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ABSTRACT
Introduction: In
our
investigating effects of

divided patients into two groups according to
their postprandial glucose responses and
previous
study
luseogliflozin, a

conducted a post hoc subanalyses to elucidate
which factors contributed to the differential

sodium–glucose cotransporter 2 inhibitor, on

effects of luseogliflozin.

24-h glycemic variability by continuous glucose
monitoring (CGM), luseogliflozin elicited

Methods: Thirty-four Japanese type 2 diabetic
patients
in
our
previous
randomized,

parallel downward shifts in fasting and
postprandial glucose levels. However, further

double-blind, placebo-controlled, crossover
study with 7-day luseogliflozin administration

review of individual patients’ data revealed that

were

postprandial hyperglycemia was not reduced in
some patients, while preprandial glucose was

responders (PGR, n = 23, ameliorated peak
glucose)
and
postprandial
glucose

ameliorated in most patients. Therefore, we

non-responders
non-ameliorated

Enhanced content To view enhanced content for this
article go to http://www.medengine.com/Redeem/54D4
F0602980E586.

characteristics, variations in CGM-measured
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version of this article (doi:10.1007/s12325-016-0350-5)
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authorized users.

divided

into

postprandial

(PGNR;
peak glucose).

glucose

n = 11,
Baseline

24-h
glucose
levels,
and
other
pharmacodynamic variabilities were compared.
Results: Baseline characteristics did not differ
significantly
between
groups.
Placebo-subtracted

peak

glucose

was
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significantly lowered in PGR and significantly
increased in PGNR (-43.8 and 17.9 mg/dL; both
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measured throughout a 24-h period) similarly

p\0.05). Luseogliflozin significantly lowered
‘‘lowest glucose’’ (defined as the lowest level
in PGR and PGNR (-19.2 and -24.0 mg/dL;
both p\0.05), significantly reduced the mean
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amplitude

of

glucose

excursions

in

PGR

(-15.50 mg/dL; p\0.05), and increased the
area under the curve for plasma glucagon over
24 h in PGNR (median difference vs. placebo:
240 pg/mL h; p\0.05). Luseogliflozin increased
urinary glucose excretion (UGE) and decreased
serum insulin by similar magnitudes in both
groups.
Conclusions: Luseogliflozin
glucose fluctuations in most

diminished
patients by

lowering peak glucose to a greater extent than
lowest glucose. Luseogliflozin may also lower
lowest glucose in patients whose peak glucose
was not ameliorated despite increasing UGE.
The glucagon increase in PGNR might explain
its hypoglycemic effect on postprandial glucose.
Funding: Taisho
Tokyo, Japan.

Pharmaceutical

Co.,

Ltd,

should

be

considered

when

selecting

a

treatment approach.
Sodium–glucose cotransporter 2 (SGLT2)
inhibitors are newly approved drugs that
correct hyperglycemia without increasing the
risk of hypoglycemia or body weight gain [2–6],
and have been included as a treatment option
for combination therapy of T2DM in the ADA/
EASD position statement [1]. To date, however,
few studies have examined the effect of SGLT2
inhibitors on 24-h glycemic variability
including nocturnal glycemia and the risk of
asymptomatic hypoglycemia. Moreover, no
studies have described the effects of SGLT2
inhibitors on the changes in serum insulin or
plasma glucagon concentrations throughout
the day; these data are important in terms of

Trial Registration: JapicCTI-142548.

understanding the effects of these drugs on
pancreatic a and b cells [7, 8].

Keywords: Continuous

monitoring;

Luseogliflozin is a highly selective SGLT2
inhibitor that was recently approved and

Diabetes; Japan; Luseogliflozin; Post hoc
subanalysis;
Postprandial
hyperglycemia;

launched in Japan for the treatment of T2DM
[5]. In a recent phase III study, luseogliflozin

Randomized controlled trial; Sodium–glucose
cotransporter 2 inhibitor; Type 2 diabetes

monotherapy significantly reduced circulating

glucose

mellitus

glycated hemoglobin (HbA1c), fasting plasma
glucose (FPG), postprandial plasma glucose
levels,
body
weight,
and
abdominal
circumference over 24 weeks of treatment in

INTRODUCTION

Japanese patients with T2DM [9]. Luseogliflozin

The updated American Diabetes Association

was well tolerated, with most adverse events
(AEs), including hypoglycemia, rated as mild in

(ADA)/European Association for the Study of
Diabetes (EASD) position statement [1]

severity.
Current treatments for T2DM aim to reduce

evaluated
recent
data
and
developed
recommendations, including the advantages

the HbA1c concentration. However, while

anti-hyperglycemic

HbA1c reflects glucose concentrations over the
preceding 1–3 months, it does not reflect daily

agents for the treatment of type 2 diabetes
mellitus (T2DM). The position statement places

glucose variability, such as early morning
hypoglycemia or postprandial hyperglycemia.

and

disadvantages,

for

emphasis on a patient-centered approach, in
which patient preference, cost, potential side

We

recently

conducted

a

randomized,

effects, effects on body weight, and risk of

double-blind, placebo-controlled, crossover
study to determine the effects of luseogliflozin

hypoglycemia associated with each drug class

on 24-h glucose levels assessed by continuous
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glucose monitoring (CGM) in Japanese patients

institute. This study was registered with the

with T2DM. The results of this study revealed

Japan

that the glucose level was consistently lowered
throughout the day in the luseogliflozin group

(identifier: JapicCTI-142548).
Japanese patients with T2DM inadequately

(i.e., luseogliflozin produced a parallel
downward shift in both fasting and

controlled with diet and exercise (HbA1c
7.0–10.0%) were randomized into two groups

postprandial

Similar

in which patients received luseogliflozin 2.5 mg

glycemic-lowering effects on 24-h glucose
levels were also reported in a clinical study of

followed by placebo for 7 days each, or vice
versa. Please see Appendix S1 in the

empagliflozin, another SGLT2 inhibitor [12].
However, when we reviewed in detail the

supplementary material for a list of the major
exclusion criteria. Each treatment period was

changes in 24-h glucose levels in the individual

separated by a washout period of 7–14 days.

patients’ data from our study [10], we found
that postprandial hyperglycemia was not

Patients were hospitalized on day 7 and
consumed a standardized meal (536 kcal, with

reduced in some patients, even though fasting
glucose was ameliorated after luseogliflozin

approximately 20% protein, 25% fat, and 55%
carbohydrate) at breakfast, lunch, and dinner.

administration

CGM

glucose)

in

[10,

almost

11].

all

patients.

