 inhibitors exert their effects independently of
insulin. Following single and multiple oral doses
(0.5-800 mg), empagliflozin was rapidly absorbed and
reached peak plasma concentrations after approximately
1.33-3.0 h, before showing a biphasic decline. The mean
terminal half-life ranged from 5.6 to 13.1 h in single rising-
dose studies, and from 10.3 to 18.8 h in multiple-dose
studies. Following multiple oral doses, increases in expo-
sure were dose-proportional and trough concentrations
remained constant after day 6, indicating a steady state had
been reached. Oral clearance at steady state was similar to
corresponding single-dose values, suggesting linear phar-
macokinetics with respect to time. No clinically relevant
alterations in pharmacokinetics were observed in mild to
severe hepatic impairment, or in mild to severe renal
impairment and end-stage renal disease. Clinical studies
did not reveal any relevant drug—drug interactions with
several other drugs commonly prescribed to patients with
T2DM, including warfarin. Urinary glucose excretion
(UGE) rates were higher with empagliflozin versus placebo
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and increased with dose, but no relevant impact on 24-h
urine volume was observed. Increased UGE resulted in
proportional reductions in fasting plasma glucose and mean
daily glucose concentrations.

1 Introduction

Sodium glucose co-transporter 2 (SGLT2) inhibitors are a
new class of drug being developed for the treatment of type
2 diabetes mellitus (T2DM). Sodium glucose co-trans-
porters mediate glucose reabsorption in the kidney [1, 2].
Approximately 90 % of renal glucose reabsorption occurs
in the first segment of the proximal tubule and is mediated
by SGLT2, a low-affinity high-capacity transporter, and the
remaining 10 % is removed in the distal segment via
SGLTI, a high-affinity low-capacity transporter [1, 2].
Inhibition of SGLT2 decreases renal glucose reabsorption,
promotes urinary glucose excretion (UGE) and reduces
plasma glucose concentrations. Because SGLT2 inhibition
occurs through an insulin-independent mechanism, the risk
of hypoglycaemia is low [3].

SGLT?2 inhibition is also associated with weight loss,
caused by a reduction in available calories due to UGE, and
a reduction in the mass of both subcutaneous and visceral
fat [4, 5]. Blood pressure-lowering effects are also reported
in the labelling documents of SGLT2 inhibitors that have
gained regulatory approval [6, 7].

Unlike SGLT2, SGLTI is extensively expressed in the
small intestine, where it has a significant role in the
absorption of glucose and galactose [1]. High selectivity
for SGLT2 versus SGLT1 is important in candidate SGLT2
inhibitors, as inhibition of SGLT1 may result in glucose—
galactose malabsorption, causing severe diarrhoea and
dehydration [1]. Grempler et al. [8] reported empagliflozin
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had the highest selectivity for SGLT2 over SGLTI1
(>2,500-fold) compared with other SGLT2 inhibitors
(tofogliflozin >1,875-fold, dapagliflozin >1,200-fold,
ipraglifiozin >550-fold and canagliflozin >250-fold)
(Table 1). However, recent data suggest that transient
inhibition of SGLT1 by candidate SGLT2 inhibitors may
reduce intestinal glucose absorption [9-11] and may
increase serum glucagon-like peptide-1 and peptide YY
[10, 11]. Nevertheless, the safety implications of SGLT1
inhibition are not yet clear.

Seven SGLT?2 inhibitor compounds are known to have
reached phase III clinical trials. Of these, marketing
applications have been submitted in the USA and European
Union (EU) for dapagliflozin, canagliflozin and, most
recently, empaglifiozin. Dapaglifiozin was approved in the
EU in 2012, while canagliflozin gained approval from the
US FDA in March 2013, and other regulatory approvals are
pending. SGLT2 inhibitors are currently targeted as
monotherapy for patients with inadequate glycaemic con-
trol from diet and exercise, who are unable to use met-
formin (EU specific), and as an add-on therapy with other
glucose-lowering agents, including insulin (EU specific).
They may offer additional options as an oral therapy for
patients with uncontrolled hyperglycaemia and, potentially,
for patients requiring weight reduction.

