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Sodium–glucose cotransport 2 inhibitors (SGLT2i) lower
plasma glucose but stimulate endogenous glucose pro-
duction (EGP). The current study examined the effect of
dapagliflozin on EGP while clamping plasma glucose,
insulin, and glucagon concentrations at their fasting
level. Thirty-eight patients with type 2 diabetes received
an 8-h measurement of EGP ([3-3H]-glucose) on three
occasions. After a 3-h tracer equilibration, subjects re-
ceived 1) dapagliflozin 10mg (n5 26) or placebo (n5 12);
2) repeat EGP measurement with the plasma glucose
concentration clamped at the fasting level; and 3) repeat
EGPmeasurement with inhibition of insulin and glucagon
secretion with somatostatin infusion and replacement
of basal plasma insulin and glucagon concentrations. In
study 1, the change in EGP (baseline to last hour of EGP
measurement) in subjects receiving dapagliflozin was
22% greater (10.66 6 0.11 mg/kg/min, P < 0.05) than
in subjects receiving placebo, and it was associated with
a significant increase in plasma glucagon and a decrease
in the plasma insulin concentration compared with pla-
cebo. Under glucose clamp conditions (study 2), the
change in plasma insulin and glucagon concentrations
was comparable in subjects receiving dapagliflozin and
placebo, yet the difference in EGP between dapagliflozin
and placebo persisted (10.71 6 0.13 mg/kg/min, P <

0.01). Under pancreatic clamp conditions (study 3),
dapagliflozin produced an initial large decrease in EGP
(8% below placebo), followed by a progressive increase
in EGP that was 10.6% greater than placebo during the

last hour. Collectively, these results indicate that 1) the
changes in plasma insulin and glucagon concentration
after SGLT2i administration are secondary to the de-
crease in plasma glucose concentration, and 2) the
dapagliflozin-induced increase in EGP cannot be ex-
plained by the increase in plasma glucagon or decrease
in plasma insulin or glucose concentrations.

Sodium–glucose cotransport 2 inhibitors (SGLT2i) are a
novel class of antidiabetic agents that lower the plasma
glucose concentration by inhibiting renal glucose reabsorp-
tion and producing glucosuria (1,2). We (3,4) and others
(5,6) have shown that members of the SGLT2i class
stimulate basal endogenous glucose production (EGP)
and that the increase in EGP offsets by;50% the amount
of glucose excreted in the urine (3), thereby blunting the
decrease in the plasma glucose concentration and atten-
uating the clinical efficacy of SGLT2i. Although the in-
crease in EGP can be viewed as a compensatory response to
urinary glucose loss to prevent hypoglycemia, in patients
with type 2 diabetes mellitus (T2DM), it occurs while the
plasma glucose concentration still is well within the hy-
perglycemic range (3).

We and others have demonstrated (3–6) that the in-
crease in EGP caused by SGLT2i is associated with a small
but significant decrease in the plasma insulin concentra-
tion and a larger (;25–35%) increase in the plasma
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glucagon concentration. Thus, the plasma glucagon-to-
insulin ratio increases markedly by;50%. Because of the
important role of plasma glucagon and insulin concentra-
tions in the regulation of EGP (7), we hypothesized that
the decrease in plasma insulin and increase in plasma gluca-
gon concentrations could at least partly explain the increase
in EGP caused by SGLT2i. The current study examined this
hypothesis by testing the effect SGLT2i on EGP while 1)
clamping the plasma glucose concentration at its basal fasting
level and 2) clamping the plasma glucagon and insulin
concentrations at their fasting level with somatostatin in-
fusion and basal replacement of insulin and glucagon.

