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SGLT2 Inhibition Increases Fasting Glucagon but Does
Not Restore the Counterregulatory Hormone Response
to Hypoglycemia in Participants With Type 1 Diabetes
Schafer C. Boeder,1 Justin M. Gregory,2 Erin R. Giovannetti,1 and Jeremy H. Pettus1

Diabetes 2022;71:511–519 | https://doi.org/10.2337/db21-0769

Individualswith type 1 diabetes have an impaired glucagon
counterregulatory response to hypoglycemia. Sodium—

glucose cotransporter (SGLT) inhibitors increase glu-
cagon concentrations. We evaluated whether SGLT
inhibition restores the glucagon counterregulatory
hormone response to hypoglycemia. Adults with type 1
diabetes (n 5 22) were treated with the SGLT2 inhibitor
dapagliflozin (5 mg daily) or placebo for 4 weeks in a
randomized, double-blind, crossover study. After each
treatment phase, participants underwent a hyperinsuli-
nemic-hypoglycemic clamp. Basal glucagon concen-
trations were 32% higher following dapagliflozin
versus placebo, with a median within-participant dif-
ference of 2.75 pg/mL (95% CI 1.38–12.6). However,
increased basal glucagon levels did not correlate with
decreased rates of hypoglycemia and thus do not
appear to be protective in avoiding hypoglycemia. Dur-
ing hypoglycemic clamp, SGLT2 inhibition did not
change counterregulatory hormone concentrations,
time to recovery from hypoglycemia, hypoglycemia symp-
toms, or cognitive function. Thus, despite raising basal
glucagon concentrations, SGLT inhibitor treatment did
not restore the impaired glucagon response to hypoglyce-
mia. We propose that clinical reduction in hypoglycemia
associated with these agents is a result of changes in dia-
betes care (e.g., lower insulin doses or improved glycemic
variability) as opposed to a direct, physiologic effect of
thesemedications ona-cell function.

Hypoglycemia remains a major obstacle to achieving opti-
mal glycemic control for people living with type 1 diabetes

and accounts for significant morbidity and mortality in
this population (1). On average, individuals with type 1
diabetes experience multiple episodes of symptomatic
hypoglycemia per week and thousands of episodes over
their lifetime (2). The incidence of severe hypoglycemia
(requiring the assistance of another individual) ranges
from 1.0 to 4.9 episodes/patient/year (3,4). Asymptom-
atic hypoglycemia is also problematic, as these episodes
impair the physiologic counterregulatory response to sub-
sequent low blood glucose events and propagate hypogly-
cemia unawareness (5). Additionally, fear of hypoglycemia
is common among people with type 1 diabetes and acts as
a barrier to optimizing insulin therapy and achieving gly-
cemic goals (3). Thus, there is a clear unmet need for
treatment approaches that mitigate the harmful effects of
hypoglycemia in type 1 diabetes.

One of the principal reasons for increased susceptibility
to hypoglycemia among people living with type 1 diabe-
tes is an impaired glucagon counterregulatory response
(3). Under normal conditions, glucagon secreted from
the a-cells of the pancreatic islets stimulates hepatic
glucose production to reverse hypoglycemia. However,
this glucagon rescue response is lost by most individuals
shortly after diagnosis with type 1 diabetes, purportedly
due to abolished b- to a-cell paracrine signaling, leading
to an impaired ability to defend against, and recover
from, hypoglycemia (3,6). Various approaches to address
this defect have been explored, including providing
patients with glucagon pens for emergencies, giving glu-
cagon via subcutaneous infusion, and islet cell or whole
pancreas transplantation (7,8). Unfortunately, these
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therapies all have limitations and have thus far been
unable to reduce the burden of hypoglycemia for most
people living with type 1 diabetes.

In recent years, there has been considerable interest in
the use of sodium–glucose cotransporter (SGLT) inhibi-
tors as adjunctive treatments to insulin, with members
of the class being approved for use in type 1 diabetes in
both Europe and Japan (9). The SGLT inhibitors have
demonstrated an ability to reduce insulin dosing require-
ments and improve glycemic control without increasing,
and potentially even decreasing, the risk of hypoglycemia
(9). Specifically, in a post hoc analysis of pooled data from
two clinical trials studying 1,362 participants with type 1
diabetes, the dual SGLT1/2 inhibitor sotagliflozin reduced
hypoglycemia by �25% compared with placebo (10).

