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The decrement in plasma glucose concentration with
SGLT2 inhibitors (SGLT2i) is blunted by a rise in endogenous
glucose production (EGP). We investigated the ability
of incretin treatment to offset the EGP increase. Sub-
jects with type 2 diabetes (n = 36) were randomized to 1)
canagliflozin (CANA), 2) liraglutide (LIRA), or 3) CANA plus
LIRA (CANA/LIRA). EGP was measured with [3-*H]glucose
with or without drugs for 360 min. In the pretreatment
studies, EGP was comparable and decreased (2.2 + 0.1 to
1.7 = 0.2 mg/kg - min) during a 300- to 360-min period (P <
0.01). The decrement in EGP was attenuated with CANA
(2.1 £ 0.1 to 1.9 = 0.1 mg/kg - min) and CANA/LIRA (2.2 +
0.1 to 2.0 = 0.1 mg/kg - min), whereas with LIRA it was the
same (2.4 = 0.2 to 1.8 = 0.2 mg/kg - min) (all P < 0.05 vs.
baseline). After CANA, the fasting plasma insulin concen-
tration decreased (18 = 2to 12 + 2 pU/mL, P < 0.05), while
it remained unchanged in LIRA (18 = 2 vs. 16 + 2 pU/mL)
and CANA/LIRA (17 = 1 vs. 15 = 2 pU/mL). Mean plasma
glucagon did not change during the pretreatment studies
from 0 to 360 min, while it increased with CANA (69 + 3 to
78 = 2 pg/mL, P < 0.05), decreased with LIRA (93 + 6 to
80 = 6 pg/mL, P < 0.05), and did not change in CANA/LIRA.
LIRA prevented the insulin decline and blocked the gluca-
gon rise observed with CANA but did not inhibit the
increase in EGP. Factors other than insulin and glucagon
contribute to the stimulation of EGP after CANA-induced
glucosuria.

SGLT?2 inhibitors (SGLT2i) block renal glucose-sodium co-
transport, producing glucosuria and reducing the plasma
glucose concentration in patients with type 2 diabetes (1,2).
However, the glucose-lowering efficacy of SGLT2i is partly
offset by a rise in endogenous glucose production (EGP) (3,4).

After both acute (3) and 4 weeks (4) of SGLT2i adminis-
tration, plasma glucagon concentration tends to increase,
while plasma insulin concentration decreases. These hor-
monal changes could explain, in part, the rise in EGP.
Although other factors, including enhanced renal glucose
reabsorption by SGLT1 (5), have been implicated as poten-
tial mechanisms responsible for the less-than-expected re-
duction in plasma glucose concentration after SGLT2
administration, the rise in EGP is an important contributing
factor. EGP is under tight hormonal control by insulin and
glucagon, and even modest changes in these two hormones
can lead to significant changes in EGP (6,7). Further, the
plasma glucose concentration itself regulates EGP, and
a decrease in plasma glucose concentration, independent
of changes in plasma insulin and glucagon, can stimulate
EGP (6,8).

Canagliflozin (CANA) promotes urinary glucose loss
of ~70-90 g/day, but the decreases in the HbA; either in
short-term or in longer studies are ~0.6-0.8% but no
greater than1.0% (9,10). In a previous study (3), we dem-
onstrated that a single dose of dapaglifiozin reduced the
plasma glucose concentration but was accompanied by an
elevation in EGP. Further, the increase in EGP was associated
with an increase in plasma glucagon concentration and
decrease in plasma insulin concentration. We hypothesized
that these hormonal changes could, in part, explain the
increase in EGP. Glucagon-like peptide 1 (GLP-1) receptor
agonists are potent insulin secretagogues and inhibit
glucagon secretion (11,12). If the decline in plasma insulin
and increase in plasma glucagon contribute to the rise in EGP
after SGLT2i, one would predict that simultaneous admin-
istration of GLP-1 receptor agonist with SGLT2i would pre-
vent the rise in EGP. Therefore, we administered liraglutide
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(LIRA) with CANA and quantitated the effect of combina-
tion therapy on EGP.