Pharmaceutical

was

performed

Information

on

day

Center

7

under

Therefore, we divided the patients into two
groups according to their responses to peak

hospitalization. Glucagon was measured by an
established radioimmunoassay method. All

glucose, and performed post hoc subanalyses to
elucidate the factors associated with the

laboratory tests were analyzed at a central
laboratory, LSI Medience Corporation (Tokyo,

differential effects of luseogliflozin in these
patients.

Japan).
The

study

drug

allocation

manager

randomly allocated the study drugs to both

METHODS

study groups, prepared a randomization
schedule that matched the study drug number

Study Design and Participants

to the study groups, and sealed and kept the
schedule until the code was broken. The
investigators allocated a serial drug allocation

The present subanalyses are based on a previous
randomized, double-blind, placebo-controlled,
crossover study on the effects of luseogliflozin
on 24-h glucose levels in Japanese patients with
T2DM [10]. All procedures followed were in
accordance with the ethical standards of the
responsible
committee
on
human
experimentation (institutional and national)
and with the Helsinki Declaration of 1964, as
revised in 2013. Informed consent was obtained
from all patients for being included in the
study. The study protocol was approved by the
Institutional Review Board of each study

number assigned by the study drug allocation
manager to each eligible patient. The study drug
and placebo
appearance.

were

indistinguishable

by

For these subanalyses, 34 patients who were
enrolled to our previous study [10] were divided
into two groups. Postprandial glucose
responders (PGR, n = 23) were defined as
patients with peak glucose levels ameliorated
by luseogliflozin treatment compared with
placebo ([0 mg/dL after rounding to one
decimal
place).
Postprandial
glucose
non-responders (PGNR, n = 11) were defined
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as patients with peak glucose levels not

and PGNR for HbA1c (mean ± SD; 7.81% ±

ameliorated

0.80% vs 7.70% ± 0.67%), FPG (160.3 ± 28.0 vs

by

luseogliflozin

treatment

compared with placebo (B0 mg/dL
rounding to one decimal place).

after

154.7 ± 20.3 mg/dL), glycated albumin (GA;
21.67% ± 4.08% vs 22.19% ± 2.72%), fasting
serum insulin (8.756 ± 4.518 vs 6.972 ± 4.393
lU/mL), fasting plasma glucagon (83.0 ± 28.7 vs

Statistical Analysis

92.3 ± 32.3 pg/mL), or estimated glomerular
We investigated and compared the baseline
values, the effect on 24-h glucose variability,

filtration rate (eGFR; 86.5 ± 13.9 vs 82.4 ±
18.0 mL/min/1.73 m2).

and
other
pharmacodynamic
variability
changes in the PGR and PGNR groups.

Pharmacodynamics

Baseline characteristics are presented as the
mean ± standard deviation (SD). Regarding

The variations in 24-h glucose levels measured

pharmacodynamic

by CGM

and

glucose

variables,

after 7 days

of treatment with

normally distributed variables are presented as
the least-squares mean (LSM) and two-sided

luseogliflozin and placebo in each group are
shown in Fig. 1, and the indices derived from

95% confidence interval. The differences
between the two treatments were analyzed

the CGM data are presented in Table 2.
Because patients were divided according to

using a mixed-effects model, which included

the

treatment, sequence, and period as fixed effects
and patients as a random effect. Non-normally

concentrations, the placebo-subtracted peak
glucose level throughout the day was

distributed variables are presented as the
median
and
interquartile
range,
and

significantly decreased in the PGR (p\0.001,
Table 2) and was significantly increased in the

differences between the two treatments were
determined using paired Wilcoxon tests. To

PGNR (p = 0.004, Table 2). Consistent with this,
the placebo-subtracted peak glucose levels after

evaluate the difference between PGR and PGNR

each meal were also significantly decreased in

groups in terms of the difference between
luseogliflozin and placebo in each group, a

the PGR (all p\0.001, Table 2). Such changes
were not observed in the PGNR.

two-sample t test was used to analyze normally
distributed variables. The Wilcoxon rank sum

Luseogliflozin significantly lowered the
lowest glucose throughout the day, as well

test

was

used

to

analyze

responses

in

postprandial

glucose

non-normally

preprandial (before each meal) and midnight

distributed variables. All statistical analyses
were performed using SAS software version 9.2

(3 h after sleep) glucose compared with placebo
in the PGR and PGNR (all p\0.05, Table 2).

(SAS Institute Japan, Tokyo, Japan).

Furthermore, daily glucose fluctuations for the
mean amplitudes of glucose excursions (MAGE)

RESULTS

and for SD over 24 h were significantly

Patient Baseline Characteristics

decreased in the PGR (p = 0.009 and p\0.001,
respectively, Table 2). By contrast, MAGE and

Baseline demographic and clinical characteristics
of the study patients are shown in Table 1. There
were no significant differences between the PGR

SD over 24 h increased significantly in the
PGNR (p = 0.002 and p\0.001, respectively).
The urinary glucose excretion (UGE) rate on
day 7 is shown in Fig. 2a, and cumulative UGE
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Table 1 Patient characteristics at baseline
PGR

PGNR

p valuea

n

23

11

–

Male

15 (65.2)

9 (81.8)

–

Age (years)

60.0 ± 8.3

64.0 ± 8.8

0.202

Body weight (kg)

66.07 ± 14.83

64.58 ± 11.54

0.772

BMI (kg/m2)

25.03 ± 3.90

23.84 ± 3.01

0.380

Duration of diabetes (years)

7.9 ± 4.1

5.8 ± 4.0

0.184

HbA1c (%)

7.81 ± 0.80

7.70 ± 0.67

0.689

FPG (mg/dL)