The reason for this reduction in hypoglycemia is not
well established. However, several lines of evidence sug-
gest that increases in circulating glucagon concentrations
in response to SGLT inhibition may play a role. First,
Bonner et al. (11) reported that SGLT2 is expressed in
pancreatic a-cells and that treatment with the SGLT2
inhibitor dapagliflozin stimulates glucagon secretion in
mice. Second, Ferrannini et al. (12) showed that in sub-
jects with type 2 diabetes treated with an SGLT2 inhibi-
tor, increased fasting glucagon levels were coupled with a
�30% increase in endogenous glucose production. Finally,
in a small study by Fukui et al. (13), fasting glucagon con-
centrations increased by 63% in participants with type 1
diabetes after treatment with the SGLT2 inhibitor ipragli-
flozin. Based on these findings, we hypothesized that
SGLT inhibition may help restore the defective glucagon
response to hypoglycemia. To test this hypothesis,
we used staged euglycemia-hypoglycemia clamps to deter-
mine whether SGLT2 inhibition enhances the counterre-
gulatory hormone response to hypoglycemia in adults
with type 1 diabetes.

RESEARCH DESIGN AND METHODS

Study Protocol
Twenty-three men and women with type 1 diabetes of at
least 1 year duration participated in the trial. Eligibility
criteria included: aged 18 to 70 years; BMI 18.5 to 35.0
kg/m2; random C-peptide <0.7 ng/mL; and HbA1c

<10.0% (86 mmol/mol). Exclusion criteria included:
active use of any noninsulin antihyperglycemic medica-
tion; and diabetic ketoacidosis or severe hypoglycemic
events within 3 months. All participants provided
informed consent before participating in the study.
During the run-in period, participants completed the
eight-item Clarke hypoglycemia awareness question-
naire (14). They also recorded all insulin doses and
wore a blinded professional continuous glucose monitor
(CGM; FreeStyle Libre Pro; Abbott Diabetes Care, Ala-
meda, CA) for 14 days before the intervention to assess
baseline glycemic control. Participants who entered the
study wearing a personal CGM were allowed to

continue using the device throughout the study. Partici-
pants using multiple daily injection insulin therapy
took their long-acting insulin in the mornings during
the run-in period and did not take long-acting insulin
the morning of a hypoglycemic clamp procedure.

Upon completion of the run-in period, participants
were randomly assigned 1:1 in a double-blind fashion to
receive either dapagliflozin 5 mg daily or placebo for 4
weeks (treatment A). The 5 mg dose of dapagliflozin,
which is approved in Europe for use in type 1 diabetes
(15), was chosen to minimize the risk of diabetic keto-
acidosis. Total daily insulin doses were preemptively
decreased by 10% to reduce the risk of hypoglycemia
and then adjusted weekly by the investigators to target
preprandial glucose levels of 80–130 mg/dL and 2-hour
postprandial glucose levels of <180 mg/dL. Insulin dos-
ing and blinded CGM data were collected during the
final 14 days of treatment A. At the end of the 4-week
treatment period, participants returned to complete a
staged euglycemia-hypoglycemia clamp procedure.

