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ABSTRACT

Introduction: Sodium-dependent glucose
cotransporter 2 (SGLT2) inhibitors inhibit the
reabsorption of glucose from the kidneys and
increase urinary glucose excretion (UGE),
thereby lowering the blood glucose concentra-
tion in people suffering from type 1 and type 2
diabetes mellitus (T2DM). In a previous study,
we reported a pharmacokinetics/pharmacody-
namics model to estimate individual change in
UGE (DUGE), which is a direct pharmacological
effect of SGLT2 inhibitors. In this study, we
report our enhancement of the previous model
to predict the long-term effects of ipragliflozin
on clinical outcomes in patients with T2DM.
Methods: The time course of fasting plasma
glucose (FPG) and hemoglobin A1c (HbA1c) in
patients with T2DM following ipragliflozin
treatment that had been observed in earlier
clinical trials was modeled using empirical

models combined with the maximum drug
effect (Emax) model and disease progression
model. As a predictive factor of drug effect,
estimated DUGE was introduced into the Emax

model, instead of ipragliflozin exposure. The
developed models were used to simulate the
time course of FPG and HbA1c following once-
daily treatment with placebo or ipragliflozin at
doses of 12.5, 25, 50 and 100 mg, and the
changes at 52 weeks at the approved dose of
50 mg were summarized by renal function
category.
Results: The developed models that included
UGE as a dependent variable of response were
found to well describe observed time courses in
FPG and HbA1c. Baseline blood glucose level
and renal function had significant effects on the
glucose-lowering effect of ipragliflozin, and
these models enabled quantification of these
impacts on clinical outcomes. Simulated med-
ian changes in HbA1c in T2DM patients with
mild and moderate renal impairment were 25
and 63% lower, respectively, than those in
T2DM patients with normal renal function.
These results are consistent with the observed
clinical data from a previous renal impairment
study.
Conclusions: Empirical models established
based on the effect of UGE well predicted the
renal function-dependent long-term glucose-
lowering effects of ipragliflozin in patients with
T2DM.
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Key Summary Points

Why carry out this study?

In a previous study, we developed a model
to estimate the change in urinary glucose
excretion (UGE) as a pharmacological
effect of sodium-dependent glucose
cotransporter 2 (SGLT2) inhibitors.

This earlier model explained weaker
glucose-lowering effects of ipragliflozin in
patients with renal impairment caused by
decreased glucose filtration.

In this study, we enhanced the model to
predict the long-term time course in
fasting plasma glucose (FPG) and
hemoglobin A1c (HbA1c) after treatment
with SGLT2 inhibitor.

What was learned from the study?

The newly constructed FPG and HbA1c
models well predicted the renal function-
dependent long-term glucose-lowering
effects of ipragliflozin in patients with
type 2 diabetes mellitus.

The results using these models suggest
that baseline blood control and renal
function have a significant impact on the
glucose-lowering effects of ipragliflozin,
and the models enabled quantification of
this impact.

INTRODUCTION

Sodium-dependent glucose cotransporter 2
(SGLT2) inhibitors are a novel class of drugs that
inhibit the reabsorption of glucose in the kid-
neys and therefore increase urinary glucose
excretion [1]. Ipragliflozin (Suglat�) is a

selective SGLT2 inhibitor [2] co-developed by
Astellas Pharma Inc. (Tokyo, Japan) and Koto-
buki Pharmaceutical Co., Ltd. (Nagano, Japan)
for the treatment of type 1 (T1DM) and type 2
diabetes mellitus (T2DM) and has been
approved in Japan, Korea and Russia. The rec-
ommended dosage is 50 mg once daily before or
after breakfast. Combination therapy with sev-
eral antihyperglycemic agents has been
approved. When efficacy is insufficient, dose
increase up to 100 mg, once daily, is allowed in
Japan and Russia.

In our previous study, we established a
pharmacokinetics/pharmacodynamics (PK/PD)
model of ipragliflozin to describe the relation-
ship between the daily exposure in the plasma
concentration of ipragliflozin [area under the
concentration–time curve in 24 h (AUC24h)]
and the increase in urinary glucose excretion
(UGE) in 24 h (UGE24h) [3]. The maximum
effect of SGLT2 inhibitors on UGE never
exceeds the filtered glucose level, which in turn
depends on the plasma glucose level and renal
function. The model enabled individual pre-
dictions of the AUC24h of ipragliflozin and
UGE24h at steady-state with two significant
predictors, namely, the individual fasting
plasma glucose level (FPG) and glomerular fil-
tration rate (GFR).

