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ABSTRACT

Introduction: We investigated the mechanisms
of the glucose-lowering effects of teneligliptin
and canagliflozin, a sodium-glucose cotrans-
porter-2 (SGLT2) inhibitor, by monitoring sev-
eral gastrointestinal peptides using the most
appropriate measuring methods during multi-
ple meal tolerance tests (MTTs) and flash glu-
cose monitoring.
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Methods: Twelve Japanese patients with type 2
diabetes were enrolled in the 14-day study.
Subjects were treated with teneligliptin
20 mg/day from day 4, followed by a combina-
tion tablet of teneligliptin 20 mg and canagli-
flozin 100 mg (T/C) per day from day 11. MTTs
were conducted on days 3 (premedication; Pre),
10 (teneligliptin; T) and 13 (T/C) to evaluate
plasma glucose, C-peptide, glucagon, active
glucagon-like peptide-1 (GLP-1), active gastric
inhibitory polypeptide (GIP), ghrelin and des-
acyl ghrelin.

Results: Plasma glucose was significantly
decreased with the progress of treatment inter-
vention, and C-peptide was significantly
decreased in T/C compared to the others.
Plasma postprandial glucagon was increased for
90 min from fasting in Pre, but only for 30 min
in T and T/C. Plasma postprandial active GLP-1
was significantly increased in T compared to
Pre, and that of T/C was significantly higher
than T. Plasma postprandial active GIP was
increased in T and T/C compared to Pre. Plasma
ghrelin and des-acyl ghrelin levels did not
change during the treatment.

Conclusion: Teneligliptin increased incretin
hormones and suppressed postprandial gluca-
gon secretion as expected. Concurrent use of
canagliflozin and teneligliptin improved gly-
cemic control without increasing postprandial
glucagon secretion, and increased postprandial
GLP-1 secretion and decreased the required
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amount of postprandial insulin secretion. The
underlying mechanisms may involve canagli-
flozin’s inhibitory activity against not only
SGLT2 but also SGLT1.

Trial Registration: UMIN
UMINO00030043.

Funding: Mitsubishi Tanabe Pharma Corpora-
tionand a Grant for Clinical Research from
Miyazaki University Hospital.

identifier,

Keywords: Canagliflozin; Glucagon; Glucagon-
like peptide-1; Insulin; Teneligliptin

INTRODUCTION

Standard treatment for type 2 diabetes mellitus
consists of dietary therapy, exercise therapy and
pharmacotherapy. In recent years, new drugs with
different mechanisms of action have been devel-
oped for the treatment of type 2 diabetes. Dipep-
tidyl peptidase-4 (DPP-4) inhibitors promote
glucose-dependent insulin secretion and suppress
glucagon secretion by inhibiting the degradation
of glucagon-like peptide-1 (GLP-1) and glucose-
dependent insulinotropic polypeptide (GIP) by
binding to DPP-4, thereby exerting a glucose-low-
ering effect. Since DPP-4 inhibitors bring a low risk
of hypoglycemia, approximately 70% of Japanese
type 2 diabetes patients were prescribed the drug in
2014 following its launch in 2009 [1].
Sodium-glucose cotransporter-2 (SGLT2) inhi-
bitors lower blood glucose levels by inhibiting
SGLT2 in the proximal tubule and increasing
glucose excretion in the urine [2]. The CANVAS
Program, a large clinical trial assessing the car-
diovascular safety of the SGLT2 inhibitor cana-
gliflozin, showed a significant reduction of
cardiovascular events in the group administered
canagliflozin compared to the placebo group [3].
In clinical practice, SGLT2 inhibitors are
often used as add-on therapy when the effect of
DPP-4 inhibitors is insufficient; however, the
changes in feeding-regulatory peptides, includ-
ing GLP-1 and GIP, and glucose-lipid metabo-
lism associated with such add-on therapy have
not been fully elucidated. We therefore con-
ducted this study to investigate the mechanisms
of the hypoglycemic action of combination
therapy with DPP-4 and SGLT2 inhibitors.