On the day of the hypoglycemic clamp, participants
arrived at the clinical research unit at 0700 h after fasting
overnight for at least 8 h. Data from the blinded CGM
device were reviewed, and, if the participant had hypogly-
cemia (glucose #70 mg/dL) within the previous 12 h, the
hypoglycemic clamp was rescheduled. A peripheral i.v.
cannula was placed for administration of insulin and dex-
trose. A second i.v. cannula was placed in the contralateral
side to be used for the collection of blood samples. For
participants using continuous subcutaneous insulin infu-
sion, the insulin pump was suspended and disconnected.
Participants then underwent a baseline, staged euglyce-
mia-hypoglycemia clamp using a primed, continuous
infusion of 30 mU/m2/min regular insulin. This dose
was chosen based on prior experience that it successfully
achieves hypoglycemia while maintaining serum insulin
concentrations within the physiologic range. Glucose
measurements (YSI 2300 Stat Plus; YSI Incorporated,
Yellow Springs, OH) were collected every 5 min. Vari-
able-rate 20% dextrose was given i.v. to clamp glucose
levels at euglycemia (target 100 mg/dL) for 60 min. At
the conclusion of the euglycemic stage, the i.v. dextrose
infusion rate was decreased to allow serum glucose to
drop to a target of 50 mg/dL over a period of no less
than 20 min. Serum glucose was then similarly clamped
at that level for 40 min (hypoglycemic stage). The glu-
cose infusion rate (GIR) was recorded during euglycemia
and hypoglycemia as a surrogate for insulin sensitivity.
Counterregulatory hormones (glucagon, epinephrine,
norepinephrine, growth hormone, and cortisol) were
drawn at baseline, the final 10 min of the euglycemic
stage, and every 10 min of the hypoglycemic stage until
conclusion of the clamp. Upon completion of the hypo-
glycemic stage, the insulin infusion was stopped and the
dextrose infusion was continued at the previous rate.
Glucose measurements were continued every 5 min until
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the blood glucose level was $70 mg/dL. The amount of
time elapsed between discontinuation of the insulin
infusion and blood glucose increasing to $70 mg/dL
was defined as the “time to recovery.” Hypoglycemia
awareness was assessed using the Edinburgh Hypoglyce-
mia Symptoms Scale, a validated self-report question-
naire that uses a 7-point Likert scale (1 5 not present
to 7 5 very intense) to measure 11 hypoglycemic symp-
toms (16), at the following time points: euglycemia stage
40 and 60 min; hypoglycemia stage 0, 20, and 40 min;
and upon recovery from hypoglycemia. Cognitive func-
tion was assessed using the Trail Making Test (part B)
and the Digit Symbol Substitution Test (17,18) at the
following time points: euglycemia stage 50 min; hypogly-
cemia stage 10 and 30 min; and upon recovery from
hypoglycemia.

After completing treatment A, participants entered a 4-
week washout period (no study drug). At the end of wash-
out, participants crossed over into treatment B, during
which they received either placebo (if they received dapa-
gliflozin during treatment A) or dapagliflozin 5 mg (if
they received placebo during treatment A). Insulin dosing
and blinded CGM data were again collected. After 4 weeks
of treatment, participants underwent a second hypoglyce-
mic clamp procedure. See Supplementary Fig. 1 for study
design.

Biochemical Analysis
Blood samples for glucagon were collected in prechilled
EDTA tubes and for epinephrine and norepinephrine in
Na-Hep tubes. After centrifugation at 4�C, plasma was col-
lected and frozen at �80�C for subsequent analysis at
Quest Diagnostics (San Juan Capistrano, CA). Glucagon
was measured using ELISA (Mercodia AB, Uppsala, Swe-
den). Epinephrine was measured using high-performance
liquid chromatography (LC)/electrochemical detection and
norepinephrine by chromatography/electrochemical detec-
tion. Blood samples for insulin, growth hormone, total cor-
tisol, and nonesterified fatty acid (NEFA) were collected in
tubes with no additive and allowed to clot for 30 min.
After centrifugation, serum was collected and frozen at
�80�C for subsequent analysis at Quest Diagnostics. Insu-
lin was measured by immunocapture-LC/tandem mass
spectrometry, growth hormone by immunoassay, cortisol
by equilibrium dialysis/LC-mass spectrometry, and NEFA
by enzymatic spectrophotometry.

Calculations
To quantify the counterregulatory hormone response to
the hypoglycemic phase of the clamp study, we used trap-
ezoidal approximation to construct the areas under the
curve (AUCs) for each hormone during the 20-min eugly-
cemic control period and during the 40-min hypoglycemic
period. After normalizing the euglycemic control period
and hypoglycemic AUCs to the same time interval, we
subtracted each counterregulatory hormone’s AUC during

hypoglycemia minus the AUC during the euglycemic con-
trol period to yield the change in AUC. This change in
AUC quantifies the response to controlled hypoglycemia
for each counterregulatory hormone.