The aim of the present study was to expand
the previous PK/PD model to enable prediction
of the long-term glucose-lowering effects of
ipragliflozin in patients with T2DM and to
identify and quantify the impact of factors
influencing the glucose-lowering effects of
ipragliflozin.

METHODS

Study Design

An outline of the clinical studies previously
conducted on ipragliflozin that were used in
this study is presented in Table 1. A phase I
study in healthy subjects (Study A) and two
clinical pharmacology studies in T2DM patients
(Studies B and C) were used to develop the PK/
PD model established previously [3].
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A total of 5893 FPG and 5371 HbA1c data
points were obtained from 834 patients with
T2DM in four late-phase clinical studies (Studies
D–G). Observations of FPG and HbA1c from
three studies (Studies D–F) that examined once-
daily oral administration in T2DM patients were
used to characterize models of the glucose-
lowering effects of ipragliflozin. Data from a
long-term study in renal impairment patients

(Study G) were excluded from the model
building but were used for simulation as exter-
nal validation of the developed model. In Study
G only, a concomitant dose of one other oral
hypoglycemic agent was allowed, and the
baseline plasma glucose level was significantly
lower than that in the other studies. After
building the model, the long-term antihyper-
glycemic effects were simulated using

Table 1 Outline of clinical studies on ipragliflozin

Study [National
Clinical Trial (NCT)
identifier]

Study type Dose regimen PK, PD,
efficacy
assessment

References

Study

A [NCT01121198]

Phase I study in healthy

volunteers

Placebo, 1, 3, 10, 30, 100 and 300 mg,

single dose placebo, 20, 50, 100 mg q.d.

AUC24h,

UGE24h

[4]

Study

B [NCT01023945]

2 weeks, PK/PD study in

T2DM

Placebo, 50, 100 mg q.d. AUC24h,

UGE24h,

FPG

[5]

Study

C [NCT01097681]

PK/PD study in patients

with T2DM with renal

impairment

50 mg single dose

One concomitant oral hypoglycemic agent

was permitted (a-glucosidase inhibitor, a

sulfonylurea, metformin or pioglitazone

only)

AUC24h,

UGE24h,

FPG

[6]

Study

D [NCT00621868]

12 weeks, phase II in

T2DM

Placebo, 12.5, 25, 50 and 100 mg q.d. Ctrough,

FPG,

HbA1c

[7]

Study

E [NCT01057628]

16 weeks, phase III in

T2DM

Placebo or 50 mg q.d. Ctrough,

FPG,

HbA1c

[8]

Study

F [NCT01054092]

52 weeks, long-term study

in T2DM

50 mg q.d.

Increased to 100 mg q.d. if subjects met

the dose-escalation criteria

Ctrough,

FPG,

HbA1c

[9]

Study

G [NCT01316094]

52 weeks, long-term study

in patients with T2DM

with renal impairment

Placebo or 50 mg q.d.

Increased to 100 mg q.d. if subjects met

the dose-escalation criteria

One concomitant oral hypoglycemic agent

was permitted (a-glucosidase inhibitor, a

sulfonylurea, or pioglitazone only)

Ctrough,

FPG,

HbA1c

[10]

AUC24h Area under the concentration–time curve in 24 h of plasma ipragliflozin concentration, Ctrough trough plasma
concentration of ipragliflozin, FPG fasting plasma glucose, HbA1c hemoglobin A1c, PK pharmacokinetics, PD pharma-
codynamics, q.d. once a day, T2DM type 2 diabetes mellitus, UGE24h urinary glucose excretion (UGE) in 24 h
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demographic data from all 887 patients with
T2DM in the studies.

All clinical trial studies were conducted in
accordance with the ethical standards of the
institutional and/or national research commit-
tee, and with the 1964 Helsinki declaration and
its later amendments or comparable ethical
standards. Informed consent was obtained from
all individual participants included in the
study. An independent ethics committee or
institutional review board approved the clinical
protocol at each participating center. All par-
ticipants provided written informed consent
prior to inclusion.