RESEARCH DESIGN AND METHODS

Subjects

Thirty-six subjects with type 2 diabetes were randomized
1:1:1 to receive a single dose (100 mg) of CANA, a single
subcutaneous injection (1.2 mg) of LIRA, or CANA plus LIRA
(CANA/LIRA). By virtue of the study design, the study was
not blinded, although all sample analyses were conducted in
blinded fashion. The clinical, laboratory, and anthropometric
characteristics were comparable in all three groups (Table 1).
Patients were drug naive (n = 6) or on a stable dose of
metformin with or without sulfonylureas (n = 30) (Table 1).
Except for diabetes, all subjects were in good general health
based on medical history, physical exam, screening blood
tests, urinalysis, and electrocardiogram. Weight was stable
(*1.5 kg) in all subjects for at least 3 months prior to study,
and no subject participated in any excessively heavy exercise
programs. Subjects with evidence of proliferative diabetic
retinopathy or serum creatinine >1.4 mg/dL (females)
or >1.5 mg/dL (males), or with estimated glomerular fil-
tration rate <60 mL/min/1.73 m?, were excluded. The study
was approved by the University of Texas Health Science
Center at San Antonio (UTHSCSA) Institutional Review
Board, and informed written consent was obtained from all
participants prior to the study.

Experimental Design

All studies were performed at the Texas Diabetes Institute
Clinical Research Center (CRC) at 6:00 aAM. after a 10-h
overnight fast. On the day of screening, subjects received
a DEXA scan for quantitation of total body lean and fat mass.
Eligible subjects subsequently received two 9-h measure-
ments of EGP with [3—3H]glucose infusion. During one
study, EGP was measured without any drugs (“pretreatment

Table 1—Baseline patient characteristics

CANA LIRA CANA/LIRA P

n 12 12 12
Age (years) 53+ 6 53+ 6 51 +8 NS
Sex, n

male/female 8/4 8/4 6/6 =
Weight (kg) 981114 966 +84 988 +9.1 NS
BMI (kg/m?) 336+65 348+46 349 +44 NS
Body fat (%) 378 6.7 36972 37377 NS
HbA+c, % 82 +12 84 +1.6 81 +18 NS

(mmol/mol) (72.7 + 10.6) (68.3 + 13.8) (65.0 + 15.3)
FPG (mg/dL) 173 = 14 185 = 16 182 =21 NS
Treatment, n#

Metformin 3 3 2 —

Metformin +

sulfonylurea 27 27 28 -

Data are mean = SD unless otherwise indicated. #All other par-
ticipants were treated with diet alone.
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study”), and during the second study EGP was measured
with a drug or drugs (“treatment study”) as described below.
The two studies (pretreatment and treatment studies) were
performed on a separate day within a 7- to 14-day period
in random fashion. In the interim, subjects were asked to
maintain their stable treatment with diet/exercise and either
metformin or metformin/sulfonylurea. Subjects were random-
ized to receive one of the following: 1) a single dose, 100 mg,
of CANA; 2) a single subcutaneous injection of 1.2 mg LIRA;
or 3) CANA/LIRA. All drugs were given at time t = 0 min, i.e.,
180 min after the priming/tracer infusion were begun. After
completion of this study, subjects continued on a 4-month
treatment period with the medication to which they were
randomized. Since the 4-month treatment period is still
ongoing, these results will be reported at a later date.