The subject of this review is empagliflozin (BI 10773;
1-chloro-4-(B-p-glucopyranos-1-yl)-2-[4-((S)-tetrahydrofuran-
3-yl-oxy)-benzyl]-benzene; C,3H,;ClO7; molecular weight
450.9; Fig. 1), an orally active, potent and selective inhibitor
of SGLT2 being studied for the treatment of patients with
T2DM [8, 12], developed by Boehringer Ingelheim and Eli
Lilly and Company. Phase III trials of empagliflozin given as
monotherapy or in combination with oral antidiabetes drugs
or insulin reported statistically significant and clinically rel-
evant improvements in glycaemic control, body weight and
systolic blood pressure when compared with placebo and
active comparators [13-17]. Adverse events with SGLT2

Table 1 Selectivity of SGLT?2 inhibitors for SGLT2 versus SGLT1

Compound ICs5o (nM) pICso (nM)*

SGLT2 SGLTI1 SGLT2 SGLTI1
Empaglifiozin 3.1 8,300 8.50 + 0.02 5.08 £ 0.03
Dapaglifiozin 1.2 1,400 8.94 + 0.06 5.86 £ 0.07
Canagliflozin 2.7 710 8.56 + 0.02 6.15 £ 0.06
Ipragliflozin 5.3 3,000 827 £ 0.04 553 +0.02
Tofogliflozin 6.4 12,000 8.18 £ 0.12  4.92 + 0.09

Data taken from Grempler et al. [8] ['*C] alpha-methyl glucopyran-
oside was used as the substrate

ICsp inhibitor concentration at half-maximal response, pICsy
—log ICsp, SGLT sodium glucose co-transporter

? Values expressed as mean + standard error of mean
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inhibitors include increased rates of genital infection and
urinary tract infection, which are attributed to elevated urinary
glucose levels. More patients on empagliflozin than on pla-
cebo reported events consistent with genital infection; how-
ever, events consistent with urinary tract infection were
comparable in both groups [18]. Empagliflozin is currently
progressing through phase III clinical trials, while regulatory
decisions are awaited for marketing applications recently
submitted in the USA and Europe.

This review examines the pharmacokinetic and pharma-
codynamic characteristics of empagliflozin in healthy indi-
viduals, and in patients with T2DM treated with
empagliflozin monotherapy. An electronic literature search
was performed on PubMed to identify relevant studies using
the generic name ‘empaglifiozin’ (or the compound identifier
‘BI 10773’), without date limits, published as English-lan-
guage articles. All publications reporting pharmacokinetic
and/or pharmacodynamic data on empagliflozin/BI 10773 in
humans were considered for this review. Furthermore, the
conference proceedings websites of the American Diabetes
Association and the European Association for the Study of
Diabetes were searched for abstracts of relevant non-pub-
lished empagliflozin trials. Additional information on empa-
gliflozin was provided by the manufacturers.

2 Clinical Pharmacokinetics

Pharmacokinetic characteristics of empaglifiozin in healthy
subjects and in patients with T2DM are summarised in
Table 2 (see also Figs. 2, 3). The pharmacokinetic data
from patients with T2DM were similar to those obtained in
healthy volunteers.

2.1 Healthy Subjects

In a single rising oral doses (0.5-800 mg) study in healthy
subjects, empagliflozin was rapidly absorbed after oral
administration and showed a biphasic decline [19]. Increases
in exposure, as measured by the area under concentration—
time curve (AUC) of analyte in plasma over time interval
from O h extrapolated to infinity (AUC,,) and the maxi-
mum plasma concentration (Cp.x) were approximately

OH

Cl

Fig. 1 Structural formula of empagliflozin
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Fig. 2 Clinical 100,000 i i
pharmacokinetic and . i
pharmacodynamic properties of 10.000 - 3
empagliflozin in healthy — ’ i
volunteers. Results are d i
expressed as means (&£ standard < 1,000 5
deviation for AUC.,) (adapted =]
from Seman et al. [19]). E 100 i
Increases in exposure (AUC,,) =
(upper panel) in healthy g 104
subjects were dose-proportional <
over the range of empagliflozin
doses used in this single rising- 17
dose study. With the exception
of the 200 mg dose, the amount 0.1
of UGE_41, (lower panel)
increased with increasing dose 100 -
of empagliflozin, and maximum 90
UGE (90.8 g) occurred at the 80 |
400 mg dose. AUC, area under
concentration—time curve of > 70 4
analyte in plasma over time ~ 60 -
interval from O h extrapolated to &
e . d 50
infinity, UGE_,4, urinary w
glucose excretion over 24 h (O] 40
° 30
20
10
0
0.5 25 10 25 50 100 200 400 800