Model Building

To describe the time course of FPG and HbA1c
in patients with T2DM after treatment with
ipragliflozin (EFFt), a combined empirical model
with disease progression (St) and the drug effect
of ipragliflozin (DEt) was developed separately
for FPG and HbA1c, with reference to Frey’s
model [11]. The equation of the combined
model is as follows:

EFFt ¼ BASEþ St �DEtð Þ � 1þ eprop
� �

where EFFt is the estimated FPG or HbA1c at
time t, BASE is the FPG or HbA1c value at
baseline and eprop is a proportional residual error
of FPG or HbA1c at each time point. To avoid
overestimating disease progression, outliers
were identified using a quantile–quantile plot of
the change in HbA1c from baseline, and FPG
and HbA1c records with a change in HbA1c
from baseline that exceeded ± 1.0% for placebo
or ? 1.0% for active treatment at each visit were
excluded from the analysis prior to modeling.

The natural time course of disease progres-
sion (St) was modeled using an exponential
function and/or a linear increase slope. The
glucose-lowering effects of ipragliflozin as
change from baseline (DEt) were described using
a maximum drug effect (Emax) model with an
effect compartment according to the following
equation:

DEt ¼
Emax � FPGB or HBA1CBð Þh

� �
� DUGE24h;t

DUGE24h;t þ EC50

DUGE24h;t ¼ DUGE24h �
1� exp �Keq � t

� �� �

1� exp �Keq � T
� �� �

The effect of baseline FPG (FPGB) or HbA1c
(HBA1CB) was incorporated into the Emax of
ipragliflozin using the power function because
exploratory plots of the change from baseline
versus baseline value indicated the significant
impact of baseline values on Emax in both the
FPG and HbA1c models. The effect
compartment was employed to describe a
delay in reaching the maximum effect. The
individual DUGE24h predictions from the
previous model [3] were introduced in the
effect compartment, instead of drug exposure,
as a main predictor of response because the UGE
effect seemed to be directly linked to the
glucose-lowering effect in plasma. The time
course of the effect compartment was
described using the rate constant of
equilibration (Keq) and maximum time of
assessment period (T = 52 weeks).

The inter-individual variability (IIV) was
parametrized for EC50 (amount of DUGE24h
where 50% of its maximal effect is observed)
and model parameters to describe disease pro-
gression curves. Details for the model building
steps are shown in the Electronic Supplemen-
tary Material (ESM) files.

Model Evaluation

Models were assessed using goodness-of-fit
(GOF) plots. Predictive performance of the final
model was evaluated using a prediction-cor-
rected visual prediction check (VPC) with 1000
generated datasets. Robustness of the final
model was assessed using 1000 runs with the
non-parametric bootstrap method.

Simulation

The time course of changes in FPG and HbA1c
following once-daily treatment with placebo or
ipragliflozin at 12.5, 25, 50, and 100 mg were
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simulated for 887 Japanese patients with T2DM
enrolled in the six clinical studies (Studies B–G).
In addition, the relationship among the simu-
lated AUC24h of the plasma ipragliflozin con-
centration, DUGE24h and treatment effects
represented by changes in FPG and HbA1c from
baseline (DFPG and DHbA1c) at 52 weeks were
summarized according to dose regime and sub-
group stratified by renal function. Simulation
results were summarized as median and pre-
diction interval (PI).

Software

All statistical data processing and summariza-
tion were performed using SAS� version 9.1
software (SAS Institute, Inc., Cary, NC, USA)
and R version 2.13.1 or subsequent versions
(The R Foundation for Statistical Computing,
Vienna, Austria). All NONMEM analysis was
performed using the first-order conditional
estimation method with interaction (FOCE-I)
on NONMEM� version 7.3.0.

RESULTS

Demographics and Laboratory Variables

A summary of patients’ demographics and
clinical laboratory variables are presented in
Table 2. The estimated GFR (eGFR) was calcu-
lated using the Modification of Diet in Renal
Disease (MDRD) study equation modified for
the Japanese general population [12], and body
surface area was calculated using the Du Bois
equation [13].