METHODS

Study Participants

The subjects were type 2 diabetes mellitus
patients, aged 20-75 years, who were seen at the
Department of Endocrinology, Metabolism and
Diabetes of our hospital between June and
December 2018. The inclusion criteria were:
patients who were not taking oral hypoglycemic
drugs or metformin alone, and with a HbAlc
level of 7-11%. The exclusion criteria were:
patients not seen regularly by medical staff,
presence of proliferative diabetic retinopathy,
dialysis treatment, history of hypersensitivity to
teneligliptin or canagliflozin, severe ketosis,
diabetic coma or precoma, severe infection, in
the perioperative period, severe trauma, insulin
or GLP-1 receptor agonist use, and geriatric
syndrome. Thirteen patients participated in this
study after providing informed consent. One
patient withdrew from the study because of
lacunar infarction that occurred on the 7th day
after starting teneligliptin, although the physi-
cal symptoms associated with lacunar infarction
essentially disappeared by the time of discharge.
The remaining 12 patients completed the study
protocol and were included in the analysis.
Table 1 shows the characteristics of the 12
patients. We defined hypertension, dyslipi-
demia, albuminuria and diabetic neuropathy as
taking antihypertensive agent, taking antidys-
lipidemic agent, albuminuria 30-299 mg/day
and distal symmetric polyneuropathy with
vibration sense reduction (< 10s) at medial
malleolus, respectively.

Study Protocol and Ethical Statement

All data in this study were collected at our
hospital. This study was a single arm open-label
trial. This study was approved by the Ethics
Review Committee of the University of Miya-
zaki and is registered in the University Hospital
Medical Information Network Clinical Trials
Registry as UMINO000030043. All procedures
were in accordance with the ethical standards of
the responsible committee on human experi-
mentation (institutional and national) and the
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Table 1 Baseline characteristics of subjects

Characteristics Value
Age (years) 613 £ 25
Sex (men/women) 3/9
Body mass index (kg/m?) 27.8 £55
HbAlc (%) 7.7 £ 0.7
Fasting blood glucose (mg/dL) 1324 £+ 274
Duration of T2DM (year) 24 £ 34
Hypertension/dyslipidemia 3/7
Treatment
Diet only 8
Metformin (250-1000 mg/day) 4
Diabetic complication
Retinopathy (none/simple) 10/2
Nephropathy (none/albuminuria) 9/3
Neuropathy (—/+) 11/1

Values are mean + SD
T2DM type 2 diabetes mellitus

Helsinki Declaration of 1964, as revised in 2013.
Patient registration was made by physicians
participating in this study. An intervention
study was performed during 14 days of hospi-
talization after obtaining written informed
consent to participate from all patients. Patients
received a diet of 25-30 kcal/kg ideal body
weight with 6 g sodium chloride per day during
hospitalization. Teneligliptin 20 mg/day was
started on day 4 of hospitalization and changed
to a combination tablet of teneligliptin 20 mg
and canagliflozin 100 mg per day on day 11.
Meal tolerance tests (MTT) were performed on
day 3 of hospitalization before starting tene-
ligliptin (Pre), the 7th day after starting tene-
ligliptin (T) and the 3rd day after changing to
the combination tablet of teneligliptin and
canagliflozin (T/C) (Fig. S1). The amount of
water intake was measured and urine collection
was performed for 3 days in each period, and
urine volume, urinary C-peptide (CPR), urine
glucose, urine protein and urine albumin were

measured. During hospitalization, 24-h contin-
uous blood glucose levels were measured using
the FreeStyle Libre® flash glucose monitoring
(FGM) system (Fig. S1). Body weight, blood
pressure, pulse rate, lipids, uric acid, acetoacetic
acid, 3-hydroxybutyric acid, total ketone bod-
ies, and liver and renal function were measured
in the morning while fasting on the day of the 3
MTTs.