dose-proportional over the range of empagliflozin doses of
0.5-800 mg (Fig. 2, upper panel). Median time to reach
Chnax (tmax) ranged from 1.5 to 2.1 h and the terminal elim-
ination half-life (¢.,) was up to 13.1 h [19]. Similar results
were reported in a single rising oral doses (1-100 mg) study
of healthy Japanese males [20]. Exposure was found to be
approximately 1.5-fold higher in Japanese subjects than
Caucasians, probably due to the lower body weight in the
Japanese group (62.6 vs. 79.0 kg) [20].

Mean plasma concentration—time profiles of empa-
gliflozin were similar under fasted and fed conditions
(Table 2) [19]. Administration with food resulted in a
slightly delayed absorption of empagliflozin, and both
mean AUC_, and C,,,«x were lower under fed conditions
than when the drug was given in the fasted condition: the
geometric mean ratios (GMR; %) and 90 % confidence
intervals (CI) for AUC_, and C,,,, were 89.8 (84.5-95.5)
and 70.7 (61.0-81.8), respectively [19]. The authors
commented that this appeared to be due to an effect on
the rate of absorption of empagliflozin, rather than on the
extent of its absorption, which was within the usual
bioequivalence criteria, and that the findings were con-
sistent with the high aqueous solubility of empagliflozin
(reported as unpublished data) [19]. This was not con-
sidered clinically significant, and it was concluded that
empagliflozin can be administered independently of

Empagliflozin dose (mg)

food. This was supported by the results of a food effect
study [21].

Renal clearance (CLR) over 72 h ranged from 32.1 to
51.3 mL/min, and the cumulative fraction of empagliflozin
excreted in urine (f;) over 72 h ranged from 11.0 to 18.7 %
[19]. Plasma concentrations of empagliflozin at higher
doses (>100 mg) were generally detectable for 72 h, while
plasma concentrations of empagliflozin fell below the limit
of quantification [lower limit for plasma 1.11 nmol/L
(0.5 ng/mL)] after 24 h at the 0.5 mg dose [19]. In the
Japanese study, empagliflozin was detected in the urine of
all dose groups and remained measureable up to 72 h (with
one exception in the 1 mg group) [20]. The CLy and f, over
72 h were generally similar between dose groups
(29.9-38.7 mL/min, and 21.3-22.9 %, respectively) [20].

2.2 Patients with Type 2 Diabetes Mellitus

Following multiple oral doses in patients with T2DM
(2.5-100 mg once daily over 8 days [22], or 10-100 mg
once daily over 28 days [23]), empagliflozin was rapidly
absorbed after oral administration, reaching C,,.. after
1.33-3.0 h, and then declining in a biphasic fashion, with a
mean t, ranging from 10.3 to 18.8 h [22, 23]. Increases in
exposure were dose-proportional following multiple oral
doses [22, 23], and after multiple doses, trough
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Fig. 3 Clinical
pharmacokinetic and
pharmacodynamic properties of
empagliflozin in patients with
T2DM. Results are expressed as
means (adapted from Heise

et al. [23]). Increases in
empaglifiozin exposure
(AUC,yy,) in patients with
T2DM were dose-proportional

20,000 - Day 1
15,000 -

10,000 -

5,000 -

AUC ,,, (nmol-h/L)

= 0 \

20,000 - Day 27-28
15,000 -

10,000 -

5,000 -

AUC ,,. (nmol-h/L)

following multiple oral doses. 0
UGE increased in empagliflozin
dose groups at day 1 and this
was maintained after multiple
doses; however, almost no 80

100 7

100

80 -

UGE 0-24h (9)

change was observed in the @

placebo group. MDG decreased 5 60 1

on day 1 versus placebo, and ng 40
dropped further by day 27. o

AUC>5y, area under S 54
concentration—time curve of

analyte in plasma over 24 h, 0 —==

MDG mean daily glucose,
T2DM type 2 diabetes mellitus, 5 -
UGE(_24y, urinary glucose
excretion over 24 h
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-25

60
40 -
20 |
0
0-
R
-10 A
15 -
-20

-25 A

MDG (mg/dL)

Placebo 10

Empagliflozin dose (mg)

concentrations remained constant after day 6, indicating a
steady state had been reached (Fig. 3) [23]. Oral clearance
(CL/F) at steady state was similar to corresponding single-
dose values, suggesting linear pharmacokinetics with
respect to time [22, 23], and approximately 18 % of
administered drug was excreted unchanged in the urine [23].