Exploratory Assessment

A total of 3021 FPG and 2674 HbA1c data points
from 589 patients with T2DM in studies D–F
were included in the analysis. Data from
patients who were administered an increased
ipragliflozin dose during the study were exclu-
ded from the analysis. Outliers were identified,
and 131 records (approximately 5% of the total
records) for observations of FPG or HbA1c were
excluded from the analysis in advance.

Models for FPG

The parameter estimates in the final model are
presented in ESM Table S1. The time course of
changes in FPG was described using a combi-
nation of disease progression and drug effect
based on data from the placebo arms and active
treatment arms.

Disease progression during inactive treat-
ment was described as:

St mg/dL½ � ¼ 5:48� 1� exp � 0:553� tð Þð Þ

An exponential function was applied to
describe the observed disease progression in
inactive treatment because greater progression
occurred in the first 4–8 weeks. A large IIV was
observed for the disease progression curve.

The drug effect in terms of change from
baseline in FPG was described as:

DEt mg/dL½ �

¼ 45:3� FPGB=162ð Þ2:52 mg/dL½ � � DUGE24h;t

DUGE24h;t þ 39:4 g=24h½ �

DUGE24h;t ¼ DUGE24h �
1� exp �0:283� tð Þð Þ
1� exp �0:283� 52ð Þð Þ

The population mean Emax was 45.3 mg/dL
at the reference value of FPGB (162 mg/dL), and
the baseline FPG level had the greatest effect on
Emax. The model suggests that patients with
10% higher FPG levels at baseline have 25%
larger Emax values. The population mean EC50

and the IIV were 39.4 g per 24 h and 277%
(coefficient of variation [CV] %), respectively.
The large variation suggested significant IIV in
drug sensitivity. The estimated equilibration
constant (Keq) used to describe the delay in
response was 0.283 per week, suggesting that
the time to reach the maximum response was
approximately 12 weeks at fivefold an
equilibration half-life equal to ln(2)/Keq. The
estimated residual error of FPG at each time
point was 28.2% (CV %).

Diabetes Ther (2020) 11:951–964 955



Table 2 Summary statistics of the demographics and laboratory variables of the patients with type 2 diabetes mellitus
enrolled in clinical studies on ipragliflozin

Demographics and
laboratory variables

Studies B and C (clinical
pharmacology)

Studies D, E, and F
(phase II, III)

Study G
(phase III)

Total

Number of subjects

(active/placebo)

53 (43/10) 670 (534/136) 164 (118/46) 887 (695/

192)

Gender

Male 37 (69.8%) 441 (65.8%) 128 (78.0%) 606 (68.3%)

Female 16 (30.2%) 229 (34.2%) 36 (22.0%) 281 (31.7%)

Age category (years)

\ 65 34 (64.2%) 482 (71.9%) 81 (49.4%) 597 (67.3%)

C 65 19 (35.8%) 188 (28.1%) 83 (50.6%) 290 (32.7%)

Renal function (mL/min/1.73 m2)a

Normal (eGFR C 90) 22 (41.5%) 296 (44.2%) 0 (0.0%) 318 (35.9%)

Mild (eGFR 60 to\ 90) 21 (39.6%) 362 (54.0%) 83 (50.6%) 466 (52.5%)

Moderate (eGFR 30

to\ 60)

10 (18.9%) 12 (1.8%) 81 (49.4%) 103 (11.6%)

Severe (eGFR\ 30) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%)

Age (years)

Mean (SD) 59.3 (10.4) 57.3 (10.3) 64.4 (6.7) 58.7 (10.1)

Range (Min–Max) (34–75) (26–86) (44–74) (26–86)

Body weight (kg)

Mean (SD) 69.06 (11.89) 68.06 (12.31) 68.47 (11.42) 68.19

(12.11)

Range (Min–Max) (45.6–100.8) (43.7–128.0) (41.5–101.5) (41.5–128.0)

BMI (kg/m2)

Mean (SD) 25.78 (3.14) 25.61 (3.66) 25.60 (3.44) 25.62 (3.59)

Range (Min–Max) (20.0–33.9) (19.1–40.6) (20.0–35.9) (19.1–40.6)

BSA (m2)

Mean (SD) 1.744 (0.183) 1.729 (0.181) 1.738 (0.166) 1.732

(0.178)

Range (Min–Max) (1.35–2.14) (1.29–2.47) (1.28–2.13) (1.28–2.47)