160.3 ± 28.0

154.7 ± 20.3

0.561

Glycated albumin (%)

21.67 ± 4.08

22.19 ± 2.72

0.704

Fasting serum insulin (lU/mL)

8.756 ± 4.518

6.972 ± 4.393

0.285

Fasting plasma glucagon (pg/mL)

83.0 ± 28.7

92.3 ± 32.3

0.405

86.5 ± 13.9

82.4 ± 18.0

0.476

2

eGFR (mL/min/1.73 m )

Data are the mean ± standard deviation or n (%)
Glucose: 1 mg/dL = 0.0556 mmol/L
Insulin: 1 lU/mL = 6.945 pmol/L
Glucagon: 1 pg/mL = 1 ng/L
BMI body mass index, eGFR estimated glomerular ﬁltration rate, FPG fasting plasma glucose, HbA1c glycated hemoglobin,
PGR postprandial glucose responders, PGNR postprandial glucose non-responders
a
Two-sample t test

Fig. 1 Variations in 24-h glucose levels. 24-h glucose level
assessed by continuous glucose monitoring (1 mg/
dL = 0.0556 mmol/L). Values are presented as the mean
(error bars were omitted for clarity). The red area indicates
a reduction in glucose levels by luseogliﬂozin vs placebo.

The blue area indicates an increase in glucose levels by
luseogliﬂozin vs placebo. CGM continuous glucose
monitoring, PGR postprandial glucose responders, PGNR
postprandial glucose non-responders

38.24 (32.75, 43.73)

SD over 24 h
(mg/dL)

979.1 (882.9, 1075.3)

1075.8 (958.5, 1193.1)

818.7 (737.4, 899.9)

1281.4 (1180.9, 1382.0)

After breakfast
(0–5 h)

After lunch
(5–11 h)

After dinner
(11–15 h)

Sleeping period
(15–24 h)

249.70 (227.13, 272.27)

229.45 (205.79, 253.11)

238.88 (215.76, 262.01)

116.6 (106.1, 127.2)

After breakfast
(0–5 h)

After lunch
(5–11 h)

After dinner
(11–15 h)

Lowest glucose
(mg/dL)

97.5 (86.9, 108.0)

199.22 (176.10, 222.35)

194.12 (170.46, 217.78)

203.96 (181.39, 226.53)

212.3 (189.4, 235.2)

1110.7 (1010.1, 1211.3)

686.5 (605.3, 767.7)

908.9 (791.6, 1026.2)

786.3 (690.1, 882.5)

3492.4 (3110.5, 3874.4)

30.83 (25.34, 36.32)

143.2 (131.3, 155.2)

148.5 (131.0, 166.0)

137.2 (122.8, 151.6)

133.0 (121.7, 144.3)

Before breakfast
(0 h)

Before lunch (5 h)

Before dinner
(11 h)

Midnight (18 h)

119.1 (107.8, 130.3)

116.2 (101.8, 130.6)

118.8 (101.3, 136.4)

123.4 (111.4, 135.3)

Preprandial and midnight (3 h after sleep) glucose (mg/dL)

256.1 (233.2, 279.0)

Throughout the day
(0–24 h)

Peak glucose (mg/dL)

4155.0 (3773.0, 4537.0)

Throughout the day
(0–24 h)

AUC for glycemic variability (mg/dL h)

173.61 (157.66, 189.55)

24-h mean glucose
(mg/dL)

145.93 (129.99, 161.87)

1225.5 (1125.1, 1325.9)

-170.7 (-225.5, -116.0)a

-13.9 (-22.3, -5.5)a

-21.0 (-31.9, -10.2)

128.6 (115.8, 141.5)

130.1 (117.7, 142.5)

144.6 (124.6, 164.6)
a

-29.6 (-41.0, -18.3)a

116.3 (103.9, 128.6)

-19.2 (-27.7, -10.6)a

141.6 (130.7, 152.6)

219.93 (200.31, 239.54)

-39.66 (-50.85, -28.47)a

-19.9 (-27.0, -12.8)a

210.05 (186.92, 233.19)

-35.33 (-49.46, -21.19)*

238.96 (209.54, 268.39)

760.5 (692.8, 828.3)

-132.2 (-169.3, -95.0)a

-45.73 (-59.03, -32.43)a

998.5 (883.1, 1113.9)

-166.9 (-226.3, -107.5)a

239.8 (208.6, 271.0)

948.3 (843.5, 1053.2)

-192.7 (-232.8, -152.7)a

-43.8 (-54.2, -33.5)a

3932.9 (3566.8, 4299.1)

34.78 (28.12, 41.44)

-7.41 (-10.53, -4.29)a

-662.6 (-816.0, -509.2)a

164.34 (149.06, 179.62)

-27.68 (-34.07, -21.28)a

Placebo

Difference 1

Placebo

Luseogliﬂozin

PGNR (n 5 11)

PGR (n 5 23)

Normally distributed variables

Variable

Table 2 Twenty-four-hour glucose variables

104.4 (91.5, 117.2)

109.9 (97.5, 122.3)

115.9 (95.9, 136.0)

123.3 (112.3, 134.2)

92.3 (79.9, 104.7)

231.86 (212.24, 251.47)

216.84 (193.71, 239.97)

249.79 (220.36, 279.21)

257.8 (226.6, 289.0)

1050.1 (949.7, 1150.5)

762.9 (695.2, 830.6)

948.2 (832.8, 1063.6)

890.0 (785.2, 994.8)

3651.3 (3285.2, 4017.4)

45.74 (39.08, 52.40)

152.55 (137.27, 167.83)

Luseogliﬂozin

-24.3 (-36.0, -12.5)a

-20.2 (-31.8, -8.5)a

-28.7 (-46.5, -10.8)a

-18.4 (-35.0, -1.8)a

-24.0 (-36.7, -11.3)a

11.93 (-3.00, 26.86)

6.79 (-2.55, 16.12)

10.82 (-0.37, 22.02)

17.9 (7.6, 28.3)a

-175.4 (-274.9, -75.9)a

2.4 (-58.4, 63.2)

-50.3 (-129.5, 28.9)

-58.3 (-120.4, 3.7)