3 Clinical Pharmacodynamics
3.1 Effects on Urinary Glucose Excretion

The total amount of glucose excreted in the urine was higher
with all doses of empagliflozin than with placebo in the
single rising-dose study [19]. The mean amount of glucose
excreted in urine over the first 24 h after oral administration
of empaglifiozin was 3.1 g with the 0.5 mg dose and 61.6 g
with the 800 mg dose (vs. 0.06 g with placebo); the maxi-
mum UGE was 90.8 g, occurring at the 400 mg dose
(Fig. 2, lower panel) [19]. Empagliflozin inhibited reab-
sorption of <40 % of filtered glucose at single daily doses
of 0.5-10 mg, rising to 40-60 % inhibition of filtered glu-
cose at higher doses, and reaching a plateau at around the

A\ Adis

25 100 Placebo 10 25 100

Empagliflozin dose (mg)

100 mg dose [19]. The total amount of glucose excreted
over 72 h was dose proportional, again reaching a plateau at
around the 100 mg dose. The time to maximum rate of UGE
was similar in all dose groups (approximately 7 h). Food
had no relevant effects on UGE when administered with
empagliflozin: mean [standard deviation (SD)] cumulative
UGE over 24 h following oral administration of empagli-
flozin 50 mg was 71.7 g (13.6) under fasted conditions
versus 75.9 g (17.9) under fed conditions [19].

The single rising doses study in healthy Japanese males
reported similar results: higher UGE occurred for all doses
of empagliflozin versus placebo, and increased with rising
empagliflozin dose [20]. UGE in the 24 h post-empagli-
flozin dosing period was similar between Japanese and
Caucasian subjects [19] at doses tested in both studies
(10 mg, 25 mg, 100 mg); thus, the difference in empagli-
flozin exposure between Japanese and Caucasians (as
mentioned in Sect. 2.1) may not affect the expected ther-
apeutic dose [20]. In addition, no significant differences in
mean cumulative urine volume were observed in empa-
gliflozin versus placebo in the first 24 h (3.11-3.98 L and
3.17 L, respectively), or in the first 72 h (7.12-8.71 L and
7.30 L, respectively) [20].

Page 6 of 13
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After administration of a single dose of empagliflozin to
patients with T2DM, cumulative UGE over 24 h ranged
from 46.3 to 89.8 g with empagliflozin versus 5.84 g with
placebo, and similar results were observed after multiple
doses [22]. In a separate study of T2DM patients, the mean
change in UGE from baseline to the end of the treatment
period (day 27) ranged from 64.37 to 78.37 g for empa-
gliflozin versus —0.67 g for placebo (Fig. 3) [23].
Increased UGE and inhibition of renal tubular glucose
reabsorption rate were maintained after multiple doses at
day 27 compared with baseline, and oral glucose tolerance
test (OGTT) on day 28 did not affect the size of the change
in UGE from baseline [23]. No clinically relevant changes
in urine volume were observed [22, 23].

3.2 Effects on Plasma Glucose Concentration

Plasma glucose concentrations were similar in healthy
subjects treated with any dose of empagliflozin or with
placebo, which is to be expected [19, 20].

The 8-day multiple rising-dose study in patients with
T2DM revealed that mean fasting plasma glucose (FPG)
decreased by 17.2-25.8 % with empagliflozin versus
12.7 % with placebo [22]. The decrease in mean daily
glucose (MDG) was significantly different compared with
placebo with the 2.5 and 10 mg doses (MDG: —13.5
mg/dL for placebo vs. —29.0 and —37.0 mg/dL for em-
pagliflozin 2.5 and 10 mg, respectively; P < 0.05 and
P < 0.01, respectively) [22]. The 28-day multiple-dose
study in patients with T2DM reported significant reductions
from baseline in mean FPG and MDG in empagliflozin versus
placebo (see Fig. 3) [23]. Similar reductions in post-OGTT
plasma glucose were seen on OGTT days: differences from
placebo on day 28 were statistically significant (P < 0.05
based on least square means for not-baseline-corrected val-
ues) [23]. Onday 28, a decrease in glycosylated haemoglobin
(HbA,.) from baseline was observed in all empaglifiozin
groups; however, the reductions were not statistically sig-
nificant versus placebo (HbA.: —0.18 % for placebo; —0.27,
—0.22, —0.36 % for empagliflozin 10, 25, 100 mg, respec-
tively) [23]. However, the study duration was too short to
fully evaluate this parameter.