Statistics
The Wilcoxon matched-pairs signed rank test was used in
Prism version 9.1.0 (GraphPad Software, San Diego, CA)
to assess statistically significant differences in diabetes-
related parameters between the dapagliflozin and pla-
cebo interventions. Linear mixed-effects models were
used to assess differences in repeated-measures assess-
ments of cognitive function and hypoglycemia between
the two interventions. Speakman rank correlation was
used in SPSS version 27.0 (IBM Corporation, Armonk,
NY) to measure bivariate association between variables
of interest. Data are summarized as medians and 95%
CIs unless otherwise indicated.

Data and Resource Availability
The data sets generated and/or analyzed during the cur-
rent study are available from the corresponding author
upon reasonable request. No novel resources were gener-
ated or analyzed during the current study.

RESULTS

Participant Characteristics
Twenty-three participants were randomly assigned. One
participant withdrew due to fatigue and nausea after 2
weeks of treatment with placebo. Table 1 summarizes
baseline clinical characteristics of participants. Elements
to highlight include baseline HbA1c of 6.6% (49 mmol/
mol), high baseline rates of hypoglycemia as measured by
CGM, and average Clarke score of 3 with an interquartile
range of 1–5, indicating a mixed hypoglycemia-aware
population.

Table 1—Baseline participant characteristics (n 5 23)

Male sex, % (n) 43.5 (10)

Age (years) 39 (28–52)

Weight (kg) 77.9 (65.3–90.4)

BMI (kg/m2) 25.2 (23.3–29.1)

Type 1 diabetes duration (years) 19 (9–28)

HbA1c (%) 6.6 (6.1–7.2)

HbA1c (mmol/mol) 49 (43–55)

Average CGM glucose (mg/dL) 125.5 (108.3–156.5)

CGM time <70 mg/dL (%) 14 (8–24)

CGM time <54 mg/dL (%) 4 (2–9)

Clarke survey score* 3 (1–5)

Continuous data are presented as medians (interquartile
range). *Score range 0 to 7. A score $4 implies impaired
awareness of hypoglycemia; #2 suggests normal hypoglyce-
mia awareness; and 3 is indeterminate.
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Figure 1—Differences in total daily dose of insulin (A), average CGM glucose (B), percent of time CGM glucose was <70 mg/dL (C), and
change in weight (D) while participants in the crossover study were taking placebo (red circles) or dapagliflozin (Dapa; blue circles) for 4
weeks. Median values are annotated above each column and represented by the bar. Dots depict individual values for each participant.
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Diabetes-Related Parameters During Treatment
During the two 4-week intervention periods, participants’
total daily dose of insulin was 11% lower on dapagliflozin
versus placebo (P 5 0.015) (Fig. 1A and E). Median CGM
glucose was 10 mg/dL lower on dapagliflozin versus pla-
cebo, but the difference was not statistically significant
(123 vs. 133 mg/dL; P 5 0.15) (Fig. 1B and F). Likewise,
no appreciable differences for percent time in hypoglyce-
mia (P 5 0.40) (Fig. 1C and G) and change in weight (P 5
0.63) (Fig. 1D) were observed between interventions.

Insulin Concentrations, GIRs, Glucose Concentrations,
and NEFA Concentrations During Clamp Studies
Median basal arterialized serum insulin concentrations
were comparable following each intervention (29.5 mU/
mL with dapagliflozin vs. 35.5 mU/mL with placebo,
median difference 5.0 mU/mL [95% CI �2.0 to 13.0]).
During the euglycemic and hypoglycemic phases of the
clamp study, serum concentrations of insulin, plasma
concentrations of glucagon, and GIRs were not statisti-
cally different between dapagliflozin and placebo inter-
ventions (Fig. 2A–C). The median basal blood NEFA
concentration was 0.37 mmol/L after dapagliflozin ver-
sus 0.16 mmol/L after placebo (median within-partici-
pant difference of 0.06 mmol/L [95% CI 0.03–0.22]; P 5
0.016) (Fig. 2D). Insulin infusion during the euglycemic
stage of the clamp suppressed NEFA levels similarly
between dapagliflozin and placebo studies, and NEFA
levels were not statistically different between interven-
tions during the hypoglycemic stage.