-281.6 (-557.4, -5.8)a

10.96 (7.95, 13.97)a

-11.79 (-23.32, -0.26)a

Difference 2

0.517

0.568

0.741

0.347

0.973

\0.001

\0.001

\0.001

\0.001

0.514

\0.001

0.009

\0.001

0.003

\0.001

0.003

p value
(difference
1 vs 2)b
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6.50 (6.30, 6.70)

12.71 (12.51, 12.92)

96.28 (83.15, 109.41)

After lunch
(5–11 h)

After dinner
(15–24 h)

MAGE (mg/dL)

0.0 (0.0, 0.0)

166 (67, 605)

0 (0, 0)

\70 mg/dL

AUC C181
mg/dL (mg/dLh)

AOC \70 mg/dL
(mg/dL h)
5.5 (2.5, 13.2)

0 (0, 0)

18 (1, 203)

0.0 (0.0, 0.0)

90.6 (67.7, 99.0)

9.4 (1.0, 32.3)

80.78 (67.66, 93.91)

12.43 (12.23, 12.64)

6.47 (6.27, 6.67)

1.59 (1.34, 1.83)

-10.43 (-17.91, -3.32)a

0.0 (0.0, 0.0)

-166.3 (-461.0, -64.9)

a

9.5 (5.9, 24.0)

0 (0, 0)

126 (38, 494)

0.0 (0.0, 0.0)

74.7 (49.7, 84.4)

0.00 (0.00, 0.00)

25.3 (15.6, 50.3)

84.13 (64.94, 103.31)

-15.50 (-26.74, -4.25)a

17.01 (6.25, 21.53)a

12.70 (12.43, 12.97)

-0.28 (-0.53, -0.03)a

-17.36 (-21.53, -6.25)a

6.39 (6.14, 6.65)

-0.03 (-0.27, 0.21)

1.78 (1.39, 2.18)

9.0 (6.4, 17.3)

0 (0, 0)

157 (64, 373)

0.0 (0.0, 0.0)

78.5 (60.8, 84.0)

21.5 (15.6, 39.2)

111.53 (92.35, 130.72)

12.76 (12.49, 13.03)

6.42 (6.16, 6.67)

1.55 (1.15, 1.94)

Luseogliﬂozin

-0.04 (-4.74, 2.73)

0.0 (0.0, 0.0)

22.9 (-58.8, 67.0)

0.00 (0.00, 0.00)

1.04 (-4.51, 17.36)

-1.04 (-17.36, 4.51)

27.41 (13.04, 41.77)a

0.06 (-0.32, 0.44)

0.02 (-0.34, 0.38)

-0.24 (-0.81, 0.33)

Difference 2

0.001

0.844

\0.001

0.844

0.011

0.016

\0.001

0.134

0.593

0.384

p value
(difference
1 vs 2)b

Values are derived from 24-h continuous glucose monitoring. Normally distributed variables are presented as the least-squares mean and 95% conﬁdence interval, and the differences between the two
treatments were analyzed using a mixed-effects model that included treatment, sequence and period as ﬁxed effects and patients as a random effect. Non-normally distributed variables are presented as the
median and interquartile range, and differences between the two treatments were determined using paired Wilcoxon tests. Data are shown for the pharmacodynamic analysis set
Glucose: 1 mg/dL = 0.0556 mmol/L
PGR postprandial glucose responders, PGNR postprandial glucose non-responders, SD standard deviation, AUC area under the curve for glucose, MAGE mean amplitude of glucose excursions, AOC area
over the curve for glucose
a
p \ 0.05 for luseogliﬂozin vs placebo
b
To evaluate the difference between PGR and PGNR in terms of the difference between luseogliﬂozin and placebo in each group, a two-sample t test was used to analyze normally distributed variables, and
the Wilcoxon rank sum test was used to analyze non-normally distributed variables

13.8 (6.2, 29.0)

69.1 (45.5, 83.3)

C70 to B180
mg/dL

M value

30.9 (16.7, 54.5)

C181 mg/dL

Proportion of time over 24 h with glucose (%)

Non-normally distributed variables

1.57 (1.33, 1.82)

After breakfast
(0–5 h)

0.02 (-0.24, 0.27)

Placebo

Difference 1

PGNR (n 5 11)
Luseogliﬂozin

PGR (n 5 23)

Placebo

Time to the peak glucose from the start of the meal (h)

Variable

Table 2 continued
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a

Luseogliﬂozin (Day 7) n = 23
Placebo (Day 7) n = 23

Aer
breakfast
(0-5 h)

Aer lunch Aer dinner
(5-11 h)
(11-15 h)

b
24-h cumulave amount of
urinary glucose excreon (g)

PGNR

Sleeping
period
(15-24 h)

Urinary glucose excreon
rate (g/h)

Urinary glucose excreon
rate (g/h)

PGR
8
7
6
5
4
3
2
1
0

8
7
6
5
4
3
2
1
0

Luseogliﬂozin (Day 7) n = 11
Placebo (Day 7) n = 11

Aer
breakfast
(0-5 h)

Aer lunch Aer dinner
(5-11 h)
(11-15 h)

Sleeping
period
(15-24 h)

Luseogliﬂozin (Day 7)
Placebo (Day 7)

120
100
80
60
40
20
0
PGR

PGNR

Fig. 2 Urinary glucose excretion. a Urinary glucose
excretion rate and b 24-h cumulative amount of urinary
glucose excretion. Values are presented as the mean ?

standard deviation. PGR postprandial glucose responders,
PGNR postprandial glucose non-responders

at 0–24 h, 0–5 h, 5–11 h, 11–15 h, and 15–24 h

measurement period compared with placebo in

on day 7 is shown in Fig. 2b (0–24 h only) and
Table 3. Luseogliflozin significantly increased

both PGR and PGNR, and the AUC for serum
insulin over 24 h was significantly decreased

the UGE rate and cumulative UGE by similar
magnitudes in both groups (all p\0.001, Fig. 2;

compared with placebo in both PGR and PGNR
(both p\0.05, Table 3).