4 Pharmacokinetics and Pharmacodynamics in Special
Populations

4.1 Renal Impairment

The effect of renal impairment on the pharmacokinetics of
empagliflozin was investigated in an open-label, parallel-
group study of 40 subjects with varying degrees of renal
impairment, who received a single dose of empagliflozin

50 mg [24]. Subjects were grouped according to estimated
glomerular filtration rate (eGFR): eight subjects had T2DM
and normal renal function (eGFR >90 mL/min/1.73 m2;
control group); nine had T2DM and mild renal impairment
(eGFR 60-89 mL/min/1.73 m?); seven had T2DM and
moderate renal impairment (eGFR 30-59 mL/min/
1.73 mz); eight had severe renal impairment (eGFR
<30 mL/min/1.73 mz), four of whom also had T2DM; and
eight subjects had renal failure/end-stage renal disease
(ESRD) requiring dialysis, none of whom had T2DM [24].
Results demonstrated that empagliflozin was rapidly
absorbed after oral administration in all subjects, although
rate of absorption was slightly slower in subjects with renal
impairment than in those with normal renal function, with a
median f,,,, of 2.0-2.5 and 1.0 h, respectively [24]. After
reaching C,.x, plasma drug concentrations declined in a
biphasic fashion, which is again consistent with previous
reports in healthy subjects and patients with T2DM [24].
Empagliflozin plasma concentrations were similar in sub-
jects with normal renal function and renal impairment.
Empagliflozin AUC,, values increased by approximately
18, 20, 66 and 48 % in subjects with mild, moderate and
severe renal impairment, and renal failure/ESRD, respec-
tively, in comparison with healthy subjects (Table 2),
which was attributed to decreased CLi [24]. There were
also decreases in the mean fraction of the dose excreted in
urine following drug administration from time zero to 96 h
(fep_0e) With increasing renal impairment [24]. The phar-
macokinetic results of this study indicated that no dose
adjustment of empagliflozin was required in patients with
renal impairment [24], which may represent an additional
clinical value compared to other glucose-lowering agents
currently used in patients with T2DM [25].

The cumulative amount of UGE decreased with
increasing renal impairment [24]. Total UGE (change from
baseline) over 24 h was 97.6 g in subjects with normal
renal function, 61.6 g, 55.7 g and 18.2 g in those with
mild, moderate and severe renal impairment, respectively,
decreasing to approximately 0.8 g in subjects with severe
renal failure/ESRD [24]. The decrease in UGE followed
the same pattern as the decreases in the empagliflozin CLy
with increasing renal impairment [24].

4.2 Hepatic Impairment

The effect of hepatic impairment on the pharmacokinetics
of empagliflozin was investigated in an open-label, paral-
lel-group study of 36 subjects (eight subjects each with
mild, moderate or severe hepatic impairment per Child—
Pugh classification, plus 12 matched controls with normal
hepatic function) who received a single dose of empagli-
flozin 50 mg [26]. Results demonstrated that empagliflozin
was rapidly absorbed and, after reaching C,,,.x, plasma drug
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concentrations declined in a biphasic fashion, which is
consistent with previous reports in healthy subjects and
patients with T2DM. Compared with subjects with normal
hepatic function, GMR of AUC_, and C,., were only
modestly increased (Table 2). As the increase in empagli-
flozin exposure was less than twofold in patients with
impaired liver function, no dose adjustment of empagli-
flozin was required in these patients [26].

No relevant differences were reported in mean UGE
from drug administration between subjects with hepatic
impairment and subjects with normal hepatic function [26].
Mean UGE over 24 h was 42.6 g in subjects with normal
hepatic function, and 36.2 g, 38.4 g and 40.2 g in subjects
with mild, moderate and severe hepatic impairment,
respectively [26].

5 Drug-Drug Interaction Studies

A summary of drug—drug interaction studies with empa-
gliflozin is presented in Table 3.