Measurement of EGP

Subjects reported to CRC at 6:00 AM, a catheter was placed
into an antecubital vein, and an individualized prime dose
calculated on the basis of the fasting plasma glucose (FPG)
values (40 pnCi X FPG/100) followed by a continuous
(0.4 pCi/min) infusion of [3-3H]g1ucose was started and
continued until 3:00 p.m. At 8:00 AM,, a second catheter was
placed retrogradely in a vein on the dorsum of the hand,
which was placed in a heated box (70°C) for sampling
of arterialized blood. After 3 h of tracer equilibration,
arterialized blood samples were drawn at —30, —20, —15,
—10,—5, and 0 (time zero = drug administration) minutes.
At 9:00 AM. (time zero), plasma samples were obtained every
20 min for 360 min for determination of plasma glucose,
insulin, and glucagon concentrations and [3-3H]g1ucose
radioactivity. At 6:00 aM, subjects voided and the urine
was discarded. Urine was collected from 6:00 am. to 9:00 AM.
and from 9:00 aMm. to 3:00 p.M. Urinary volume and glucose
concentration were measured to determine urinary glucose
excretion (UGE). At 3:00 .M, subjects received a meal and
returned home. At 7- to 14-day intervals, subjects returned
to the CRC for a repeat EGP measurement with CANA, LIRA,
or CANA/LIRA. Thus, all subjects received measurement of
EGP without any drug(s) and served as their own control
subjects. Plasma glucose was measured using the glucose-
oxidase method (Analox Reagent Instruments, International
Point of Care, Toronto, Ontario, Canada); plasma insulin (IBL
America, Minneapolis, MN) and C-peptide (MP Biomedicals,
Santa Ana, CA) were measured with immunoradiometric
assays, and plasma glucagon (MilliporeSigma, Burlington,
MA) was measured by radioimmunoassay.

Data Analysis

The primary end point was change from baseline (—30 to
0 min) in EGP during the last hour (300- to 360-min time
period) after administration of a single dose of each drug (as
monotherapy or in combination) compared with the change
in EGP during the pretreatment study. EGP was calculated as
previously described (3). Under steady-state postabsorptive
conditions, the basal endogenous glucose R, equals the
[3-*H]glucose infusion rate divided by steady-state plasma
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tritiated glucose specific activity. After drug administration,
nonsteady conditions for [3->H]glucose specific activity
prevail and the total body glucose R, is calculated using
the Steele equation. Total glucose Ry is calculated with the
same equation, and tissue glucose disposal (tissue Ry) is derived
by subtracting the UGE from total Ry.

The change from baseline in EGP after drug administra-
tion (treatment study) was compared with the change from
baseline in the pretreatment study in each group using
a paired t test. Differences between the two studies (EGP
measured in the pretreatment and treatment studies) were
compared among the three treatment groups with ANCOVA.
Post hoc testing was done with the Bonferroni correction.

Similar comparisons were made for the change in plasma
insulin and glucagon concentrations during each study.
All values are presented as mean = SEM, except for patient
characteristics that are presented as mean * SD. A
P value <0.05 was considered statistically significant.

RESULTS

During the pretreatment study, UGE was similar in all three
groups during the 3-h equilibration period (~17 mg/min)
and during the subsequent 6-h study period (~8 mg/min).
In the CANA treatment study, UGE was mean * SEM 11 *
8 mg/min during the 3-h equilibration period and increased
to 88.5 = 13.3 mg/min (P < 0.001) during the 6 h after
CANA administration. In the LIRA treatment study, UGE
was 10 = 6 mg/min in the equilibration period and decreased
to 6 £ 5 mg/min after LIRA injection. In CANA/LIRA
treatment study, UGE was 7 * 4 mg/min during the
equilibration period and increased to 111 * 33 mg/min
(P < 0.001).

The mean = SEM FPG concentration (—30 to 0 min)
during the baseline (pretreatment) study was 165 =*
8 mg/dL in CANA, 167 * 9 mg/dL in LIRA, and 175 *
7 mg/dL in CANA/LIRA. During the 300- to 360-min time
period, the mean plasma glucose decreased similarly to
144 * 6,137 £ 9, and 127 * 6 mg/dL, respectively (all P <
0.05 vs. fasting). Thus, the decrement in FPG was 21 * 11,
30 £ 8, and 48 * 12 mg/dL, respectively, in CANA, LIRA,
and CANA/LIRA groups during the pretreatment studies
(P = not significant [NS]) (Table 2). During the treatment
study with drug administration, the mean plasma glucose
concentration decreased from 156 * 10 to 125 * 9 mg/dL
during the 300- to 360-min time period in the CANA group.
After LIRA, the mean plasma glucose decreased from 147 =+
7 to 112 * 6 mg/dL and after CANA/LIRA the mean plasma
glucose decreased from 186 = 12 to 122 * 8 mg/dL (all P <
0.05 for predrug vs. postdrug). Thus, the decrement in FPG
after drug administration was 31 = 6, 35 = 9, and 65 *
11 mg/dL in CANA, LIRA, and CANA/LIRA groups during
treatment studies, respectively (P < 0.05 CANA/LIRA vs.
CANA or LIRA).