Study Endpoints

The primary endpoints were changes in blood
glucose levels at all time-points of the 3 MTTs
and the area under the curve (AUC) of glucose
levels and changes in blood glucose control in
the FGM data of Pre, T and T/C [mean blood
glucose level, standard deviation (SD), mean
amplitude of glucose excursion (MAGE), time
above 180 mg/dL and time below 70 mg/dL].
The secondary endpoints were changes in the
following parameters: insulin, CPR, active GLP-
1, active GIP, glucagon, ghrelin and des-acyl
ghrelin levels at all time-points of the 3 MTTs
and each AUC, body weight, blood pressure,
pulse rate, amount of water intake, urine vol-
ume, urinary CPR, urine glucose, urine protein,
urine albumin, lipids, renal function, uric acid,
liver function, high sensitivity-C reactive pro-
tein (hs-CRP), acetoacetic acid, 3-hydroxybu-
tyric acid and total ketone bodies.

Blood Sample Processing

Blood glucose and CPR levels were measured
with a hexokinase assay and chemiluminescent
enzyme immunoassay (SRL Inc, Tokyo, Japan),
respectively. For measurements of blood active
GLP-1, active GIP and glucagon, blood was
collected using P-800 blood collection tubes
(Japan Becton, Dickinson and Company,
Tokyo, Japan), and the tubes were centrifuged at
1468¢ for 15 min at 4 °C to isolate plasma. The
samples for glucagon measurements were
immediately placed in a freezer at — 30 °C, and
glucagon levels were measured by a sandwich
enzyme-linked immunosorbent assay (ELISA)
using N- and C-terminal specific antibodies
(Mercodia AB, Uppsala, Sweden). The samples
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for active GLP-1 and active GIP measurements
were extracted using OASIS HLB (Nihon Waters,
Tokyo, Japan). Active GLP-1 and active GIP
levels were measured with the active GLP-1
ELISA kit (Merck, Darmstadt, Germany) and the
active GIP ELISA kit (Yanaihara Inc, Shizuoka,
Japan), respectively. To measure ghrelin and
des-acyl ghrelin levels, blood was collected
directly into tubes containing aprotinin; the
tubes were immediately centrifuged for plasma
isolation at 4 °C. The isolated plasma was trea-
ted with one-tenth of its volume of 1 N HCI and
the tubes were rocked gently. These samples
were then used for plasma ghrelin and des-acyl
ghrelin measurements using an automated
enzyme immunoassay (AIA-6001I, Tosoh Corp,
Tokyo, Japan) as described elsewhere [4].

The SUIT, an index of insulin secretion
ability in response to postprandial glucose ele-
vation, was calculated wusing the formula
[1500 x fasting CPR/(fasting plasma glu-
cose — 61.7)] [5]. The CPR-IR, an index of
insulin resistance, was calculated using the for-
mula [20/(fasting CPR x fasting plasma glu-
cose)] [6]. The HOMA2-%B, an index of insulin
secretion ability, was calculated using software
[7]. AUC was calculated according to the trape-
zoidal method.

Meal Tolerance Test

MTTs (592 kcal, carbohydrate 75g, protein
8.0g, fat 28.5g, Saraya Corp, Osaka, Japan)
were conducted three times: Pre (day 3), T (day
10) and T/C (day 13) (Fig. S1). Blood samples
were taken at O (baseline), 30, 60, 90, 120 and
180 min postprandial; blood glucose, insulin,
CPR, glucagon, active GLP-1, active GIP, ghrelin
and des-acyl ghrelin levels were measured at all
blood sampling times. Hemolysis occurred in a
few samples, precluding the measurement of
insulin in all samples.