Table 3). The magnitude of the difference

Luseogliflozin increased plasma glucagon

between luseogliflozin and placebo for the
cumulative UGE was not significantly different

throughout the 24-h measurement period
compared with placebo in both PGR and

between PGR and PGNR at each measurement
period (Table 3).

PGNR (Fig. 3b), as well as the AUC for plasma
glucagon over 24 h in the PGNR (p\0.05,

The concentrations of serum insulin and

Table 3).

plasma glucagon on day 7 with luseogliflozin
and placebo in each group are shown in Fig. 3a

The concentrations of serum acetoacetic acid
and serum b-hydroxybutanoic acid on day 7

and b, respectively, and the area under the
curve (AUC) and the maximum concentration

with luseogliflozin and placebo in the PGR and
PGNR are shown in Fig. 4, and the AUC and the

of serum insulin and plasma glucagon at

maximum concentration of serum acetoacetic

0–24 h, 0–5 h, 5–11 h, 11–15 h, and 15–24 h
on day 7 are shown in Table 3. Luseogliflozin

acid and serum b-hydroxybutanoic acid at
0–24 h, 0–5 h, 5–11 h, 11–15 h, and 15–24 h

decreased serum insulin throughout the 24-h

on day 7 are shown in Table 3. Luseogliflozin

4.9 (2.2, 7.5)
3.0 (0.5, 5.5)
2.2 (0.5, 3.9)
0.7 (-1.2, 2.6)

After breakfast (0–5 h)

After lunch (5–11 h)

After dinner (11–15 h)

Sleeping period (15–24 h)

92.6 (61.4, 126)

122 (82.8, 210)
96.5 (58.5, 138)
117 (82.5, 168)

After lunch (5–11 h)

After dinner (11–15 h)

34.3 (22.8, 65.4)
34.7 (18.0, 61.0)
34.2 (18.8, 43.9)
17.2 (12.9, 28.8)

After breakfast (0–5 h)

After lunch (5–11 h)

After dinner (11–15 h)

Sleeping period (15–24 h)

343 (308, 382)
734 (657, 783)

After dinner (11–15 h)

Sleeping period (15–24 h)

105 (90.0, 119)
104 (89.0, 118)

105 (91.0, 118)
93.0 (87.0, 109)
100 (84.0, 108)
86.0 (80.0, 95.0)

After lunch (5–11 h)

After dinner (11–15 h)

Sleeping period (15–24 h)

91.0 (76.0, 103)

100 (91.0, 116)

108 (95.0, 119)

Throughout the day (0–24 h)

108 (97.0, 122)

770 (653, 923)

353 (322, 397)

598 (500, 627)

465 (388, 490)

2140 (1930, 2420)

15.6 (9.81, 22.0)

25.6 (15.7, 35.2)

25.9 (16.7, 41.2)

31.9 (19.9, 54.0)

31.9 (22.7, 55.5)

90.6 (61.5, 161)

After breakfast (0–5 h)

Cmax for plasma glucagon (pg/mL)

434 (387, 528)
503 (440, 628)

After breakfast (0–5 h)

After lunch (5–11 h)

1990 (1860, 2320)

Throughout the day (0–24 h)

AUC for plasma glucagon (pg/mL h)

37.7 (33.2, 65.4)

Throughout the day (0–24 h)

Cmax for serum insulin (lU/mL)

Sleeping period (15–24 h)

79.8 (44.5, 105)

120 (91.4, 230)

After breakfast (0–5 h)

104 (63.2, 177)

447 (294, 752)

392 (260, 512)

18.6 (16.6, 20.5)

17.0 (15.3, 18.7)

26.9 (24.4, 29.3)

26.3 (23.6, 28.9)

88.6 (81.0, 96.2)

Throughout the day (0–24 h)

AUC for serum insulin (lU/mL h)

Non-normally distributed variables

10.9 (3.3, 18.5)

a

101 (90.0, 127)
88.0 (82.0, 102)

4.00 (0.00, 15.0)a

102 (82.0, 122)

105 (92.0, 139)
5.00 (-11.0, 15.0)

10.0 (-6.00, 16.0)

-1.00 (-17.0, 11.0)

105 (97.0, 139)

765 (680, 828)

58.0 (9.00, 90.0)a
2.00(-15.0, 16.0)

357 (321, 394)

521 (446, 643)

496 (405, 556)

2020 (1880, 2390)

17.7 (11.7, 21.4)

29.8 (16.5, 40.0)

30.0 (23.4, 43.6)

38.6 (26.8, 57.2)

38.6 (26.8, 57.7)

14.0 (-31.0, 52.0)

53.0 (-29.0, 115)

3.00 (-51.0, 56.0)

80.0 (-80.0, 260)

-1.20 (-8.10, 1.10)

-4.80 (-10.7, -2.90)a

-5.00 (-12.2, -1.40)

a

-5.50 (-13.5, -0.200)

-7.70 (-13.7, -2.10)a

93.6 (68.7, 129)

78.3 (54.7, 133)

-16.0 (-23.4, -10.7)a
-8.30 (-52.0, 4.00)

102 (82.1, 156)

122 (83.6, 191)

410 (286, 684)

0.5 (-2.8, 3.7)

2.5 (-0.6, 5.7)

3.4 (-2.0, 8.8)

5.6 (0.9, 10.2)

11.8 (-2.7, 26.3)

-23.4 (-42.6, -12.5)a

-20.3 (-75.0, -11.9)

a

-78.0 (-149, -47.0)a

17.8 (15.1, 20.5)a

14.8 (13.1, 16.5)

a

23.9 (21.3, 26.4)a

21.4 (18.8, 24.0)

a

77.7 (70.3, 85.1)a

Placebo

Difference 1

Placebo

Luseogliﬂozin

PGNR (n 5 11)

PGR (n 5 23)

Throughout the day (0–24 h)

UGE (g)

Normally distributed variables

Variable

Table 3 Pharmacodynamic variables

105 (83.0, 120)

120 (94.0, 140)

129 (102, 146)

131 (97.0, 148)

136 (106, 150)

882 (702, 1010)

414 (333, 474)

640 (540, 751)

536 (426, 608)

2530 (2030, 2730)

16.5 (12.4, 20.1)