RESEARCH DESIGN AND METHODS

Subjects
Of 52 patients with T2DM who were screened, 47 eligible
subjects were enrolled, and 38 subjects completed the study.
Supplementary Fig 1 depicts the study profile. Except for
diabetes, all subjects were in good general health based on
medical history, physical examination, blood chemistry
analysis, complete blood count, thyroid function, urinalysis,
and electrocardiogram. Patients had stable (61.5 kg) body
weight over the 3 months before the study, and no subject
participated in any excessively heavy exercise program.
Patients were drug naive (n 5 5) or on a stable dose of
metforminwith (n5 10) orwithout (n5 23) a sulfonylurea.
The distribution of background medication in the two
treatment groups is presented in Table 1. The results
were similar whether subjects were drug naive or taking
metformin with or without a sulfonylurea. All background
medications were continued without change throughout the
study. Subjects with evidence of proliferative diabetic ret-
inopathy or serum creatinine .1.4 mg/dL (women)
or .1.5 mg/dL (men), or with estimated glomerular filtra-
tion rate (eGFR) ,60 mL/min/1.73 m2 were excluded.

The University of Texas Health Science Center at San
Antonio Institutional Review Board approved the study,
and informed written consent was obtained from all
subjects before their participation. The study is registered
at ClinicalTrials.gov NCT02592421.

Experimental Design
All studies were performed at the Texas Diabetes Institute
Clinical Research Center at 6:00 A.M. after a 10-h overnight
fast. After confirming eligibility, subjects were consecutively
randomized to receive dapagliflozin or placebo in 2:1 ratio.
Subject stratification was done according to the following
parameters: age, BMI, diabetes duration, fasting plasma
glucose (FPG), eGFR, and HbA1c. Each subject received
three, 8-h measurements of EGP that were performed in
random order with a 7- to 10-day interval between studies.
Background medications (metformin and/or sulfonylurea)
were withheld in the morning of the study day. In study 1,
EGP was measured with prime-continuous [3-3H]glucose
infusion. In study 2, EGP was measured under conditions
when the plasma glucose concentration was clamped, and
in study 3, the EGP measurement was performed under
pancreatic clamp conditions.

Measurement of EGP

Study 1
Subjects reported to the Clinical Research Center at 6:00 A.M.,
after an overnight fast. A catheter was placed into an
antecubital vein, and an adjusted prime (40 mCi 3 FPG/
100)-continuous (0.4 mCi/min) infusion of [3-3H]glucose
was started and continued until 2:00 P.M. At 8:00 AM,
a second catheter was inserted retrogradely into a vein on
the dorsum of the hand, which was placed in a heated box
(70°C) for sampling of arterialized blood. After 2.5 h of
tracer equilibration (8:30 A.M.), arterialized blood samples
were drawn at 230, 220, 215, 210, 25, and 0 (time
zero 5 drug administration) min. At time zero (9:00 A.M.),
subjects received dapagliflozin 10 mg (n 5 26) or placebo
(n 5 12) on separate days within a 1- to 2-week interval.
After 9:00 A.M. (time zero), plasma samples were obtained
every 10–20 min for 300 min for determination of plasma
glucose, insulin, C-peptide, and glucagon concentrations
and [3-3H]glucose-specific activity. At 6:00 A.M., subjects
voided, and the urine was discarded. Urine was collected
from 6:00 A.M. to 9:00 A.M. (baseline period) and from 9:00 A.M.

to 2:00 P.M. (drug treatment period). Urinary volume and
glucose concentration were measured to determine the
urinary glucose excretion (UGE) rate. At 2:00 P.M., subjects
received a meal and returned home.

Study 2
The measurement of EGP was similar to that in study 1,
with one difference. After time zero (drug administration),
the plasma glucose concentration was measured every
5 min, and a variable infusion of 20% dextrose solution
was adjusted to maintain the plasma glucose concentration
at the fasting level.