Statistical Analysis

The results are expressed as mean + SD. Com-
parison of the 3 MTTs in total was performed
using a repeated-measures ANOVA. The chan-
ges in each measurement item such as AUC

blood glucose level in the MTT, changes in
blood glucose control in the FGM data (mean
blood glucose level, SD, MAGE, time above
180 mg/dL and time below 70 mg/dL) and each
test parameter of the 3 MTTs were analyzed by a
repeated-measures ANOVA and the Holm-Sidak
post hoc test using the statistical software
JMP12 and Prism 7.

RESULTS

The blood glucose levels of MTTs showed sig-
nificant differences between the three periods
(Pre, T and T/C). Analysis by time showed that
the values were significantly lower in T and T/C
at all time points between 0 and 180 min com-
pared with Pre. Blood glucose levels in T/C
between 30 and 180 min were significantly
lower than those in T. The AUC glucose was also
significantly lower in T and T/C compared with
Pre, and that of T/C was significantly lower than
that of T (Fig. 1a, b). The mean blood glucose
level, SD and MAGE obtained from the FGM
data were significantly decreased in the order of
Pre, T and T/C. The time above 180 mg/dL was
significantly lower in T and T/C compared with
Pre, whereas the time below 70 mg/dL did not
significantly differ between the three periods
(Table 2).

The CPR of MTTs was significantly lower in
T/C compared with Pre and T (between 60 and
180 min), and that of T at 90 min was signifi-
cantly lower than Pre. The AUC CPR was sig-
nificantly lower in T/C compared with Pre and T
(Fig. 1¢, d). The ACPR-30 min/Aglucose-30 min,
an index of early phase insulin secretion, was
significantly higher in T (3.50 + 2.86, P = 0.024
vs Pre) and T/C (4.30 + 3.15, P = 0.012 vs Pre)
than in Pre (1.64 + 1.30). The SUIT, an index of
insulin secretion ability in response to post-
prandial glucose elevation, was significantly
improved in T and T/C compared with Pre. The
CPR-IR, an index of insulin resistance, was sig-
nificantly improved in T/C compared with Pre
and T. The HOMA2-%B, an index of insulin
secretion ability, was significantly increased in
the order of Pre, T and T/C (Table 2). The total
amount of insulin secretion in response to glu-
cose  (AUC-CPRg_180/AUC-glucosep_159) was
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«Fig. 1 Effects of teneligliptin and canagliflozin on glucose,
insulin, glucagon and gastrointestinal peptide responses to
meal tolerance tests. The changes in a plasma glucose,
b glucose AUCq 130, ¢ serum C-peptide, d C-peptide
AUCq_130, € plasma glucagon, f glucagon AUC,_;g0,
g plasma Aglucagon, h Aglucagon AUC g0, i plasma
active GLP-1, j active GLP-1 AUC,_;30, k plasma active
GIP, | active GIP AUC;_ 130, m plasma ghrelin and
n plasma des-acyl ghrelin. Black, blue and red lines indicate
day 3 (premedication; Pre), day 10 (teneligliptin; Teneli)
and day 13 (combination tablet of teneligliptin and
canagliflozin; Teneli/Cana), respectively. P values in b, d, f,
h, j and I were analyzed by a repeated-measures ANOVA.
Data are mean £ SE. *P < 0.05 vs day 3, **P < 0.05 vs
day 10, **P < 0.05 vs day 13

significantly higher in T (28.0+ 11.7,
P=0.039) but not in T/C (26.3 £11.9,
P =0.27) compared to Pre (23.7 £+ 9.6).