26.1 (16.6, 32.9)

27.1 (16.6, 38.1)

35.7 (20.2, 49.1)

35.7 (20.2, 49.6)

95.0 (67.8, 115)

72.2 (49.7, 97.8)

106 (70.9, 137)

109 (66.0, 156)

370 (263, 520)

16.1 (12.8, 19.3)

16.5 (13.3, 19.6)

25.4 (20.1, 30.8)

26.3 (21.7, 30.9)

85.0 (70.5, 99.5)

Luseogliﬂozin

0.254

9.00 (-17.0, 25.0)

14.0 (-6.00, 26.0)

4.00 (-2.00, 16.0)

23.0 (-12.0, 41.0)

7.00 (-19.0, 27.0)

0.713

0.740

0.217

0.348

0.580

0.428

0.198
31.0 (0.00, 56.0)a
77.0 (-18.0, 210)a

0.320
108 (32.0, 130)a

0.231

0.754

0.167

0.727

0.768

0.956

1.000

0.254

0.179

0.971

0.439

0.401

0.544

0.546

0.975

0.633

51.0 (-29.0, 64.0)

240 (30.0, 450)a

-1.00 (-4.90, 1.20)

-2.90 (-10.5, 2.70)

-5.10 (-7.90, -1.00)

-5.70 (-12.2, -2.80)a

-5.70 (-12.2, -2.90)a

-16.0 (-29.0, 14.9)

-10.2 (-26.9, 7.30)

-16.7 (-31.1, 3.10)

-24.0 (-54.5, -10.0)a

-64.0 (-152, 5.00)a

15.6 (11.1, 20.1)a

13.9 (11.0, 16.9)

a

22.0 (17.9, 26.2)a

20.8 (16.9, 24.7)a

73.2 (60.4, 86.0)a

Difference 2

p value
(Difference 1 vs 2)b
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146 (128, 183)
191 (155, 225)
128 (107, 143)
259 (212, 320)

After breakfast (0–5 h)

After lunch (5–11 h)

After dinner (11–15 h)

Sleeping period (15–24 h)

65.3 (39.2, 92.0)

38.8 (31.3, 44.0)
39.2 (32.8, 46.1)
36.6 (26.7, 41.3)

After lunch (5–11 h)

After dinner (11–15 h)

Sleeping period (15–24 h)

172 (129, 196)
200 (155, 278)
138 (108, 175)
318 (244, 417)

After breakfast (0–5 h)

After lunch (5–11 h)

After dinner (11–15 h)

Sleeping period (15–24 h)
52.6 (45.2, 86.9)
46.5 (34.6, 78.4)
42.7 (34.3, 75.1)
46.2 (30.4, 75.1)
41.7 (34.0, 66.4)

Throughout the day (0–24 h)

After breakfast (0–5 h)

After lunch (5–11 h)

After dinner (11–15 h)

Sleeping period (15–24 h)

Cmax for serum b-hydroxybutanoic acid (lmol/L)

829 (644, 1040)

Throughout the day (0–24 h)

AUC for serum b-hydroxybutanoic acid (lmol/L h)

59.8 (48.4, 110)

38.5 (30.8, 47.2)

After breakfast (0–5 h)

135 (65.9, 213)

109 (57.8, 200)

109 (57.8, 200)

84.6 (38.8, 258)

164 (94.0, 276)

732 (471, 1160)

177 (155, 327)

331 (234, 546)

241 (168, 420)

1540 (1050, 2700)

56.3 (48.4, 110)

51.6 (35.5, 108)

43.4 (37.9, 53.6)

89.2 (56.3, 128)

460 (341, 611)

182 (133, 226)

261 (196, 397)

197 (140, 257)

Throughout the day (0–24 h)

Cmax for serum acetoacetic acid (lmol/L)

750 (618, 853)

Throughout the day (0–24 h)

1110 (851, 1570)

96.8 (36.3, 152)

58.5 (27.9, 101)

68.7 (32.8, 105)

61.4 (24.4, 141)a
a

68.7 (29.7, 105)

43.7 (27.5, 119)

93.5 (35.1, 130)

61.4 (30.7, 142)a

49.3 (6.30, 192)

a

135(31.2, 192)a

406 (233, 603)

454 (188, 723)a

235 (131, 334)
160 (118, 212)

a

175 (123, 197)

990 (606, 1470)

74.4 (9.00, 172)a

150 (82.0, 337)

115 (25.4, 246)

a

816 (377, 1590)a

38.5 (8.30, 63.3)

35.6 (28.6, 46.9)

41.1 (33.5, 63.8)

26.0 (9.20, 64.9)a
a

39.9 (32.6, 63.8)

31.9 (27.7, 64.7)

26.0 (12.0, 64.9)a

20.5 (2.60, 68.5)

a

41.1 (35.6, 76.5)

263 (235, 414)

230 (79.0, 338)a
58.2 (12.4, 75.3)a

130 (114, 171)

207 (164, 265)

49.0 (19.0, 94.8)a

78.0 (35.0, 213)

141 (116, 190)

62.0 (12.5, 77.8)a
a

715 (604, 1060)

435 (145, 665)a

Placebo

Difference 1

Placebo

Luseogliﬂozin

PGNR (n 5 11)

PGR (n 5 23)

AUC for serum acetoacetic acid (lmol/L h)

Variable

Table 3 continued

173 (129, 273)

188 (72.1, 253)

158 (72.1, 253)

154 (98.1, 366)

234 (129, 366)

1010 (761, 1360)

302 (196, 386)

465 (300, 762)

352 (217, 491)

2340 (1670, 2790)

88.8 (46.5, 122)

117 (44.6, 125)

112 (47.7, 125)

67.5 (42.9, 143)

125 (47.7, 143)

596 (406, 778)

237 (152, 264)

419 (205, 489)

252 (178, 296)

1540 (960, 1760)

Luseogliﬂozin

141 (44.0, 224)