During the pretreatment study, mean * SEM EGP de-
creased similarly, by 0.5 = 0.1, 0.6 = 0.2, and 0.6 *
0.1 mg/kg - min, during the 300- to 600-min time period

Diabetes Volume 67, June 2018

Table 2—Decrement in FPG concentration and decrement
in EGP during control study performed without drug and
treatment study performed with CANA, LIRA, and CANA/LIRA

Parameters CANA LIRA CANA/LIRA
AFPG (mg/dL) without drug —21 11 -30 £8 —48 + 12
AFPG (mg/dL) with drug -31+6 —-35=*+9 —65=* 11"
AEGP (mg/kg - min) without —-0.5 + 0.1 —-0.6 =+ —0.6 = 0.1
drug 0.2
AEGP (mg/kg - min) withdrug —-02 + -08=* -02 *
011 0.2 011

Data are mean = SEM. *P < 0.05 vs. CANA and vs. LIRA; TP < 0.05
vs. baseline study without drug.

in CANA, LIRA, and CANA/LIRA groups, respectively (P <
0.01 in all groups vs. fasting EGP, and P = NS between
groups). During the repeat measurement of EGP (treatment
study), the decrease in EGP in subjects receiving CANA was
significantly less than in the pretreatment study (from 2.1 *
0.1t01.9 £ 0.1 mg/kg - min; A = —0.2 £ 0.1 mg/kg - min;
P < 0.05 vs. pretreatment study) (Figs. 1A and 2A and Table
2). In contrast, after a single injection of LIRA, the decre-
ment in EGP (—0.8 £ 0.2 mg/kg - min) was comparable
with that seen during the pretreatment study (from 2.4 =
0.2 to 1.8 = 0.2 mg/kg - min) (Figs. 1B and 2A). After
combined CANA/LIRA treatment, the decrement in EGP
(—0.2 = 0.2 mg/kg - min) was less than the decrement in
the pretreatment study (P < 0.05) and similar to that in
subjects receiving CANA alone (—0.2 * 0.1 mg/kg - min)
(Figs. 1C and 2A and Table 2). The decrease in plasma glucose
concentration strongly correlated with the decrease in EGP
in all treatment studies, including in subjects receiving CANA
alone (r = 0.87, P < 0.01), LIRA alone (r = 0.91, P < 0.01),
and CANA/LIRA (r = 0.57, P < 0.05).

Tissue R4 changed similarly from baseline (—30 to 0 min)
to steady state (300-360 min) in the CANA pretreatment
study (mean = SEM 2.1 * 0.1 to 1.6 = 0.1 mg/kg - min),
in the LIRA pretreatment study (2.5 = 0.2 to 1.9 =
0.2 mg/kg - min), and in the CANA/LIRA pretreatment
study (2.2 £ 0.2 to 1.8 = 0.2 mg/kg - min). Similarly, in the
CANA treatment study, tissue Rq decreased from 2.1 * 0.1
to 1.6 = 0.1 mg/kg - min, in the LIRA treatment study from
2.4 * 0.2 to 1.8 = 0.2 mg/kg - min, and in the CANA/LIRA
treatment study from 2.2 = 0.2 to 1.6 = 0.2 mg/kg - min
(P = NS between groups; P < 0.05 all baseline vs. steady
state).