Before starting the medication, plasma glu-
cagon remained at a higher level for 90 min
postprandial compared with preprandial values
and subsequently decreased. In T and T/C, glu-
cagon increased at only 30 min postprandial
and subsequently decreased (Fig.1g). Plasma
glucagon levels in MTTs and AUC glucagon
showed no significant differences between the

three periods. However, the Aglucagon (com-
pared to preprandial values of MTT) was signif-
icantly lower in T (between 60 and 180 min)
and T/C (between 30 and 180 min) compared
with Pre. The AUC Aglucagon was significantly
lower in T and T/C than in Pre (Fig. 1e-h). The
active GLP-1 level in T was significantly higher
at 30 and 120 min postprandial compared with
Pre, and that in T/C was significantly higher at
30-180 min postprandial compared with Pre.
The active GLP-1 level in T/C was significantly
higher at 90-120 min postprandial compared
with T. The AUC active GLP-1 was significantly
higher in T and T/C compared with Pre, and
that of T/C was significantly higher than that of
T (Fig. 1i, j). The active GIP level was signifi-
cantly higher in T and T/C 60 min postprandial
compared with Pre, and that of T at 30 min was
significantly higher than that of Pre and T/C.
The AUC active GIP was significantly higher in
T and T/C compared with Pre (Fig. 1k, 1). No
significant changes were observed in ghrelin or
des-acyl ghrelin (Fig. 1m, n).

Table 3 shows the changes in body weight,
blood pressure, pulse rate, urine volume, and
amount of water intake. Body weight and body
mass index were significantly decreased in the
order of Pre, T and T/C. Both systolic and

Table 2 Indices of blood glucose fluctuations measured by flash glucose monitoring, insulin secretion and insulin resistance

Pre Teneligliptin Teneli/Cana P value

24-h mean glucose levels (mg/dL) 155.0 £ 389 1284 + 21.8* 1132 + 13.8"% 0.0009
SD of 24-h glucose levels (mg/dL) 459 + 157 329 + 11.4° 265 + 9.1%% 0.0005
MAGE (mg/dL) 124.1 £+ 45.6 93.7 + 43.9* 65.6 £ 29.7* 0.0009
CV (%) 295 £ 7.1 25.0 + 5.0* 23.1 £ 6.3* 0.0029
Proportion (%) of time of

Hyperglycemia (> 180 mg/dL) 272 + 262 87 + 12.4* 34 + 64 0.010

Hypoglycemia (< 70 mg/dL) 0.35 & 0.68 0.09 % 0.30 140 + 486 0.42
SUIT 418 + 174 53.8 + 22.6 59.5 + 26.6* 0.0005
CPR-IR 5.5 £ 28 6.0 + 2.1 7.4 £+ 2.8 0.012
HOMA2-%B 1344 £+ 44.7 164.2 + 53.9* 176.1 £ 56.8*F < 0.0001

Values are mean + SD

Pre premedication, Teneli/Cana combination tablet of teneligliptin and canagliflozin, MAGE mean amplitude of glucose

excursion, SUIT secretory units of islets in transplantation

*P < 0.05 vs Pre, TP < 0.05 vs teneligliptin
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Table 3 Changes in the parameters

Pre Teneligliptin Teneli/Cana P value
Body weight (kg) 652 + 127 645 + 12.6* 63.8 &+ 125"t < 0.0001
BMI (kg/m?) 272 £57 269 £ 5.6* 266 £ 5.6t < 0.0001
SBP (mmHg) 132.0 & 10.1 1202 £ 109 117.9 £+ 10.1* 0.0003
DBP (mmHg) 76.4 + 122 70.9 & 10.2 70.3 & 8.4* 0.042
Pulse rate (/min) 72.1 £+ 9.6 712 + 88 72.8 4+ 8.0 0.61
Urine volume (mL/day) 1579 + 673 1785+ 482 1765 + 399 0.19
Water intake (mL/day) 1462 + 615 1624 =+ 487 1708 + 362 0.13

Values are mean + SD

Pre premedication, Teneli/Cana combination tablet of teneligliptin and canagliflozin