Table 1—Clinical and anthropometric characteristics of
study participants

Dapagliflozin Placebo P
value(n 5 26) (n 5 12)

Age (years) 53 6 2 53 6 2 NS

Female sex, n 8 4 NS

BMI (kg/m2) 32.5 6 0.7 32.26 1.5 NS

Diabetes duration
(years) 6.9 6 1.8 5.9 6 1.5 NS

FPG (mg/dL) 138 6 7 126 6 6 NS

HbA1c (%) 7.4 6 0.2 7.5 6 0.1 NS

eGFR (mL/min) 97 6 3 97 6 4 NS

Background therapy, n
Drug naive 3 2
Metformin 15 8
Metformin 1

sulfonylurea 8 2

Values are mean 6 SEM or as indicated.
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Study 3
The measurement of EGP was similar to that in study 1,
with the following exceptions. Somatostatin infusion
(750 mg/h) was started 5 min before the start of the
[3-3H]glucose infusion, and the basal plasma insulin
and glucagon concentrations were maintained with in-
fusion of insulin (0.1 mU/kg $ min) and glucagon (0.3
ng/kg $ min).

Analytical Methods
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. Plasma glucagon (MilliporeSigma, Burlington, MA)
was measured by radioimmunoassay.

Data Analysis
Under steady-state postabsorptive conditions, the basal
rate of EGP equals the [3-3H]glucose infusion rate (GIR)
(disintegrations per minute/min) divided by steady-state
plasma titrated glucose-specific activity (disintegrations
perminute/mg). Supplementary Fig. 2 depicts [3-3H]glucose-
specific activity during the three studies in subjects
receiving dapagliflozin and placebo. After drug adminis-
tration, nonsteady conditions for [3-3H]glucose-specific
activity prevail, and the total body Ra is calculated using
the Steele equation. The change in EGP during the last
hour of the study (i.e., 240–300 min) from baseline was
considered the drug effect on EGP and was compared
between dapagliflozin and placebo with ANOVA. All values
are presented as mean 6 SEM. A P value ,0.05 was
considered statistically significant.

Data and Resource Availability
The data sets generated and analyzed during the current
study are available from the corresponding author upon
reasonable request.

RESULTS

Table 1 presents the baseline characteristics of subjects
receiving dapagliflozin and placebo. Patients were well
matched in age, sex, BMI, duration of diabetes, FPG,
HbA1c, and eGFR.

In study 1, dapagliflozin increased UGE during the EGP
measurement to 2.54 6 0.20 g/h. In study 2, the increase
in UGE was significantly greater (3.746 0.41 g/h) than in
study 1 (P5 0.02). In study 3, UGE (1.866 0.26 g/h) was
significantly less (P , 0.005) than in study 1.

During EGP measurement in study 1, dapagliflozin pro-
duced a significant decrease in the plasma glucose concen-
tration which, during the last hour (i.e., 240–300min), was
29 6 4 mg/dL below the FPG concentration, compared
with a 176 4 mg/dL decrease in subjects receiving placebo
(Fig. 1A and Table 2). Thus, the placebo-subtracted de-
crease in the plasma glucose concentration brought about

by dapagliflozin in study 1 was 12 mg/dL (27.8%, P 5
0.03). The basal rate of EGP at the last hour of the EGP
measurement increased by 10.10 6 0.10 mg/kg/min
above the fasting level after dapagliflozin administration
(12.7%) compared with a 20.56 6 0.11 mg/kg/min de-
crease (219.6%) in subjects receiving placebo (Supplemen-
tary Fig. 3). Thus, compared with placebo, dapagliflozin
caused a 10.66 mg/kg/min increase (122.3%) (Table 2)
in EGP (P , 0.03) (Fig. 2A). Consistent with previous
studies (3), compared with placebo, dapagliflozin caused
a small but significant increase in the plasma glucagon
concentration (Table 3 and Supplementary Fig. 4) and
a decrease in the plasma insulin concentration (Table 3
and Supplementary Fig. 5). Thus, the plasma glucagon-
to-insulin ratio markedly increased (Table 3 and Sup-
plementary Fig. 6).