During the pretreatment studies, the mean = SEM
plasma insulin concentration tended to decrease simi-
larly in all three groups (decrement = —2.0 = 0.4 wU/mL in
CANA, —3.0 = 0.5 wU/mL in LIRA, and —3.0 = 0.6 pU/mL
in CANA/LIRA; all P = NS), with a mean absolute decrease
from 19 * 1.1 to 17 = 2.0 wU/mL. After CANA treatment,
plasma insulin decreased from 18 *= 2 to 11 = 2 pnU/mL
(P < 0.01 vs. pretreatment study), whereas it did not change
significantly after LIRA treatment (from 17 = 2 to 16 *
2 wU/mL) (Fig. 2B). When CANA was given in combination
with LIRA (CANA/LIRA treatment study), plasma insulin
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Figure 1—EGP during the baseline study and after drug administration. The mean = SEM rate of EGP (mg/kg - min) from O to 360 min in the
baseline study (dotted line and open symbols) and after drug administration (solid line and solid symbols) is depicted. A single dose of CANA (A)
significantly attenuated the decrease in EGP by ~50%. When subjects received a single injection of LIRA, there was no change in EGP (B). After the
administration of CANA/LIRA, the decline in EGP was attenuated by ~50% (C), i.e., similar to results with CANA alone (A). Comparable results
were obtained when the data in each of the baseline studies without drug administration were averaged and compared with drug treatment (D).

*P < 0.05, CANA and CANA/LIRA vs. baseline study and vs. LIRA.

also did not change significantly (16 = 1 to 14 * 2 wU/mL).
Thus, after CANA treatment the decrement in plasma
insulin concentration (—7.0 = 0.2 wU/mL) was greater than
during the pretreatment study (P < 0.01) and greater than
with LIRA treatment alone (—1.0 = 0.6 pwU/mL) and with
CANA/LIRA treatment (—3.0 = 0.6 pU/mL) (both P <
0.05) (Fig. 2B).

During the pretreatment studies, the mean *= SEM
plasma C-peptide concentration decreased similarly in all
three groups from 4.7 = 0.3 ng/mL during the —30 to 0 min
time period to 3.9 = 0.3 ng/mL during 300-360 min (P <
0.05). After CANA treatment, plasma C-peptide decreased
from4.2 * 0.4 to 3.1 = 0.5 ng/mL (P < 0.05), whereas after
LIRA treatment it did not change (4.8 = 0.3 to 4.7 *
0.6 ng/mL, P < 0.05 vs. CANA). After CANA/LIRA treat-
ment, plasma C-peptide decreased slightly but not signifi-
cantly (4.6 = 0.3 to 3.8 = 0.4 ng/mL). The decrement in
plasma C-peptide during the pretreatment study (—0.7 =
0.2 ng/mL) was ablated by LIRA treatment (increase of 0.1 *
0.3 ng/mL, P < 0.01), whereas it was unchanged after CANA

treatment (—0.7 * 0.2 ng/mL) and CANA/LIRA treatment
(—0.9 = 0.1 ng/mlL).