* P < 0.05 vs Pre, P < 0.05 vs teneligliptin

diastolic blood pressures were significantly
decreased in T/C compared with Pre. There were
no changes in pulse rate or amount of water
intake among all groups. Table 4 shows the
changes in blood and urine test results. Crea-
tinine was significantly increased in T and T/C
compared with Pre, and eGFR was significantly
decreased. Uric acid was significantly decreased
in T/C compared with Pre and T. AST, LDH and
ALP showed no changes, whereas ALT was sig-
nificantly decreased in T/C compared with Pre
and T. LDL-C and triglycerides showed signifi-
cant changes, with a tendency to decrease with
treatment, whereas HDL-C was significantly
decreased in T and T/C compared with Pre.
Urine protein was significantly decreased in T/C
compared with Pre, whereas urine albumin did
not change. Urine glucose was significantly
increased in T/C compared with Pre and T.
Acetoacetic acid was significantly decreased in T
compared with Pre, and that of T/C was signif-
icantly increased compared with T. 3-Hydroxy-
butyric acid and total ketone bodies were
significantly increased in T/C compared with T.
Urinary CPR showed a tendency to decrease
with treatment and hs-CRP did not change.

DISCUSSION

In this study, Japanese patients with type 2
diabetes were treated with the DPP-4 inhibitor

teneligliptin in the short-term, followed by
concurrent treatment with the SGLT2 inhibitor
canagliflozin. As the results, subjects showed
improvement in blood glucose level, a decrease
in required insulin dose along with an
improvement in early phase insulin secretion,
promotion of GLP-1 secretion and suppression
of excessive glucagon secretion. In addition,
decreases in body weight, blood pressure and
uric acid were found.

To date, no studies have examined plasma
glucagon levels during treatment with canagli-
flozin using an appropriate measurement
method. In this study, before drug administra-
tion, the plasma glucagon increased until
90 min after a meal, while this excessive secre-
tion was significantly reduced after teneligliptin
treatment and the add-on therapy of canagli-
flozin. Several previous studies reported that
treatment with an SGLT2 inhibitor (da-
pagliflozin, luseogliflozin or empagliflozin) for
1-12 weeks significantly increased fasting or
postprandial plasma glucagon levels in type 2
diabetes patients [8-14]. Two studies reported
that canagliflozin treatment also increased
plasma glucagon in Japanese and American
diabetic patients [15, 16]. By contrast, one study
using ipragliflozin reported no changes in fast-
ing plasma glucagon in Japanese type 2 diabetes
patients [17]. In addition, plasma glucagon
levels during MTT did not change after 24-week
addition of canagliflozin to teneligliptin [18]. In
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Table 4 Changes in the parameters

Pre Teneligliptin Teneli/Cana P value
BUN (mg/dL) 13.1 4+ 24 12,6 + 3.8 142 + 44 0.18
Creatinine (mg/dL) 0.64 + 0.16 0.71 + 0.22* 0.74 + 0.22* 0.0007
¢GFR (mL/min/1.73 m?) 78.1 + 14.6 72.6 + 17.3* 689 % 17.1%% 0.0001
Uric acid (mg/dL) 59+ 1.0 61+ 14 47 £+ 127 0.0003
AST (IU/L) 353 + 20.1 32.1 £ 145 31.8 + 164 021
ALT (IU/L) 40.1 + 327 367 + 295 33.5 4 28.0%t 0.020
y-GTP (IU/L) 583 4 55.4 502 + 46.6 44.9 + 37.9 0.037
LDH 212.1 + 50.1 206.1 + 44.3 1942 + 54.9 0.099
ALP 235.9 + 66.6 2349 + 65.1 225.0 £ 62.0 0.25
LDL-C (mg/dL) 137.8 & 21.4 1295 + 19.6 1285 + 184 0.018
HDL-C (mg/dL) 51.6 + 8.1 474 4+ 98" 467 + 10.0* 0.006
Triglyceride (mg/dL) 105.5 + 26.4 90.3 + 174 88.4 + 183 0.028
Urine protein (mg/day) 57.0 + 40.0 47.0 £ 263 41.0 £ 26.5* 0.021
Urine albumin (mg/day) 319 + 536 143 + 196 168 + 32.1 0.084
Urine glucose (g/day) 09 + 1.9 04 + 0.6 40.0 & 20.3*% < 0.0001
Acetoacetic acid (pumol/L) 98.7 + 433 66.9 + 335* 1123 + 47.91 0.006
3-Hydroxybutyric acid (umol/L) 2734 + 1554 2183 + 153.8 393.5 & 195.3F 0.005
Total ketone body (pmol/L) 372.1 £ 197.1 2852 + 185.9 505.8 =+ 2414t 0.005
hs-CRP (ng/mL) 2574 + 2724 2144 + 2932 1849 + 2380 021
U-CPR (ug/day) 57.0 + 40.0 47.0 £ 263 41.0 £ 265 0.021