Counterregulatory Hormone Response
Median basal glucagon concentrations were higher follow-
ing dapagliflozin (15.5 pg/mL [95% CI 12.8–29.1]) versus
placebo (11.75 pg/mL [95% CI 8.54–19.7 pg/mL]; P 5
0.041) with a median within-participant difference of
2.75 pg/mL (95% CI 1.38–12.6). Basal glucagon concen-
trations correlated inversely with basal insulin concentra-
tions following dapagliflozin (r 5 �0.595; P 5 0.003)
and placebo (r 5 �0.490; P 5 0.021) and with CGM
average glucose (r 5 �0.492; P 5 0.020) and time above
range (r 5 �0.471; P 5 0.027) following dapagliflozin
but not placebo. Basal glucagon concentrations directly
correlated with basal b-hydroxybutyrate (r 5 0.554; P 5
0.007) and basal NEFA levels (r 5 0.518; P 5 0.014) fol-
lowing dapagliflozin but not placebo. Significant bivariate
correlations with basal glucagon were not observed for
CGM time in range or below range, weight change, or
average total daily dose of insulin following either inter-
vention. Median basal cortisol was slightly higher follow-
ing dapagliflozin (9.63 mg/dL [95% CI 9.09–12.1]) versus

placebo (8.93 mg/dL [95% CI 7.75–10.3]; P 5 0.029), with
a median within-participant difference of 1.65 mg/dL
(95% CI 0.157–2.91). Significant differences between
interventions were not observed for basal concentrations
of epinephrine (P 5 0.096), norepinephrine (P 5 0.924),
and growth hormone (P 5 0.058).

During the hypoglycemic phase of the clamp study,
there were no significant differences in the counterregu-
latory hormone responses between interventions (Fig.
3A–E). The median within-individual differences for
counterregulatory hormone AUC between interventions
(placebo minus dapagliflozin [i.e., positive value denotes
higher AUC for placebo, and negative value denotes
higher AUC following dapagliflozin]) were 0.75 pg/mL/
min (95% CI �3.1 to 3.8) for glucagon, �4.82 pg/mL/
min (95% CI �55.8 to 28.7) for epinephrine, �18.0 pg/
mL/min (95% CI �79.1 to 24.4) for norepinephrine,
0.12 ng/mL/min (95% CI �2.8 to 1.8) for growth hor-
mone, and �1.13 mg/dL/min (95% CI �2.66 to 0.0918)
for cortisol (Fig. 3F–I). The median time to recovery
from hypoglycemia (i.e., glucose level $70 mg/dL) was
32 min for placebo (95% CI 31–45) versus 40 min for
dapagliflozin (95% CI 36–44), with a median within-par-
ticipant difference of 6 min (95% CI �3 to 9; P 5 0.139)
(Supplementary Fig. 2).

To analyze a potential effect of antecedent hypoglyce-
mia, a subgroup analysis grouped participants into tertiles
based on their prerandomization CGM time below range
(Supplementary Fig. 3A–C). Within-tertile differences in
time below range between the two interventions were
minimal (Supplementary Fig. 3D–I). During the hypogly-
cemic clamp, the counterregulatory responses of glucagon
(Supplementary Fig. 3J–O) and epinephrine (Supple-
mentary Fig. 3P–U) were minimally different between
interventions within each tertile.

Hypoglycemia awareness during the study, as assessed
by the Edinburgh Hypoglycemia Symptoms Scale, did not
differ appreciably following the two treatments (P 5
0.641) (Supplementary Fig. 4A). Similarly, cognitive func-
tion, quantified using the Trail Making Test (part B) and
the Digit Symbol Substitution Test, differed minimally
(P 5 0.550 and P 5 0.962, respectively) (Supplementary
Fig. 4B and C).