During the pretreatment studies, the mean * SEM
plasma glucagon concentration did not change in any of
the three groups (73 * 5 to 72 * 5 pg/mlL). After CANA
treatment, plasma glucagon increased from 69 * 3 pg/mL
(—30 to 0 min) to 78 * 2 pg/mL (300-360 min) (P < 0.05).
In contrast, after LIRA treatment plasma glucagon de-
creased from 93 * 6 to 80 * 6 pg/mL at 200 min and then
returned to the fasting value (89 = 7 pg/mL). After CANA/
LIRA, plasma glucagon did not change (69 = 5 vs. 67 *
9 pg/mL). The change in plasma glucagon after CANA
(increase of 8.0 *£ 1.0 pg/mL) was significantly greater
(P < 0.001) than the change (—0.1 = 0.3 pg/mL) during
the pretreatment study (Fig. 2C). In contrast, the change
in plasma glucagon levels after LIRA treatment (—5.0 *
1.0 pg/mL from 300 to 360 min) was significantly less
(P < 0.05) than during the pretreatment study (—2.0 =
1.0 pg/mL). After CANA/LIRA treatment, the change in
plasma glucagon levels (—2.0 £ 0.7 pg/mL) also was smaller
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Figure 2—Mean = SEM changes in EGP (A) and in plasma insulin (B) and glucagon (C) concentrations during the 300- to 360-min time period
in the baseline (BASE) study and after each drug administration. After a single dose of CANA, there was a significant ~50% reduction in
EGP (A, left) compared with the baseline study. A similar reduction was observed when CANA and LIRA were administered in combination (A,
right). After a single injection of LIRA, there was no significant change in EGP (A, center). The reduction in EGP after CANA was similar to
that seen after the combination treatment with CANA/LIRA injection, but both were statistically different (P < 0.01) compared with the
change seen with LIRA injection alone. After a single dose of CANA, there was a significant reduction in plasma insulin concentration compared
with the baseline study (B, left). After a single injection of LIRA, there was a small nonsignificant attenuation in the decrease in plasma insulin
concentration (P = NS) from baseline (B, middle). When LIRA was administered with CANA, there was no change in plasma insulin
concentration (B, right). The reduction in plasma insulin after CANA was significantly greater than that with LIRA alone (P < 0.001) and that after
combination treatment with CANA/LIRA (P < 0.05). After CANA administration, the elevation in plasma glucagon concentration was signif-
icantly greater than during the baseline study (C, left). In contrast, with both LIRA alone (C, middle) and CANA/LIRA (C, left), plasma glucagon
decreased slightly. The increase in plasma glucagon after CANA was significantly greater and went in a direction opposite that observed after the
LIRA injection (P < 0.001) and also after the combination treatment with CANA/LIRA (P < 0.001). C+L, combination treatment with CANA/LIRA
injection.

than that seen during the pretreatment study (increase of
0.5 = 0.6 pg/mL) (Fig. 2C).

The mean *+ SEM ratio of plasma glucagon (pg - mL ™) to
insulin (WU - mL™") during the pretreatment study in-
creased nonsignificantly from 3.8 = 0.5 to 4.3 = 0.4. After
CANA treatment, the plasma glucagon-to-insulin ratio in-
creased significantly from 3.9 * 0.6 to 6.8 = 0.5 (P < 0.05
vs. fasting and vs. pretreatment study). After LIRA treat-
ment (5.4 = 0.4 vs. 5.5 = 0.6) and CANA/LIRA treatment
(4.2 = 0.4t0 4.7 £ 0.5), the glucagon-to-insulin ratio did not
change.

During the pretreatment studies, UGE amounted to ~7.5
mg/min and over the same time period mean = SEM EGP

was 157.0 £ 21.0 mg/min. With CANA treatment, UGE
increased to 88.5 = 13.3 mg/min and during the same time
period EGP was 180.0 = 14.7 mg/min. Thus, the EGP
increment of 22.8 = 7.8 mg/min compared with the pre-
treatment study after CANA offset the increment in UGE
brought about with CANA by ~28% (22.8 of 81.1 mg/min,
where 81.1 mg/min is the difference in UGE between
88.5 mg/min with CANA minus 7.5 mg/min in the pre-
treatment study). With LIRA treatment, EGP during
0-360 min was 167.5 * 18.6 mg/min, while UGE was
15.6 mg/min. With CANA/LIRA treatment, EGP was
193.3 * 13.6 mg/min and UGE was 111.2 = 12.3 mg/min
during 0-360 min.
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DISCUSSION