Values are mean + SD

Pre premedication, Teneli/Cana combination tablet of teneligliptin and canagliflozin, BUN blood urea nitrogen, eGFR

estimated glomerular filtration rate, AST aspartate transaminase, AL7T alanineaminotransferase, y-GTP y-glutamyltrans-
ferase, LDH lactate dehydrogenase, ALP alkaline phosphatase, LDL-C low-density lipoprotein cholesterol, HDL-C high-
density lipoprotein cholesterol, hs-CRP high sensitivity C-reactive protein, U-CPR urine C-peptide reactivity

*P < 0.05 vs Pre, TP < 0.05 vs teneligliptin

the above studies [8-18], glucagon was mea-
sured by radioimmunoassay (RIA), or the mea-
surement method was not described. Because
RIA for glucagon determination shows cross-
reactivity against several proglucagon-derived
fragments, a large difference in glucagon results
was noted in the same sample between RIA and
sandwich ELISA [19, 20]. Sandwich ELISA is
clearly reported to more accurate measurement
system for glucagon assay than conventional

RIA by comparing the most accurate liquid
chromatography-high- resolution mass spec-
trometry assay [20]. Thus, the incongruent
results between our study and the previous
studies are considered to be attributable to the
difference in measurement methods used. In
the present study, we employed the sandwich
ELISA as the most reliable method, and plasma
processing to avoid measurement interference
by the presence of mixed substances in the
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plasma was appropriately performed. Tene-
ligliptin suppressed glucagon secretion, as
expected, and concurrent use of canagliflozin
did not enhance glucagon secretion. Among
SGLT2 inhibitors, canagliflozin has the highest
inhibitory activity against SGLT1 [21]. SGLT1
but not SGLT2 is expressed in the murine oTC1
cell line and human and murine pancreatic
islets [22, 23]. Canagliflozin, the dual SGLT1/
SGLT2 inhibitor sotagliflozin and small inter-
fering RNA for SGLT1 reduced glucagon secre-
tion from oTC1 cells [22]. A single
administration of sotagliflozin to type 2 dia-
betes patients did not change plasma glucagon
[24]. We consider that the suppression of glu-
cagon secretion by concurrent use of tene-
ligliptin and canagliflozin also contributed to
reductions in the required insulin dose and
insulin resistance, leading to an improvement
in blood glucose. Thus far, many studies have
reported that SGLT2 inhibitors increased
plasma glucagon; however, further studies are
required to determine whether this is due to
differences in measurement methods and whe-
ther there is a subclass effect among SGLT2
inhibitors.

In the present study, plasma active GLP-1
levels in MTTs were increased after treatment
with teneligliptin, and were further signifi-
cantly increased with concurrent use of cana-
gliflozin. In particular, plasma active GLP-1 was
high at 90-120 min after a meal. In a previous
study in Japanese diabetic patients receiving
teneligliptin and canagliflozin in the reverse
order of administration to our study, the plasma
active GLP-1 level during MTT increased 3 days
after canagliflozin treatment, and it was further
increased after the addition of teneligliptin [25].
The mechanism of canagliflozin’s effect to
increase plasma GLP-1 levels is postulated as
follows. SGLT1 is abundantly expressed in the
small intestine and absorbs glucose from the
lumen [26]. Canagliflozin has a certain inhibi-
tory activity against SGLT1 as described above,
and thus the inhibition of SGLT1 in the intes-
tine may lead to increased glucose absorption in
the lower intestinal tract of humans, resulting
in stimulation of L-cells abundant further along
the lower intestine, which increases GLP-1
secretion. In DPP-4-deficient F344 rats, the