111 (72.0, 154)

a

92.7 (38.8, 170)a

88.7 (38.3, 170)a

79.3 (43.9, 185)a

124 (93.3, 190)a

528 (457, 764)a

116 (74.0, 188)a

214 (91.0, 438)

a

78.0 (58.0, 351)a

1200 (666, 1430)a

52.7 (33.3, 67.3)

a

47.7 (12.8, 59.0)a

46.4 (12.8, 59.0)a

35.2 (14.8, 102)a

57.5 (16.8, 104)a

305 (193, 396)a

85.0 (42.0, 120)a

a

79.0 (37.0, 159)a

630 (295, 1020)a

Difference 2

0.581

0.377

0.508

0.397

0.740

0.439

0.204

0.556

0.768

0.531

0.377

0.397

0.581

0.377

0.971

0.320

0.156

0.338

0.217

0.224

p value
(Difference 1 vs 2)b
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0.005
1.80 (-5.60, 4.90)
20.0 (13.0, 24.3)

Laboratory tests were performed using blood samples obtained over 24 h. Normally distributed variables are presented as the least-squares mean and 95% conﬁdence interval, and differences between the two
treatments were analyzed using a mixed-effects model which included treatment, sequence, and period as ﬁxed effects and patients as a random effect. Non-normally distributed variables are presented as the
median and interquartile range, and differences between the two treatments were determined using paired Wilcoxon tests. Data are shown for the pharmacodynamic analysis set
Glucose: 1 g = 0.00556 mol
Insulin: 1 lU/mL = 6.945 pmol/L
Glucagon: 1 pg/mL = 1 ng/L
Acetoacetic acid: 1 ng/mL = 0.0098 lmol/L
b-hydroxybutanoic acid: 1 ng/mL = 0.0096 lmol/L
AUC area under the curve, Cmax maximum concentration, CPR C-peptide immunoreactivity, PGR postprandial glucose responders, PGNR postprandial glucose non-responders, UGE urinary glucose
excretion
a
p \ 0.05 for luseogliﬂozin vs placebo
b
To evaluate the difference between PGR and PGNR in terms of the difference between luseogliﬂozin and placebo in each group, a two-sample t test was used to analyze normally distributed variables, and
the Wilcoxon rank sum test was used to analyze non-normally distributed variables

Placebo

18.6 (13.7, 29.1)
-6.60 (-12.70, -3.70)a
16.5 (13.0, 29.0)
22.9 (18.8, 40.1)
Urinary CPR (lg/L)

PGR (n 5 23)
Variable

Table 3 continued

Placebo

Luseogliﬂozin

Difference 1

PGNR (n 5 11)

Luseogliﬂozin

Difference 2

p value
(Difference 1 vs 2)b
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increased serum acetoacetic acid and serum
b-hydroxybutanoic

acid

concentrations

throughout the 24-h measurement period
compared with placebo in both PGR and
PGNR (Fig. 4a, b), and numerically increased
the AUC for serum acetoacetic acid and serum
b-hydroxybutanoic acid over 24 h in PGNR but
not PGR (Table 3).

DISCUSSION
When we examined the 24-h glucose variations
in the individual patient’s data obtained in our
previous study [10], we found that patients
could be divided into two groups according to
whether postprandial hyperglycemia
ameliorated. Therefore, we divided

was
the

patients into PGR and PGNR, and investigated
the differential effects of luseogliflozin in each
group.
No significant differences in baseline
characteristics were observed between the PGR
and PGNR. Previous studies indicated the effects
of SGLT2 inhibitors diminish depending on
baseline plasma glucose concentrations [13].
Therefore, we expected that the baseline
glycemic parameters (HbA1c, FPG, and GA)
would differ between the PGR and PGNR
because the patients were divided according to
their postprandial glucose responses. However,
we observed no between-group differences in
the baseline glycemic parameters. Of note,
insulin concentrations tended to be higher
and glucagon concentrations tended to be
lower in the PGR compared with the PGNR at
baseline, although these differences were not
significant. Furthermore, because the UGE
increasing effect of SGLT2 inhibitors is
diminished in patients with a low eGFR, we
also expected there would be a difference in the
baseline eGFR,
but no between-group
differences

were

observed.

From

these
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a

PGR

80
60
40
20

Luseogliﬂozin (Day 7) n = 11
Placebo (Day 7) n = 11

100

Serum insulin (μU/mL)

100

Serum insulin (μU/mL)

PGNR
Luseogliﬂozin (Day 7) n = 23
Placebo (Day 7) n = 23

80
60
40
20
0

0
0

4

8

12

16

20

0

24

4

Luseogliﬂozin (Day 7) n = 23
Placebo (Day 7) n = 23

160
150
140
130
120
110
100
90
80
70
60
50
0

4

8

12

16

20

24

Plasma glucagon (pg/mL)

Plasma glucagon (pg/mL)

b

Meal

12

16

20

24

Luseogliﬂozin (Day 7) n = 11
Placebo (Day 7) n = 11

160
150
140
130
120
110
100
90
80
70
60
50
0

Time aer administraon (h)
Meal

8

Time aer administraon (h)

Time aer administraon (h)

4

8

12

16

20

24

Time aer administraon (h)

Meal

Meal

Meal

Meal

Fig. 3 Insulin and glucagon. a 24-h serum insulin
concentration (1 lU/mL = 6.945 pmol/L). b 24-h plasma
glucagon concentration (1 pg/mL = 1 ng/L). Values are

presented as the mean ± standard deviation. PGR
postprandial glucose responders, PGNR postprandial
glucose non-responders

subanalyses, we could not identify which

are reported to reduce glucose concentrations
depending on baseline plasma glucose

baseline
characteristic
determined
difference between the PGR and PGNR.

the

We
previously
investigated
the
hypoglycemic effect of an SGLT2 inhibitor
using CGM [10, 11] and revealed a parallel
downward shift involving the lowering of both
fasting and postprandial glucose. However, in
this subanalysis, luseogliflozin significantly
diminished glucose fluctuations by lowering
postprandial glucose by a greater magnitude
than the reduction in fasting glucose in the
PGR, which included over two-thirds of the
study population. Given that SGLT2 inhibitors

concentrations [13], it seems reasonable that
greater hypoglycemic effects were observed at
postprandial
periods
when
glucose
concentrations are higher. Based on the results
of this subanalysis, we considered that
luseogliflozin-treated

patients

might

be

stratified into two groups according to
whether or not the postprandial glucose was
ameliorated. When these two treatment effect
patterns were analyzed in combination (mean
value), we observed that the hypoglycemic
effect of luseogliflozin followed a parallel
downward shift.
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PGR