Empagliflozin was coadministered with other medica-
tions commonly used in patients with T2DM; specifically,
oral glucose-lowering agents (metformin, sitagliptin,
linagliptin and glimepiride), an anticoagulant (warfarin),
cardiovascular/antihypertensive  compounds  (diuretics,
verapamil, ramipril and digoxin), a cholesterol-lowering
agent (simvastatin) and an oral contraceptive (ethinyles-
tradiol/levonorgestrel). These drug—drug interaction studies
were evaluated in open-label, randomised, crossover stud-
ies in healthy volunteers, with the exception of the study
using diuretics, which was performed in patients with
T2DM [27].

5.1 Coadministration with Glucose-Lowering Agents
5.1.1 Metformin

Metformin was found to have no clinically relevant effect
on the pharmacokinetics of empagliflozin 50 mg [28].
Similarly, empagliflozin had no clinically relevant effect
on the pharmacokinetics of metformin [28]. The CLi of
empagliflozin and metformin were unaffected by coad-
ministration: CLy at steady state was 34.5 versus 36.3
mL/min for empagliflozin alone and for coadministra-
tion with metformin, respectively, and was 551 versus
523 mL/min for metformin alone and for coadministration
with empagliflozin, respectively [28]. Furthermore,
increased UGE was observed after administration of em-
pagliflozin alone and in combination with metformin: mean
(SD) cumulative amounts of glucose recovered after oral
administration of empagliflozin 50 mg once daily with and
without metformin 1,000 mg twice daily were 62.0 (12.8)

A\ Adis

and 67.8 (12.6) g, respectively [28]. The results supported
the coadministration of empagliflozin and metformin
without dose adjustment.

5.1.2 Sitagliptin

Coadministration of sitagliptin 100 mg with empagliflozin
50 mg had no clinically relevant effect on the pharmaco-
kinetics of empagliflozin or sitagliptin [29]. Increased UGE
was observed after administration of empagliflozin alone
and in combination with sitagliptin [29]. Empagliflozin
and sitagliptin could be coadministered without dose
adjustments.

5.1.3 Linagliptin

Linagliptin total exposure and peak exposure were unaf-
fected by coadministration of empaglifiozin 50 mg [30].
Empagliflozin total exposure was unaffected by coadmin-
istration of linagliptin 5 mg; however, there was a slight
reduction in empaglifiozin peak exposure at steady state
[Cinax.ss GMR 0.88 (90 % CI 0.79-0.99)] when linagliptin
was coadministered that was not considered clinically
meaningful [30]. Increased UGE was observed after
administration of empagliflozin alone and in combination
with linagliptin: mean (SD) cumulative UGE over 24 h
after oral administration of multiple doses of empagliflozin
50 mg once daily with and without linagliptin 5 mg were
54.8 (11.2) and 67.2 (14.6) g, respectively [30]. Trough
dipeptidyl peptidase-4 inhibition in plasma at steady state
24 h after drug administration (E,4) was similar when
linagliptin was administered alone or with empagliflozin
(median E,4 s 83.7 vs. 83.9 %) [30]. It was concluded that
empagliflozin and linagliptin could be coadministered
without dose adjustments.

5.1.4 Glimepiride

Coadministration of glimepiride 1 mg with empagliflozin
50 mg was found to have no clinically relevant effects on the
pharmacokinetics of empagliflozin or glimepiride [31].
Increased UGE was observed after administration of
empagliflozin alone and in combination with glimepiride;
mean (SD) cumulative UGE over 24 h after oral adminis-
tration of empagliflozin 50 mg once daily with and without
glimepiride 1 mg was 72.7 (14.4) and 68.7 (12.3) g, respec-
tively [31]. Based on these data, empagliflozin and glimepi-
ride could be coadministered without dose adjustments.

5.2 Coadministration with Anticoagulant (Warfarin)

Warfarin had no effect on empagliflozin exposure or Cp,,x
values [32]. Similarly, empagliflozin 25 mg once daily
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had no effect on the pharmacokinetics of warfarin (S- or
R-enantiomers) [32]. Empagliflozin also had no clinically
relevant effects on the anticoagulant activity of warfarin
[international normalised ratio (INR) GMR (95 % CI) for
peak INR: 0.87 (0.73, 1.04); AUC from O to 168 h: 0.88
(0.79, 0.98)] [32]. In addition, the peak anticoagulant
effect at 36 h was similar when warfarin was adminis-
tered alone and with empagliflozin, and had returned to
baseline levels at 96 h in both groups [32]. As no drug—
drug interactions were observed between empagliflozin
and warfarin, it was concluded that empagliflozin and
warfarin could be coadministered without dosage
adjustments of either drug.