Under glucose clamp conditions (study 2), the plasma
glucose concentration remained unchanged during the EGP
measurement (Fig. 1C and Table 2) in both the placebo
and dapagliflozin groups. Unlike study 1, the change in
plasma insulin and glucagon concentrations under glucose
clamp conditions was comparable in subjects receiving
dapagliflozin and placebo (Table 3 and Supplementary
Figs. 4 and 5), as was the plasma glucagon-to-insulin ratio
(Table 3 and Supplementary Fig. 6). During the glucose
clamp study, placebo-treated subjects experienced a precip-
itous decrease in EGP. Themean EGP during the last hour of
study 2 (i.e., 240–300 min) was 21.28 6 0.17 mg/kg/min
(246.6% decrease) below the fasting EGP. However, in
dapagliflozin-treated subjects, the decrease in EGP
was markedly attenuated 20.57 6 0.12 mg/kg/min
(226.1% decrease). Thus, under glucose clamp conditions,
dapagliflozin produced a10.71 mg/kg/min (120.4%, P5
0.01) increase in EGP compared with placebo (Fig. 2 and
Table 2), even though the plasma insulin and glucagon
concentrations were comparable in the dapagliflozin and
placebo groups. The GIR during the glucose clamp (study 1)
increased over time in both study groups. The mean GIR in
subjects receiving dapagliflozin (1.45 6 0.20 mg/kg/min)
was greater compared with placebo (0.936 0.10 mg/kg/min).
However, the difference did not reach statistical signif-
icance (P5 0.10). The difference between the dapagliflozin
and placebo groups was time-dependent (Supplementary
Fig. 7A), with statistical significance being reached at
60 min. With time, the difference between the two groups
diminished, most likely due to the increase in EGP. At
260 min, the difference was not statistically significant. The
mean GIR in subjects receiving dapagliflozin strongly cor-
related with urinary glucose loss (r 5 0.84, P , 0.001)
(Supplementary Fig. 7B).

Under pancreatic clamp conditions (study 3), the plasma
glucagon concentration remained unchanged (Supplemen-
tary Fig. 4) in subjects receiving placebo or dapagliflozin,
while plasma insulin concentration remained unchanged in
subjects receiving placebo (Supplementary Fig. 3). There was
a small decrease in the plasma insulin concentration in
subjects receiving dapagliflozin (126 1 to 106 1, P5 0.002)
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(Table 2 and Supplementary Fig. 5). However, the
change from baseline to the last hour of the EGP mea-
surement in plasma insulin concentration in subjects re-
ceiving dapagliflozin and placebo was not statistically

different. Further, the glucagon-to-insulin ratio was com-
parable in the two groups (Table 3 and Supplementary
Fig. 6B). Dapagliflozin produced a large decrease (2306
4 mg/dL) in the plasma glucose concentration compared

Figure 1—The time course of the change in the plasma glucose concentration (PGC) in subjects receiving dapagliflozin or placebo is shown
in study 1 (A), study 2 (C), and study 3 (E). The change in PGC from baseline to the last hour of the study is shown in study 1 (B), study 2 (D),
and study 3 (F ).
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with placebo (276 5 mg/dL). Thus, the placebo-subtracted
decrease in the plasma glucose concentration produced
by dapagliflozin under pancreatic clamp conditions was
223 mg/dL (216.3%, P 5 0.0008), which was signifi-
cantly greater than that in study 1 (P , 0.01).

Under pancreatic clamp conditions (study 3), EGP
progressively decreased in subjects receiving placebo
and, during the last hour, was reduced by 20.48 6
0.05 mg/dL (218.5%) below the fasting EGP. In subjects
receiving dapagliflozin, EGP precipitously declined
(20.41 mg/kg/min) during the first hour after dapagli-
flozin administration and at 60 min was28% below that
in placebo. However, EGP progressively increased after
60 min and, from 60 to 300 min, the increase in EGP
was 0.226 0.08 mg/kg/min (P, 0.0001). During the last
hour of EGP measurement (i.e., 240–300 min), EGP in
subjects receiving dapagliflozin was 0.26 mg/kg/min
(110.6%, P 5 0.04) (Fig. 2C) higher than in subjects
receiving placebo.