DISCUSSION

In this trial, 22 participants with type 1 diabetes received
4 weeks of dapagliflozin 5 mg daily and 4 weeks of pla-
cebo in a randomized, double-blind, crossover design to
evaluate the effects of SGLT2 inhibition on the counterre-
gulatory response to hypoglycemia. This study builds

P values determined by Wilcoxon matched-pairs signed rank tests are indicated above brackets. Within-participant differences (placebo
minus dapagliflozin) for total daily dose of insulin (E), average (Avg) CGM glucose (F), and percent of time CGM glucose was <70 mg/dL
(G). Black vertical lines signify the median differences for the entire study cohort.
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upon prior work showing that SGLT inhibitors increase
glucagon concentrations in vitro (11,19–21) and in vivo
(12,13), as well as clinical trials of SGLT inhibitors in type
1 diabetes showing either no increase in hypoglycemia or
a decrease in hypoglycemia with concurrent glucose lower-
ing (9). The primary outcome of our study was glucagon
response to hypoglycemia during treatment with either
dapagliflozin or placebo for 4 weeks. Although we found a
32% higher basal glucagon concentration following dapa-
gliflozin treatment, SGLT2 inhibition did not restore the
glucagon counterregulatory response to hypoglycemia.

Studies of SGLT inhibitors as adjunct to insulin ther-
apy in type 1 diabetes have consistently shown no
increase in hypoglycemia risk, with some data suggesting
clinically relevant hypoglycemia is actually decreased with
SGLT inhibitor use (9,10). This may be related to the
observation that fasting concentrations of the counterre-
gulatory hormone glucagon are increased with SGLT inhi-
bition in both type 1 and type 2 diabetes (12,13), a
finding replicated in the current study. Indeed, we found
that the median fasting glucagon concentration following
dapagliflozin therapy was 32% higher than following pla-
cebo. Debate continues regarding the primary physiologic
mechanism underlying this observation. Earlier data sug-
gested that increased glucagon secretion is due to a direct
effect of SGLT inhibition on pancreatic a-cells (11,19,20).
A subsequent study suggested an intraislet effect, by
which SGLT inhibition decreases somatostatin secretion
from d-cells, relieving a-cells of paracrine suppression and
increasing glucagon release (21). However, more recent
work has challenged these hypotheses by reporting very
low or absent SGLT2 protein expression in human islets
and no effect of SGLT inhibition on the secretion of
somatostatin or glucagon from isolated perfused rat or
mouse pancreases, human islets in vitro, or human islets
transplanted to mice (22–24). These data favor an indi-
rect effect of SGLT inhibitors on a-cell activity in which
falling blood glucose, due to glycosuria, stimulates gluca-
gon release to increase endogenous glucose production
(22,23).

Just as the mechanism of the SGLT inhibitor glucago-
notropic effect remains controversial, so, too, does the
relevance of this phenomenon in reducing clinical hypo-
glycemia. To date, there is a paucity of human data
exploring the relationship between SGLT inhibition and
glucagon secretion during hypoglycemia. To our knowl-
edge, the current study is the first to investigate
whether this class of medications can restore the coun-

-90 -75 -60 -45 -30 -15
0

20

40

60

80

0 15 30 45

Se
ru

m
In

su
lin

(�
U

/m
L)

Dapagliflozin
Placebo

Euglycemic clamp Hypo clamp

Insulin infusion (30 mU/m2/min)
20% Dextrose infusion (variable)

-90 -75 -60 -45 -30 -15
0

2

4

6

8

0 15 30 45

G
IR

(m
g/

kg
/m

in
)

-90 -75 -60 -45 -30 -15
0

50

100

150

0 15 30 45

Pl
as

m
a

G
lu

co
se

(m
g/

dL
)

-90 -75 -60 -45 -30 -15
0.0

0.2

0.4

0.6

0.8

0 15 30 45
Time (min)

Bl
oo

d
NE

FA
(m

m
ol

/L
)

A

B

C

D

Figure 2—Arterialized plasma concentrations of insulin (A), GIR
(B), arterialized plasma concentration of glucose (C), and blood
NEFA levels (D) during hyperinsulinemic-hypoglycemic clamp
studies after 4 weeks of placebo (red squares) or dapagliflozin
(blue circles) in the crossover study. Data are summarized as
medians and 95% CIs.