5.3 Coadministration with Cardiovascular/
Antihypertensive Compounds

5.3.1 Diuretics (Hydrochlorothiazide or Torasemide)

A randomised, open-label, crossover study was conducted
in patients with T2DM (treated with metformin mono-
therapy for at least 12 weeks) to investigate potential drug—
drug interactions between empagliflozin and hydrochloro-
thiazide or torasemide [27]. Pharmacokinetic parameters
for empagliflozin were similar when empagliflozin was
administered alone and coadministered with hydrochloro-
thiazide or torasemide [27]. Coadministration with hydro-
chlorothiazide or torasemide had no effect on steady-state
exposure of empagliflozin, based on the bioequivalence
criteria of 0.80-1.25 [27]. Equally, pharmacokinetic
parameters for hydrochlorothiazide and for torasemide
were similar when either drug was administered alone and
coadministered with empaglifiozin [27]. The study con-
cluded that empaglifiozin and hydrochlorothiazide or
torasemide could be coadministered without dose adjust-
ments. Interestingly, no adverse events were reported when
combining empaglifiozin with a strong loop diuretic in this
population with T2DM.

5.3.2 Verapamil

Verapamil is an inhibitor of P-glycoprotein (P-gp) and
empagliflozin is a P-gp substrate; therefore, a randomised,
open-label, crossover study was conducted in healthy vol-
unteers (male and female) to investigate potential drug—
drug interactions between empagliflozin and verapamil
[33]. Subjects were randomised to receive single-dose
empagliflozin 25 mg alone or coadministered with single-
dose verapamil 120 mg. Exposure of empagliflozin was not
affected by coadministration with verapamil [33]. The lack
of drug—drug interaction between empagliflozin and
verapamil indicates there is no relevant effect of P-gp
inhibition on the pharmacokinetics of empagliflozin, and
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no dose adjustment of empagliflozin is required when co-
administered with verapamil.

5.3.3 Ramipril

Exposure of empagliflozin was not affected by coadminis-
tration with ramipril [33], and empagliflozin 25 mg once
daily had no clinically relevant effect on exposure of ramipril
or its active metabolite ramiprilat [33]. Thus, no dose
adjustment of ramipril is required when coadministered with
empagliflozin, and no dose adjustment of empagliflozin is
required when coadministered with ramipril.

5.3.4 Digoxin

Digoxin is a P-gp substrate used to examine the effects of
P-gp inhibition. A randomised, open-label, crossover study
was conducted in healthy volunteers to investigate poten-
tial drug—drug interactions between empagliflozin and
digoxin [33]. Subjects were randomised to receive single-
dose digoxin 0.5 mg alone, or empagliflozin 25 mg once
daily for 8 days with single-dose digoxin 0.5 mg on day 5.
Coadministration of empagliflozin had no clinically
meaningful effect on digoxin exposure (Table 3) [33].
Although a slight increase in digoxin Cp,,x was observed,
the authors reported that it was not considered clinically
relevant (GMR 113.94; 90 % CI 99.33-130.70) [33]. The
lack of meaningful drug—drug interaction between empa-
gliflozin and digoxin indicates that empagliflozin has no
relevant effect on the pharmacokinetics of drugs that are
P-gp substrates, and no dose adjustment of digoxin is
required when coadministered with empagliflozin.

5.4 Coadministration with Cholesterol-Lowering
Agent (Simvastatin)

Simvastatin 40 mg had no clinically relevant effect on the
pharmacokinetic parameters of empagliflozin [34]. Empa-
gliflozin 25 mg had no clinically relevant effect on the
pharmacokinetics of simvastatin or its active metabolite
[34]. No dosage adjustments are required for either drug
when empagliflozin and simvastatin are coadministered.