PGNR
Luseogliﬂozin (Day 7) n = 23

250

Placebo (Day 7) n = 23
200
150
100
50
0
0

4

8

12

16

20

Serum acetoacec acid (μmol/L)

Serum acetoacec acid (μmol/L)

a
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250

Luseogliﬂozin (Day 7) n = 11
Placebo (Day 7) n = 11

200
150
100
50
0
0

24

4

8

12

16

20

24

Time aer administraon (h)

Time aer administraon (h)

Luseogliﬂozin (Day 7) n = 23

500

Placebo (Day 7) n = 23
400
300
200
100
0
0

4

8

12

16

20

24

-100

Serum β-hydroxy butanoic acid
(μmol/L)

Serum β-hydroxy butanoic acid
(μmol/L)

b

Luseogliﬂozin (Day 7) n = 11

500

Placebo (Day 7) n = 11
400
300
200
100
0
0

Time aer administraon (h)
Meal

4

8

12

16

20

24

-100

Meal

Meal

Time aer administraon (h)
Meal

Meal

Meal

Fig. 4 Ketone bodies. a 24-h serum acetoacetic acid
concentration (1 ng/mL = 0.0098 lmol/L). b 24-h serum
b-hydroxybutanoic acid (1 ng/mL = 0.0096 lmol/L).

Values are presented as the mean ± standard deviation.
PGR postprandial glucose responders, PGNR postprandial
glucose non-responders

Interestingly, the magnitude of the increase
in UGE, which is a direct pharmacological effect

similar in each group and was consistent with
previous studies [8, 14–16]. We expected the

of luseogliflozin, was similar in the PGR and

PGNR

PGNR. Furthermore, the decrease in FPG in the
PGNR was similar to that in the PGR. Because

concentrations compared with the PGR
because the higher postprandial glucose

there was an apparent difference in the response
to postprandial glucose levels between the PGR

concentrations in the PGNR might require
more insulin secretion relative to the

and PGNR, a difference in the increase in UGE

requirements in the PGR. However, the insulin

and decrease in FPG was expected between
these groups of patients. However, the increase

concentrations decreased similarly in both PGR
and PGNR.

in UGE and the decrease in FPG were similar in
the PGR and PGNR. Therefore, we investigated

Our subanalysis indicated that the difference
in glucagon secretion after luseogliflozin

other factors which might affect glucose

administration

concentrations.
The decrease of serum insulin secretion

determined the difference in response to
postprandial hyperglycemia and might explain

throughout the day by luseogliflozin was

why the increase in postprandial hyperglycemia

would

require

might

be

higher

a

insulin

factor

that
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was not ameliorated in the PGNR, even though

although it did not reach statistical significance.

the increase in UGE and the decrease in FPG

It

were similar in both the PGNR and PGR. SGLT2
inhibitors have been reported to increase

ketoacidosis is induced by use of SGLT2
inhibitors and glucagon may also be involved

plasma glucagon secretion and enhance
endogenous glucose production [17]. In this

[18]. Therefore, production of ketone bodies
may be enhanced, particularly in the PGNR

subanalysis, glucagon secretion was increased in

relative to the PGR. Meanwhile, no AEs related

both the PGR and PGNR. Compared with the
PGR, the increase in glucagon secretion in the

to ketone body increase (other than slight
increases in laboratory parameters) occurred in

PGNR was especially high during the
postprandial periods, although this difference

either PGR or PGNR groups. Further
investigation is needed to clarify the difference

did not reach statistical significance (Fig. 3b).

between

We consider that luseogliflozin increased
glucagon secretion, enhanced gluconeogenesis,

luseogliflozin with respect to ketone body
increase.

and induced acute glucose fluctuations that
offset
the
glucose-lowering
effect
of

The present study had some limitations. It
involved a subanalysis of our previous study

luseogliflozin in postprandial periods in the

[10], which was not powered for the analyses

PGNR. In addition, because luseogliflozin
lowers plasma glucose concentrations by an

reported here. Although other factors might
have affected the responses to postprandial

indirect mechanism (increasing UGE), it seems
feasible that luseogliflozin might not suppress

hyperglycemia in
luseogliflozin, the

sharp glucose fluctuations, while it could lower
preprandial
and
midnight
glucose

present study are limited because of the
inclusion/exclusion criteria of the original

concentrations

is

thought

the

that

groups

euglycemic

in

the

diabetic

effects

of

patients treated with
interpretations of the

acute

study. Additionally, luseogliflozin was only

glucose changes.
We propose a hypothesis whereby enhanced

administered for 7 days, so the results might
differ if the treatment period were longer. In the

endogenous glucose production induced by an
acute increase in glucagon secretion might

future, we plan to investigate the effects of
long-term luseogliflozin treatment on 24-h

mediate reductions in accumulated visceral fat,

glycemic variability.

enhance glycogenolysis, and improve insulin
resistance. Therefore, if luseogliflozin is used for

CONCLUSION

not

associated

with

a long period, postprandial hyperglycemia
might be ameliorated even in PGNR. An acute
increase in postprandial glucose might also be
suppressed when luseogliflozin is used for long
periods, even in PGNR, by exhausting
accumulated glycogen concentrations. Glucose
fluctuations might then be diminished in a

The results of these post hoc subanalyses
suggest that luseogliflozin diminishes glucose
fluctuations in most patients by lowering
postprandial glucose to a greater extent than
its effects on fasting glucose. Luseogliflozin may

similar manner in the PGR.

also lower fasting glucose in patients whose
postprandial glucose was not ameliorated

In this subanalysis, ketone bodies increased
in both the PGR and PGNR; the increase was

despite an increase in UGE. Furthermore, the
increase in glucagon secretion in patients whose

larger in the PGNR compared with the PGR

postprandial glucose was not ameliorated might
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contribute to the differential hypoglycemic
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