The results of the current study confirm observations from
prior studies and provide several novel observations. Con-
sistent with previous studies (4,5), CANA offset the decre-
ment in EGP by 0.3 mg/kg - min, which blunted the decline
in plasma glucose concentration. Similar to dapagliflozin and
empagliflozin (4,5), the attenuated decrement in EGP caused
by CANA is evident after a single administration of the drug,
Also consistent with previous observations (4,5), the blunted
dedline in EGP was associated with a significant increase in
plasma glucagon concentration and decline in plasma insulin
concentration. The novel observation, and in contrast to our
hypothesis, was that LIRA failed to inhibit the CANA-induced
rise in EGP despite blocking the elevation in plasma glucagon
concentration and preventing the decline in plasma insulin
concentration. Even though EGP in subjects receiving CANA
was comparable with that in subjects receiving CANA/LIRA,
there was a greater decrease in plasma glucose concentration
when CANA/LIRA was given in combination compared with
CANA alone or LIRA alone (mean * SEM decrement in
plasma glucose 31 = 6, 35 = 9, and 65 * 11 mg/dL in
CANA, LIRA, and CANA/LIRA groups, respectively). This can
be explained, in part, by a higher starting plasma glucose
(186 = 12 mg/dL in CANA/LIRA vs. 156 * 10 mg/dL with
CANA and 147 = 7 mg/dL with LIRA) and, in part, by
a greater increase in UGE in CANA/LIRA from 0 to 360 min
(111.2 £ 12.3 mg/min) versus CANA (88.5 * 13.3 mg/min)
and LIRA (5.6 * 4.7 mg/min). These results indicate that
factors other than glucagon and insulin must be responsible
for the acute effect (within 40 min) on EGP (3) that persists
at 4 weeks after administration of SGLT2i (4). Our results
also help to explain why combining a GLP-1 receptor agonist
with a SGLT2i might not produce an additive effect to reduce
HbA;,. (13), especially at HbA;. levels >8.0% (14).

Of note, the decrement in plasma insulin concentration
during the pretreatment study was exaggerated after a single
dose of CANA, and this decline was significantly attenuated
when CANA and LIRA were administered in combination.
The changes in plasma C-peptide concentration closely
paralleled the changes in plasma insulin concentration,
thus supporting that the decrement in plasma insulin con-
centration was secondary to a decrease in pancreatic insulin
secretion. With regard to glucagon, the plasma concentration
increased from 69 to 78 pg/mL after CANA and dedined
from 93 to 80 pg/mL after the administration of CANA/
LIRA in combination, yet during the same time period, EGP
rose by an identical amount in CANA and CANA/LIRA.
Despite completely negating the rise in glucagon-to-insulin
ratio after CANA, LIRA failed to attenuate the effect on EGP
observed with CANA. Further support that glucagon is not
involved in the CANA-induced rise in EGP is evident from
the time courses of dedine in EGP and change in plasma
glucagon concentration (data not shown). Thus, the blunted
decline in EGP observed with CANA and CANA/LIRA is
evident within 40 min and becomes statistically significant
by 120 min; yet, the plasma glucagon concentration is
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significantly lower during the O- to 120-min time period.
Also, in absolute terms the rise in plasma glucagon after
CANA is quite modest.

What then is the signal that is elicited by the kidney after
the induction of glucosuria with an SGLT2i that prompts
the liver to produce glucose, i.e., the renal-hepatic axis? This
signal must be rapidly generated, since administration of
empagliflozin to subjects with normal glucose tolerance fails
to alter the FPG concentration despite the rapid onset of
glucosuria within 30 min (15). SGLT?2 transporters are present
only in the kidney (16) and perhaps in the a-cell (17), although
the latter idea is controversial (18). Therefore, the initiating
event must be related to excessive glucose loss in the urine,
and intermediary messenger(s) originating in the kidney are
likely to take part in this signaling process. Although this
study was not designed to identify potential contributors to
the metabolic adjustment to acute glucosuria, several factors
including neural or hormonal changes or changes in circu-
lating substrate(s) must be considered. Because of the rapidity
of increase in EGP after CANA administration, the sympatho-
adrenergic system is likely to be involved. The fact that
subjects had no complaints suggestive of a catecholamine
surge and that neither the pulse rate nor blood pressure
increased during the study (data not shown) argue against
a role for epinephrine release by the adrenal medulla. None-
theless, a role for norepinephrine, other neuro-hormonal
mediators, or a neurogenic connection between the kidney
and liver via the portal system or indirectly via the brain
cannot be excluded. With respect to the first idea, in animals,
as well as in subjects with and without diabetes, elevated
renal vein norepinephrine and dopamine levels have been
demonstrated during a hypoglycemic insulin clamp compared
with a euglycemic insulin damp (19,20). It also is possible
that glucosuria triggers the release of a “renal signal” into the
drculation, perhaps by “sensing” along the nephron of urinary
glucose/calorie loss. Although the existence and the nature
of such a mediator(s) are speculative, the signal could arise
within renal tubules in response to a change in cellular
glucose trafficking. Regardless of its origin, any “renal signal”
in response to SGLT2i-induced glucosuria must be trans-
mitted systemically either via neurogenic pathways or by
a circulating humoral factor.