5.5 Coadministration with Oral Contraceptive
(Ethinylestradiol/Levonorgestrel)

The pharmacokinetics of ethinylestradiol and levonorge-
stre]l were unaffected by coadministration with empagli-
flozin [35]. The 90 % CIs were within the standard
bioequivalence boundaries of 80-125 % [35]. Therefore,
the study conclusion was that empagliflozin and ethiny-
lestradiol (30 pg)/levonorgestrel (150 pg) could be coad-
ministered without the need for dose adjustment.
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6 Overall Evaluation

Like the two SGLT?2 inhibitors already available (dapa-
gliflozin and canagliflozin) [36], empagliflozin has
favourable pharmacokinetic properties. Empagliflozin
has an excellent oral bioavailability, a rather long t,
allowing once-daily administration, no active metabolites
and a very limited (if any) propensity to drug—drug
interactions. Furthermore, long-term administration
showed a rather limited accumulation index and CL/F at
steady state was similar to corresponding single-dose
values, suggesting linear pharmacokinetics with respect
to time. The reported CLg of empagliflozin was higher
than that reported in other studies with dapagliflozin and
canagliflozin and the percentage of empagliflozin excre-
ted as unchanged parent compound in urine (approxi-
mately 18 %) was also higher than the corresponding
percentages reported with the two other SGLT?2 inhibitors
(<3 %) [36]. However, the clinical significance of this
finding remains unclear. No clinically relevant changes in
pharmacokinetic parameters were observed in patients
with T2DM [22, 23], compared with healthy volunteers
[19], or in patients with mild/moderate renal impairment
[24], or hepatic impairment [26]. UGE increased linearly
with exposure to the drug up to a daily dose of 100 mg in
healthy volunteers [19]. However, in patients with
T2DM, the UGE rate was not enhanced further when the
dosage was increased from 25 to 100 mg [23], which
suggests a maximal dose of 25 mg is recommended for
phase III clinical trials and for future use in clinical
practice. As with other SGLT2 inhibitors, and because of
the specific mechanism of action, the pharmacodynamic
effect of empaglifiozin in promoting UGE, and thus in
reducing hyperglycaemia in patients with T2DM, was
diminished with the reduction in glomerular filtration rate
[24]. This would imply that renal function should be
carefully assessed before considering the use of empa-
gliflozin in patients with T2DM, and that renal function
should be monitored with long-term use of this SGLT2
inhibitor, as is also recommended for dapagliflozin and
canagliflozin. To date, there are no head-to-head clinical
trials comparing the pharmacokinetic/pharmacodynamic
properties of these three SGLT2 inhibitors. Several
phase III clinical trials with empagliflozin as mono-
therapy or in combination with other glucose-lowering
agents for the management of T2DM are already avail-
able [13-17], with apparently similar efficacy/safety data
to dapagliflozin and canagliflozin [37]. However, direct
comparative clinical studies would be of interest in the
future. Finally, considering the vast panel of glucose-
lowering drugs already available for the management of
T2DM, the best positioning of SGLT2 inhibitors in
general, and of empagliflozin in particular, remains to be

more precisely defined. Large ongoing trials, including
two focusing on empagliflozin [38, 39], will help to better
evaluate the benefit/risk balance of this new pharmaco-
logical class [36].

7 Summary and Conclusions

This review summarises the pharmacokinetic and phar-
macodynamic studies performed in humans using the
SGLT2 inhibitor empagliflozin. SGLT?2 inhibitors, includ-
ing empaglifiozin, are the first pharmacological class of
antidiabetes agents to target the kidney. By stimulating
UGE, empagliflozin and the other SGLT?2 inhibitors are
able to improve glucose control together with promoting
weight loss and reducing systolic blood pressure. Unlike
other oral antidiabetes agents currently available, SGLT2
inhibitors, including empagliflozin, do not stimulate insulin
secretion and, thus, are not associated with the risk of
hypoglycaemia. Furthermore, the selectivity of these
agents for SGLT2 over SGLTI reduces the incidence of
gastrointestinal side effects. The mechanism of action of
SGLT?2 inhibitors permits their effective use in all stages of
T2DM, as monotherapy, as add-on to other glucose-low-
ering agents, and as add-on to insulin.

The pharmacologically noteworthy difference between
individual SGLT?2 inhibitors may be in the selectivity of
SGLT2 versus SGLTI1; however, other potential differ-
ences remain unknown due to the absence of head-to-head
trials. Nevertheless, current safety data imply that SGLT2
inhibitors have an acceptable safety profile and are well-
tolerated, despite a small increase in genital infections and
urinary tract infections.

In conclusion, based on the available data, empagliflozin
appears to be a promising option for patients with T2DM,
and offers the possibility of administration with other oral
antidiabetes drugs.
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