516 SGLT2 Inhibition, Glucagon, and Hypoglycemia Diabetes Volume 71, March 2022



-90 -75 -60 -45 -30 -15
0

10

20

30

40

0 15 30 45

Pl
as

m
a

gl
uc

ag
on

(p
g/

m
L) Dapagliflozin

Placebo

Euglycemic clamp Hypo clamp

Insulin infusion (30 mU/m2/min)

20% Dextrose infusion (variable)

-20 0 20

Larger glucagon
response on Dapa

Larger glucagon
response on Placebo

Difference in glucagon AUC
during

hypoglycemia (pg/mL/min)

-90 -75 -60 -45 -30 -15
0

100

200

300

400

500

0 15 30 45

Pl
as

m
a

Ep
in

ep
hr

in
e

(p
g/

m
L)

-200 -100 0 100 200

Larger epinephrine
response on Dapa

Larger epinephrine
response on Placebo

Difference in epinephrine AUC
during

hypoglycemia (pg/mL/min)

-90 -75 -60 -45 -30 -15
0

200

400

600

800

0 15 30 45Pl
as

m
a

N
or

ep
in

ep
hr

in
e

(p
g/

m
L)

-400 -200 0 200 400

Larger norepinephrine
response on Dapa

Larger norepinephrine
response on Placebo

Difference in norepinephrine AUC
during

hypoglycemia (pg/mL/min)

-90 -75 -60 -45 -30 -15
0

10

20

30

0 15 30 45Se
ru

m
gr

ow
th

ho
rm

on
e

(n
g/

m
L)

-20 -10 0 10 20
Difference in growth hormone

AUC
during hypoglycemia (ng/mL/min)

Larger GH
response on Dapa

Larger GH
response on Placebo

-90 -75 -60 -45 -30 -15
0

5

10

15

20

25

0 15 30 45
Time (min)

Se
ru

m
Co

rt
is

ol
(�

g/
dL

)

-10 -5 0 5 10

Larger cortisol
response on Dapa

Larger cortisol
response on Placebo

Difference in cortisol AUC
during hypoglycemia (µg/dL/min)

A

B

C

D

E

F

G

H

I

J

Figure 3—Arterialized plasma concentrations of glucagon (A), epinephrine (B), norepinephrine (C), growth hormone (D), and cortisol (E)
during hyperinsulinemic-hypoglycemic clamp studies after 4 weeks of placebo (red squares) or dapagliflozin (Dapa; blue circles) in the
crossover study. Data are summarized as medians and 95% CIs. Within-participant differences (placebo minus dapagliflozin) for counter-
regulatory hormones AUC in response to hypoglycemia for glucagon (F), epinephrine (G), norepinephrine (H), growth hormone (GH; I), and
cortisol (J). Black vertical lines signify the median differences for the entire study cohort.
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terregulatory hormone response. The results of this
trial demonstrate that SGLT2 inhibition has no signifi-
cant effect on the glucagon counterregulatory response
to insulin-induced hypoglycemia in adults with type 1
diabetes.

We also found no difference between the dapagliflozin
and placebo interventions in hypoglycemia awareness,
cognitive function, or time to recovery (blood glucose
$70 mg/dL) during hyperinsulinemic-hypoglycemic clamp
studies. It remains possible that the SGLT inhibitor–in-
duced increase in basal glucagon, by itself, helps protect
against hypoglycemia. However, we found no difference
between the dapagliflozin and placebo interventions in
percent of time in hypoglycemia (CGM <70 mg/dL), and
we detected no significant correlation between basal glu-
cagon concentrations and percent of time in hypoglyce-
mia in either intervention. This finding is consistent with
data from previous clinical trials in type 1 diabetes that
showed rates of hypoglycemia were similar among study
participants who received dapagliflozin 5 mg, dapagliflo-
zin 10 mg, or placebo (25–27). To study the effects of
SGLT inhibition while minimizing the risk of adverse
events, such as diabetic ketoacidosis, we chose the lower
available dose of dapagliflozin (5 mg), which is also the
dose approved for use in type 1 diabetes in Europe (15).
It is possible that the higher dose of dapagliflozin or a dif-
ferent SGLT inhibitor medication would lead to different
results. Given differences in study design, investigational
product, and treatment duration, we do not believe our
results contradict those of Danne et al. (10), whose post
hoc analysis of 1,362 participants with type 1 diabetes
found a reduction in hypoglycemia among those taking
the dual SGLT1/2 inhibitor sotagliflozin.