plasma active GLP-1 level after oral glucose-
loading was significantly increased after cana-
gliflozin administration compared with baseline
[27]. It was also reported that the residual
amount of glucose in the small intestine 1h
after sucrose-loading was significantly increased
in Sprague-Dawley rats administered canagli-
flozin, but not tofogliflozin [27]. Sotagliflozin
also increased plasma active GLP-1 in type 2
diabetes patients [24, 28]. Although further
GLP-1 secretion in T/C compared to T is desir-
able for blood glucose control, further studies
including a cross-over design using highly
selective SGLT2 inhibitor like empagliflozin are
necessary to determine whether there is a sub-
class effect among SGLT2 inhibitors.

The indices of insulin secretion ability
(ACPR-30 min/Aglucose-30 min and SUIT) were
significantly greater in T and T/C compared
with baseline. Another index of insulin secre-
tion (HOMAZ2-%B) was significantly increased in
T compared with baseline, and that of T/C was
significantly higher than that of T monother-
apy. On the other hand, an index of insulin
resistance (CPR-IR) was significantly increased
(insulin resistance improved) by combination
therapy with T/C compared with T. In this
study, plasma glucose significantly improved in
T, and the total amount of insulin secretion did
not significantly change; however, the total
amount of insulin secretion in response to glu-
cose (AUC-CPRg_150/AUC-glucoseg_1g0) signifi-
cantly increased. We suggest that the
concurrent use of teneligliptin and canagli-
flozin led to further improvement in blood
glucose levels and reductions in the required
insulin dose and insulin resistance, possibly
leading to the prevention of future exhaustion
of pancreatic p-cells. The proposed mechanisms
of improvement in insulin resistance by SGLT2
inhibitors include the following: improvement
of fatty liver [29, 30], reduction in the amount
of fat including visceral fat [31] and reduction
in the amount of triglycerides in the muscle
[32]. Reduction of serum ALT and body weight
in this study may explain, at least in part, the
improvement of insulin resistance.

In this study, the decrease in serum uric acid,
increase in ketone bodies and no changes of
plasma ghrelin and des-acyl ghrelin were
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observed. Serum uric acid was reported to
decrease significantly, as observed in this study,
following SGLT2 inhibitor administration,
attributable to the increase in the urinary
excretion rate of uric acid because of the inhi-
bition of uric acid reabsorption [33]. Although
increases in serum ketone bodies following
SGLT2 inhibitor administration, as in this
study, have often been reported [34-36]. the risk
of diabetic ketoacidosis did not increase in a
meta-analysis of randomized controlled trials
and was equal to that observed for DPP-4 inhi-
bitors [35, 37]. There are only two reports,
including this study, which examined plasma
ghrelin levels before and after administration of
a SGLT2 inhibitor. The results of the other
report, which we reported previously using
ipragliflozin, are similar to the present study
[38].

The limitations of this study include its small
sample size, uncontrolled observational study
design, insufficient observation period, and
assessment under strict dietary therapy during
hospitalization. Further evaluation of concur-
rent use of DPP-4 and SGLT2 inhibitors will
likely be of interest.

CONCLUSIONS

We suggest that combination therapy with a
DPP-4 inhibitor and an SGLT2 inhibitor, par-
ticularly canagliflozin, which has specific inhi-
bitory activity against SGLT1, has beneficial
effects on plasma glucagon and GLP-1 levels,
thereby improving blood glucose control in
type 2 diabetes patients.
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