DISCUSSION

Consistent with previous studies (3–6), inhibition of renal
SGLT2 transport with dapagliflozin was associated with
a significant decrease in the plasma glucose concentration
(212 mg/dL) and a “paradoxical” increase in EGP with
a concomitant increase in the plasma glucagon concentra-
tion and a decrease in the plasma insulin concentration.
The present results demonstrate that prevention of the
decrease in plasma glucose concentration blocked the de-
cline in the plasma insulin concentration and inhibited the
rise in the plasma glucagon concentration, indicating that
the changes in the plasma insulin and glucagon concen-
trations after SGLT2i administration are secondary to the
decrease in the plasma glucose concentration and are not
due to direct action of the drug on the pancreatic islets (8).
These results are consistent with recent studies (9–11)
which demonstrated that prevention of the decrease in
plasma glucose concentration blocked the increase in
plasma glucagon concentration in patients with T2DM
after dapagliflozin administration. Most importantly, de-
spite the absence of any difference in the change in plasma
insulin and glucagon concentrations between subjects

receiving dapagliflozin and placebo under glucose clamp
conditions, dapagliflozin administration still provoked an
increase in EGP that was of similar magnitude to that
caused by dapagliflozin without the glucose clamp in study
1 (Supplementary Fig. 6). The absolute difference between
dapagliflozin-treated and placebo-treated subjects in the
change in EGP from baseline to the last hour of EGP
measurement (i.e., 240–300 min) was comparable in study
1 (glucose allowed to drop) and study 2 (glucose clamp
condition), 10.66 vs. 10.71 mg/kg/min, respectively (Ta-
ble 2 and Supplementary Fig. 8). This finding provides
strong evidence against an important role for the increase
in plasma glucagon and decrease in plasma insulin or
change in plasma glucose concentration in mediating
the acute increase in EGP caused by dapagliflozin. These
results are consistent with a recent study in which we
demonstrated that blocking the increase in plasma gluca-
gon concentration and preventing the decrease in plasma
insulin concentration with coadministration of a glucagon-
like peptide 1 receptor agonist (liraglutide) plus SGLT2i
(canagliflozin) failed to prevent the increase in EGP caused
by canagliflozin (10). Collectively, these observations dem-
onstrate that neither the change in plasma glucose con-
centration nor the change in pancreatic hormone (glucagon
and insulin) concentrations can explain the acute stimula-
tion of EGP by SGLT2i.

During the pancreatic clamp study with somatostatin
and basal glucagon/insulin replacement (study 3), the
plasma glucagon concentration remained unchanged in
both study groups.While there was small decrease in plasma
insulin concentration in subjects receiving dapagliflozin, the
change from baseline to the last hour of the EGP measure-
ment in plasma insulin concentration was comparable in
both groups (Table 2 and Supplementary Fig. 5), as was the
plasma glucagon-to-insulin ratio (Supplementary Fig. 6).
However, the time pattern of change differed among the
two groups. Dapagliflozin produced a large and rapid
decline in EGP, such that at 60 min, EGP was significantly
lower than in subjects receiving placebo. After 60 min, EGP
rose progressively (Fig. 2E) to a level higher than in
placebo. It should be emphasized that the increase in
EGP from 60 to 300 min in subjects receiving dapagliflozin
took place without a change in the plasma glucagon

Table 2—Change from baseline to the last hour of the study (240–300 min) in plasma glucose concentration and EGP in study 1,
study 2 (glucose clamp), and study 3 (pancreatic clamp)

Dapagliflozin Placebo Difference (%) P value

Plasma glucose, mg/dL (%)
Study 1: EGP 229 6 4 (220.4) 217 6 3 (212.6) 212 (27.8) 0.03
Study 2: EGP 1 glucose clamp 13 6 1 (12.2) 1 6 1 (1) 12 (11.6) NS
Study 3: EGP 1 pancreatic clamp 230 6 4 (219.4) 27 6 5 (23.1) 223 (216.3) 0.0008