This study has some limitations. First, participants
had very good glycemic control at baseline, with median
HbA1c 6.6% (49 mmol/mol) and interquartile range
6.1–7.2% (43–55 mmol/mol). Thus, the ability to gener-
alize our findings to individuals with significantly higher
HbA1c is limited; SGLT inhibitor therapy may have dif-
ferent effects on average blood glucose, insulin require-
ments, weight loss, and fasting glucagon concentrations
in this population. Second, participants had high rates
of ambulatory hypoglycemia by CGM, with an average of
14% time <70 mg/dL at baseline and 10–13.5% time
<70 mg/dL during treatment. This finding was surpris-
ing, given most participants did not meet criteria for
impaired awareness of hypoglycemia based on Clarke
scores, and none had recent severe hypoglycemia (exclu-
sion criteria). Because of the increased rates of hypogly-
cemia and greater potential for hypoglycemia-associated
autonomic failure (HAAF), we conducted subgroup anal-
yses to ascertain whether a potential difference in the
counterregulatory response was blunted in the tertile
with more frequent hypoglycemia but present in a tertile
with less frequent hypoglycemia. We found no substan-
tial differences between interventions in the counter-

regulatory response whether antecedent hypoglycemia
was lower or higher. This finding implies HAAF did not
meaningfully blunt a difference in the counterregulatory
response that would have otherwise existed had HAAF
been absent. Unfortunately, a recent publication by
Galindo et al. (28) shows that the CGM system used in
our study, FreeStyle Libre Pro, reports lower mean daily
glucose and higher rates of hypoglycemia (especially noc-
turnal and prolonged hypoglycemia) when compared
with point-of-care capillary glucose testing. These data
raise the distinct possibility that CGM time in hypogly-
cemia was overestimated in our study.

In summary, SGLT2 inhibitor treatment increased median
basal glucagon concentrations but did not enhance the coun-
terregulatory hormone response to insulin-induced hypogly-
cemia among participants with type 1 diabetes. While the
ultimate effects of SGLT2 inhibition on a-cell function
remain controversial, we believe that our study provides
definitive evidence that, when used in clinically relevant
doses, SGLT2 inhibition does not alter the physiological
response to hypoglycemia, improve recovery from
hypoglycemia, or improve cognitive function during
episodes of hypoglycemia. Thus, we propose that any
reductions in hypoglycemia associated with SGLT inhib-
itor use are due to other variables, such as lower insulin
dosing or decreased glycemic excursions, rather than a
direct pharmacological effect of the medication during
hypoglycemia.

Our mechanistic findings do not detract from the
potential clinical benefit of SGLT inhibitors in this popu-
lation. Indeed, we believe this study sheds light on and
provides hope for the use of adjunctive therapies in type
1 diabetes in general. Lowering the risk of clinical hypo-
glycemia may be possible by reducing insulin doses and
improving glucose control (i.e., reducing glycemic variabil-
ity) rather than requiring a specific alteration in glucose
counterregulation. In support of this theory, our own
work with a glucagon receptor antagonist as adjunct to
insulin in participants with type 1 diabetes has shown
that this therapy improves glycemic control, reduces insu-
lin doses, and does not increase rates of hypoglycemia
(29). Though further study in this area is needed, treat-
ments that reduce insulin requirements, whether by
directly lowering glucose or by addressing insulin resis-
tance, may mitigate the adverse effects of insulin therapy
including weight gain and hypoglycemia.
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