GFR (mL/min/1.73 m2)b

Mean (SD) 84.28 (29.29) 90.18 (21.65) 61.29 (14.83) 84.46

(23.91)

Range (Min–Max) (29.8–169.8) (50.5–175.4) (24.1–98.4) (24.1–181.5)
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Models for HbA1c

The parameter estimates in the final model are
presented in ESM Table S2. Disease progression
was described as:

St %½ � ¼ 0:0229� 1� exp �0:0708� tð Þð Þ
þ 0:0123 � t

As for FPG, a large IIV was observed for the
disease progression curve of HbA1c in the first
4–8 weeks. Furthermore, the gradual HbA1c
increase after long-term treatment was
observed by visual inspection; therefore, a
linear long-term disease progression slope
(0.0123 per week) was added in the HbA1c
model only.

Drug effect, expressed as the change from
baseline in HbA1c, was described as:

DEt %½ � ¼ 1:56� HBA1CB=7:9ð Þ3:36 %½ � �DUGE24h;t

DUGE24h;t þ24:1 g/24h½ �

DUGE24h;t ¼ DUGE24h �
t

52

In the HbA1c model, an exponential
function of DUGE24h,t was ineffective for
describing the delay in achieving the
maximum effect. Instead, the linear function
was used to describe the amount of the effect
compartment. The population mean Emax at the
reference value of HbA1c (7.9%) was 1.56%, and
the baseline HbA1c level had the most influence
on Emax. The model suggests that patients with
10% higher HbA1c at baseline have 34% larger
Emax values. The population mean EC50 and the
IIV was 24.1 g/24h and 90.0% (CV %),
respectively. The estimated residual error of
HbA1c at each time point was 15.3% (CV %).

Table 2 continued

Demographics and
laboratory variables

Studies B and C (clinical
pharmacology)

Studies D, E, and F
(phase II, III)

Study G
(phase III)

Total

Total protein (g/dL)

Mean (SD) 7.19 (0.47) 7.26 (0.38) 7.35 (0.43) 7.27 (0.40)

Range (Min–Max) (6.1–8.3) (5.9–8.4) (5.8–9.1) (5.8–9.1)

Total bilirubin (mg/dL)

Mean (SD) 0.81 (0.33) 0.82 (0.32) 0.77 (0.28) 0.81 (0.31)

Range (Min–Max) (0.4–2.7) (0.2–3.6) (0.3–1.8) (0.2–3.6)

Fasted plasma glucose (mg/dL)

Mean (SD) 156.0 (40.2) 175.2 (38.0) 144.2 (22.9) 168.3 (37.9)

Range (Min–Max) (84–255) (96–342) (73–207) (73–342)

HbA1c (NGSP) (%)

Mean (SD) 8.05 (1.45) 8.22 (0.82) 7.52 (0.54) 8.08 (0.87)

Range (Min–Max) (5.8–14.0) (6.7–11.4) (6.3–9.0) (5.8–14.0)

Values in table are presented as the mean with the standard deviation (SD) and range (minimum [Min]–maximum [Max])
in parenthesis, or as a number with the percentage in parenthesis
BMI Body mass index, BSA body surface area, GFR glomerular filtration rate, NGSP National Glycohemoglobin Stan-
dardization Program
a In Study G, the estimated GFR (eGFR) values during the placebo run-in period are presented as baseline values
b eGFR values were corrected with individual BSA values
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Model Evaluation

The GOF plots suggested that the final FPG and
HbA1c models were adequate. The conditional
weighted residuals (CWRES) showed no trend
with dose, study or visit (ESM Figs. S1, S2). VPC
plots demonstrated that the final models were
able to reproduce the observed data regardless
of treatment (ESM Figs. S3, S4). The summary
statistics of the bootstrap estimates were con-
sistent with the parameter estimates of the final
models, suggesting the robustness of the esti-
mates (ESM Tables S1, S2).

Simulation

Simulated median values and the 95% PI
(2.5th–97.5th percentile) of exposure (AUC24h),
PD effect (DUGE24h) and the clinical endpoints
(DFPG and DHbA1c) for each dose regimen are
summarized in Fig. 1. Following once-daily
doses of placebo or ipragliflozin at 50 and
100 mg, simulated values of DFPG were ? 5.7
(- 24.2 to 36.0), - 24.0 (- 101.3 to 9.1) and
- 24.9 (- 103.0 to 8.8) mg/dL, respectively,
and simulated DHbA1c values were ? 0.64%
(- 0.45 to 1.70%), - 0.65% (- 2.38 to 0.67%)
and - 0.67% (- 2.44 to 0.63%), respectively.