Although studies in experimental animals have demon-
strated an increase in glucose output from the liver after
glucosuria caused by phlorizin administration (21), it is
possible that an increase in renal gluconeogenesis, which
is known to take place in the proximal tubules (22-27),
contributes to the rise in EGP after administration of the
SGLT?2i. The ability of the kidney to produce glucose is well-
documented, and, unlike in the liver, renal gluconeogenesis
is insensitive to changes in plasma glucagon concentration
(26). Studies in animals (27,28) and humans (22,29,30) have
shown that during prolonged fasting and in response to
acidosis and hypoglycemia, renal glucose production is aug-
mented. We previously demonstrated that, after glucose
ingestion, glucose uptake by the liver is five- to sixfold greater
than when the glucose is administered intravenously (31,32).
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In follow-up studies, Cherrington (6) demonstrated that the
signal for enhanced hepatic glucose uptake after glucose
ingestion results from the marked increase in glucose gra-
dient from the portal vein to the hepatic artery. It is possible
that a similar mechanism exists in the kidney. Inhibition of
glucose absorption in the proximal tubule would be expected to
result in a decrease in the renal vein glucose concentration. This
would lead to a widening of the arteriovenous glucose concen-
tration difference and, like in the liver but in the opposite
direction, provide the signal for the kidney to enhance its
production of glucose. However, from the quantitative stand-
point it is unlikely that the kidney alone can explain the
marked increase in EGP (29). When administered to normal
subjects, SGLT2i produce ~50-60 g/day glucosuria (28); yet,
the FPG concentration remains unchanged (15,33). It is
unlikely that the kidneys can produce such a large amount of
glucose via gluconeogenesis. Moreover, the kidney contains
only a small amount of glycogen (22).

A previous report indicated that a direct stimulatory
action of SGLT2i on the pancreatic a-cells could be respon-
sible for the increase in plasma glucagon concentration after
exposure to SGLT2i (17). Presently, it is unclear whether
a similar effect occurs in vivo in human subjects (18). How-
ever, if this were to occur in humans, obliteration of the rise
in plasma glucagon concentration when LIRA was coadmi-
nistered with CANA in the current study indicates that any
direct stimulatory effect on glucagon release by the pancre-
atic a-cells was blocked by the GLP-1 receptor agonist.

There are some limitations to the current study. First, the
period of observation was short, only 360 min, and changes
that might have occurred beyond this time period in EGP, as
well as in plasma glucagon and insulin concentrations, were
not evaluated. Second, the extent to which the acute effect of
SGLT?2 inhibition on EGP and circulating hormone levels
is representative of the long-term response to chronic
glucosuria induced by SGLT?2i in patients with type 2 diabetes
remains unknown. On the other hand, our findings clearly
demonstrate that the immediate stimulation of EGP is not
offset by preventing the dedine in plasma insulin and rise in
plasma glucagon concentration.

In summary, the rise in EGP after induction of glucosuria
with an SGLT?2i is preserved, despite prevention of the de-
crease in plasma insulin and blockade of the elevation in
plasma glucagon achieved with LIRA. These results strongly
suggest that factors other than pancreatic hormones mediate
the increase in EGP in response to SGLT?2i-induced glucosuria.
The rapid increase in EGP after inhibition of renal tubular
glucose absorption suggests that neuro-hormonal-mediated
mechanisms are involved. Whether the increase in EGP is
sustained over a long period of time, and the extent to which
the increase in EGP affects blood glucose control, remains to
be determined.
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