EGP, mg/kg/min (%)
Study 1: EGP 10.10 6 0.1 (12.7) 20.56 6 0.11 (219.6) 10.66 (122.3) ,0.0001
Study 2: EGP 1 glucose clamp 20.57 6 0.12 (226.1) 21.28 6 0.172 (246.6) 10.71 (120.5) 0.01
Study 3: EGP 1 pancreatic clamp 20.23 6 0.09 (27.9) 20.48 6 0.05 (218.5) 10.25 (110.6) 0.04

Values are mean6 SEM (%). The P value represents the difference between the change in plasma glucose concentration and the change
in EGP between the dapagliflozin-treated and placebo-treated groups.
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concentration. Further, it is unlikely that the small de-
crease in plasma insulin concentration is responsible for
the progressive increase in EGP after dapagliflozin be-
cause the change in the plasma insulin concentration was

comparable in dapagliflozin-treated and placebo-treated
subjects.

Previous studies in experimental animals have re-
ported a stimulatory action of somatostatin on renal

Figure 2—Percentage change from baseline in total EGPmeasured with [3-3H]glucose infusion in subjects receiving dapagliflozin or placebo
in study 1 (A), study 2 (glucose clamp) (C), and study 3 (pancreatic clamp) (E). The change in EGP from baseline to the last hour of the study is
depicted in B (study 1), D (study 2), and F (study 3).
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gluconeogenesis (12). Although a similar stimulatory ac-
tion of somatostatin in humans could have contributed to
the increase in EGP in study 3, we believe that this is
unlikely because we would have expected a similar increase
in EGP in subjects receiving placebo, while in contrast, EGP
dropped progressively throughout the study. More likely,
the rise in EGP reflects the effect of dapagliflozin as was
seen in studies 1 and 2.

It is noteworthy that the placebo-subtracted increase
in EGP after dapagliflozin administration was attenuated
in study 3 compared with studies 1 and 2 (Supplementary
Fig. 8). It is well known that somatostatin markedly
decreases splanchnic blood flow (13,14). Because of the
important role of substrate supply in the regulation of
hepatic gluconeogenesis (15), it is possible that decreased
hepatic blood flow could have attenuated the increase in
EGP caused by dapagliflozin under conditions of somato-
statin infusion. Regardless of the mechanism(s) responsible
for the attenuation of the increase in EGP by dapagliflozin,
the placebo-subtracted decrease in the plasma glucose con-
centration in study 3 was significantly greater than in study
1 (23 vs. 12 mg/dL, P , 0.05). This emphasizes the clinical
importance of the increase in EGP after SGLT2 adminis-
tration in attenuating the clinical efficacy of SGLT2 inhib-
itors in lowering the plasma glucose concentration.

Urinary glucose loss caused by dapagliflozin varied sig-
nificantly among the three studies. UGE under glucose
clamp conditions (study 2) was significantly greater than in
study 1. Conversely, under pancreatic clamp conditions
(study 3), UGE was significantly less than in study 1.
Because UGE is influenced by the amount of filtered
glucose (product of the GFR and plasma glucose concen-
tration) (16), the higher UGE under glucose clamp con-
ditions (study 2) can be explained by the higher mean
plasma glucose concentration compared with study 1
(136 vs. 116 mg/dL, P , 0.0001). However, the mean
plasma glucose concentration from time 0–300 min under
pancreatic clamp conditions in study 3 (134 6 5 mg/dL)
was comparable to that in study 2 (1346 5mg/dL, P5 ns)
and was significantly higher than in study 1 (1156 3mg/dL

P. 0.0001). Nonetheless, UGE in study 3 was the smallest.
This marked reduction in UGE in study 3 suggests a re-
duction in GFR by somatostatin secondary to decreased
renal blood flow (17), neither of which weremeasured in the
current study.

In summary, clamping the plasma glucose concentra-
tion at the fasting level prevented the change in plasma
insulin and glucagon concentrations caused by SGLT2i
but failed to prevent the dapagliflozin-induced increase
in EGP. These results argue against an important role for
changes in the plasma insulin and glucagon concentrations
in mediating the increase in EGP caused by SGLT2i.
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