The simulated time course of changes in FPG
and HbA1c according to renal function sug-
gested that patients with T2DM with moderate
renal impairment show a smaller mean decrease
in both FPG and HbA1c than their counterparts
with normal or mild renal impairment (Fig. 2).
The influence of renal function on AUC24h,
DUGE24h, DFPG and DHbA1c is summarized in
Table 3. The simulated median DHbA1c at
52 weeks in T2DM patients with mild and
moderate renal impairment was 25 and 63%
lower, respectively, than that in patients with
normal renal function.

DISCUSSION

The established model was found to well
describe the time course of changes in FPG and
HbA1c observed in clinical trial studies involv-
ing patients on ipragliflozin. Although the
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empirical models have some limitations in
exploring the long-term progression of T2DM,
we demonstrated that the constructed model
provides useful predictions of the blood glu-
cose-lowering effects of ipragliflozin on the
clinical endpoints.

The United Kingdom Prospective Diabetes
Study 33 (UKPDS 33) followed the natural dis-
ease progression of T2DM patients for more
than 10 years [14] and revealed an apparently
linear increase in FPG and HbA1c with time. In
the developed model described here, the linear
disease progression slope for HbA1c increase
was 0.0123% per week (0.64% per year). This
estimation was twofold higher than that repor-
ted by Mahesh [15], which was based on data
from two long-term trials, A Diabetes Outcome
Progression Trial (ADOPT) [16] and the UKPDS
trials [14]. Considering the differences in
patient background, study period and modeling
approach, the magnitude of this difference in
the rate of disease progression is not particularly
large. The established model implicitly indi-
cates that the gradual HbA1c increase observed
during long-term treatment with ipragliflozin

was not caused by a time-dependent decrease in
or tolerance of drug effect.

A phase II study (Study D) showed dose-de-
pendent reductions in both FPG and HbA1c,
with the observed mean change in HbA1c from
baseline at 12 weeks after treatment being
? 0.50% in the placebo group and - 0.11,
- 0.47, - 0.79 and - 0.81% in the ipragliflozin
12.5, 25, 50 and 100 mg groups, respectively [7].
In a phase III study (Study E), the observed
mean change in HbA1c from baseline at
16 weeks after treatment was ? 0.54 and
- 0.76% in the placebo and ipragliflozin 50 mg
groups, respectively [8]. In all phase III studies,
the effect on FPG and HbA1c consistently
reached the maximum level at 12–16 weeks and
20–24 weeks after starting ipragliflozin treat-
ment, respectively [8–10]. The estimated rate
constant of equilibration (Keq) for DFPG also
suggested that the time to reach the maximum
level was approximately 12 weeks, which was
comparable to the reported value for gliclazide
[11].

The strong correlations of DFPG or DHbA1c
with the corresponding baseline values, and the

Fig. 2 Simulated time course of changes in fasting plasma
glucose (FPG) and hemoglobin A1c (HbA1c) according to
renal function (eGFR estimated glomerular filtration rate
[units: mL/min/1.73 m2]). Circles represent observations.
The black dashed line is the Lowess line of the individual

observations. The gray zone represents the 95% confidence
interval of the Lowess line of the individual observations.
The red line is the median of prediction. The pink zone is
the 95% prediction interval (2.5th–97.5th percentile)
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model estimations for Emax change suggested
that the baseline blood glucose level was most
influential parameter on the blood glucose-
lowering effect of ipragliflozin. Renal function
also had a significant impact on the drug effect,
while other factors (age, gender, among others)
had only a minimal effect on DFPG and
DHbA1c. In a long-term renal impairment study
(Study G), weaker glucose-lowering effects were
observed in those patients with moderate renal
impairment compared to patients with normal
renal function (mean change from baseline:
- 13 mg/dL in FPG and - 0.44% in HbA1c at
52 weeks in the 50 mg once-daily group) [17].
Similar trends were also reported in a long-term
study of other SGLT2 inhibitors in T2DM
patients with renal impairment [18–20]. There-
fore, in Emax models for clinical outcome, we
have applied estimated DUGE instead of drug
exposure, which was calculated by considering
the effect of renal function [3].

We summarized the reported long-term
clinical outcomes in empagliflozin, canagli-
flozin and dapagliflozin [18–20] using data from
two ipragliflozin studies [9, 10]. Mean changes
in HbA1c at 52 weeks after treatment were
plotted against a multiplied parameter of FPG
and GFR at baseline, using each individual
patient’s data in the ipragliflozin studies (Fig. 3).
As a result, a linear decreasing trend in HbA1c
was observed when plotted against the amount
of glucose filtration as a multiplied parameter of
FPG and GFR. The mean trend found in ipra-
gliflozin studies was fully consistent with the
evidence confirmed in clinical trials with other
SGLT2 inhibitors [18–20]. According to the
mechanism of action of SGLT2 inhibitors, the
maximum effect of SGLT2 inhibitors on the
UGE never exceeds the amount of filtered glu-
cose [21], and a weaker effect by a SGLT2 inhi-
bitor is expected due to a lower maximum
amount of filtered glucose in this particular
population. The summary of clinical trial

Fig. 3 Relationship between amount of filtered glucose
(GFR*FPG) at baseline and long-term glucose-lowering
effects of the sodium-dependent glucose cotransporter 2
(SGLT2) inhibitor. Circles show the individual outcomes
after long-term treatment of patients with type 2 diabetes
mellitus (T2DM) receiving once-daily doses of ipragliflozin
at 50 mg (Studies F and G). The red line shows the Lowess
line of the individual outcomes following ipragliflozin
treatment. Results of each clinical trial are plotted. The size
of the symbols represents the proportional weight of the
sample size of each subgroup according to renal impair-
ment stage: normal (eGFR C 90 mL/min/1.73 m2), stage
2 (eGFR 60 to\ 90 mL/min/1.73 m2), stage 3 (eGFR 30

to\ 60 mL/min/1.73 m2) and stage 4 (eGFR\ 30 mL/
min/1.73 m2). Clinical trials: diamond indicates treatment
with empagliflozin 25 mg in T2DM patients with stage
2–4 chronic kidney disease (ClinicalTrials.gov Identifier:
NCT01164501) [18]; triangle indicates treatment with
canagliflozin 300 mg in T2DM patients with stage 3
chronic kidney disease (NCT01064414) [19]; filled circle
indicates treatment with dapagliflozin 10 mg in T2DM
patients in a phase 2/3 study (NCT00663260) [20];
square indicates treatment with ipragliflozin 50 mg in
T2DM patients with normal renal function (Study F;
NCT01054092) [9] and with renal impairment (Study G;
NCT01316094) [10]
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outcomes supports the rationale of using simu-
lated DUGE24h values as a predictor in our
models. Furthermore, the summary plot based
on our modeling knowledge suggests that all
SGLT2 inhibitors will show similar clinical
outcomes at the same blood glucose level and
renal function background. The assessment of
renal function is recommended before and after
treatment of SGLT2 inhibitors in the respective
package inserts, and the use of a SGLT2 inhi-
bitor in patients with moderate renal function is
not recommended due to a lack of efficacy.
Dose increase in patients with renal impairment
should be approached with caution because no
further effect is expected in terms of mechanism
of action. Conversely, a large glucose-lowering
effect is expected in patients with normal renal
function and high blood glucose level. Our
model also suggests that the IIV of time to
maximum treatment effect is large due to the
difference in disease progression and drug sen-
sitivity. Given the variability of response time,
any dose increase of ipragliflozin should be
considered after at least 3 months of treatment.

A limitation of the present analysis is that
the model estimates for the disease progression,
drug effect or impact of demographic factors on
the drug effect fluctuate in the population with
different treatment backgrounds (e.g. use of
concomitant medication, drug naive or not,
etc.). Extrapolation of further long-term out-
comes from the model is less robust.

CONCLUSIONS

The constructed models predict the long-term
changes in FPG and HbA1c in individuals with
T2DM based on the pharmacological effects of
SGLT2 inhibitors related to increases in UGE.
These models enable quantification of the
impact of baseline glucose control and renal
function on the glucose-lowering effects of
ipragliflozin.
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