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Glucagon is classically described as a counterregula-
tory hormone that plays an essential role in the pro-
tection against hypoglycemia. In addition to its role in
the regulation of glucose metabolism, glucagon has
been described to promote ketosis in the fasted state.
Sodium–glucose cotransporter 2 inhibitors (SGLT2i) are
a new class of glucose-lowering drugs that act primarily
in the kidney, but some reports have described direct
effects of SGLT2i on a-cells to stimulate glucagon se-
cretion. Interestingly, SGLT2 inhibition also results in
increased endogenous glucose production and ketone
production, features common to glucagon action. Here,
we directly test the ketogenic role of glucagon in mice,
demonstrating that neither fasting- nor SGLT2i-induced
ketosis is altered by interruption of glucagon signaling.
Moreover, any effect of glucagon to stimulate ketogen-
esis is severely limited by its insulinotropic actions.
Collectively, our data suggest that fasting-associated
ketosis and the ketogenic effects of SGLT2 inhibitors
occur almost entirely independent of glucagon.

The current view of glucagon physiology is that it acts as
the catabolic counterbalance to insulin, maintaining ade-
quate amounts of blood glucose in states where it is
threatened, such as starvation, exercise, and hypoglycemia
(1,2). Glucagon is secreted into the hepato-portal circula-
tion and has well-described effects to promote hepatic
glucose production by increasing glycogenolysis and glu-
coneogenesis (1). Another important effect of glucagon in
the liver is to reduce glucose consumption by increasing

the oxidation of fatty acids, a shift in fuel utilization that
coordinates energy needs and glucose production (2). The
actions of glucagon to increase lipid oxidation, including
the production of ketone bodies that is a downstream end
point of this process, have been defined by numerous
experiments with cultured hepatocytes (3–5). Moreover,
the classic studies of Gerich et al. (6), using somatostatin to
reduce circulating glucagon and mitigate diabetic ketoaci-
dosis (DKA), add to the now ingrained belief that glucagon
has both glucogenic and ketogenic activities.

Sodium–glucose cotransporter 2 inhibitors (SGLT2i)
are a new class of medications used in type 2 diabetes
(T2D) that have been implicated in causing ketosis. These
drugs act by blocking reabsorption of glucose in the
proximal tubules of the kidneys, leading to substantial
glucosuria (7). In addition to improved glycemia and
modest weight loss, reductions of adverse cardiovascular
and renal complications of T2D have been demonstrated
with use of SGLT2i in recent clinical trials (8). However, it
is now clear that SGLT2i have consistent effects to raise
circulating ketone bodies and, in uncommon instances, can
precipitate DKA, particularly among insulinopenic patients
(9–16). While the mechanism by which SGLT2i causes
ketosis has not been established, patients treated with
these agents have elevations in circulating glucagon and
increased hepatic glucose production. Remarkably, there is
some evidence that SGLT2 is expressed by the islet a-cells
that secrete glucagon, leading to the hypothesis that in-
creased glucagon mediates SGLT2i effects in the liver
(17–19).
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Ketogenesis is considered to be controlled by the islet
hormones, insulin and glucagon (20). Insulin strongly
inhibits ketosis, predominantly by reducing lipolysis in
adipocytes and reducing the supply of free fatty acids, the
substrate for ketone body production. In addition, insulin
may have direct effects at the level of the hepatocyte by
lowering intracellular cAMP (21). In contrast, glucagon
potently increases cAMP in hepatocytes, a signal that has
been tied to both lipid and glucose metabolism (22).
Consequently, the plasma insulin-to-glucagon ratio has
long been purported to dictate the rates of ketogenesis
(23). For example, it has been proposed that DKA second-
ary to SGLT2 inhibition occurs through a drug-induced
increase in glucagon in an insulinopenic patient (10).
However, this explanation was recently put in doubt in
a study that implicated dehydration and insulinopenia as
necessary components of dapagliflozin-induced ketosis in
a rat model (24). In this study, the authors demonstrated
that glucagon was elevated in response to SGLT2i inde-
pendent of hydration state, while ketosis in this study
required dehydration in the setting of insulinopenia, rais-
ing some doubt as to the contribution of glucagon to
SGLT2i-induced ketosis.

We recently challenged the primacy of a catabolic,
counterregulatory role for glucagon by demonstrating that
glucagon has a significant impact on glucose metabolism as
an insulin secretagogue (25,26), an observation also noted
by other investigators (27,28). In the current study, we
sought to directly investigate the importance of glucagon
in the regulation of physiologically (fasting) or pharma-
cologically (SGLT2i) induced ketosis. Herein, we demon-
strate that loss of glucagon signaling does not modulate
ketone production in response to fasting or SGLT2i.
Importantly, we demonstrate that glucagon is only capable
of increasing ketone production in the context of complete
loss of insulin signaling. Moreover, we reveal that SGLT2i-
induced ketosis occurs independently of the actions of
insulin and glucagon.

RESEARCH DESIGN AND METHODS

Reagents
Dapagliflozin was purchased from Advanced ChemBlocks
Inc. and prepared fresh in PBS. Glucagon receptor–blocking
antibody (Ab-4) was prepared in PBS and kindly provided by
Eli Lilly and Company. Glucagon (Gcg) was purchased from
Sigma-Aldrich, and stocks were prepared in 0.3% acetic
acid. Epinephrine was purchased from Sigma-Aldrich and
prepared fresh in PBS for each experiment. Streptozotocin
[STZ] was purchased from Sigma-Aldrich and prepared in
sodium citrate buffer. S661, an insulin receptor antagonist
(29), was prepared in PBS and was kindly provided by B.F.
from Novo Nordisk.

Animals
All mouse procedures were approved and performed in
accordance with the Duke University Institutional Animal
Care and Use Committee. Experiments were performed in

8- to 20-week-old mice of the C57Bl6 background. Mice
were housed under a 12-h light/dark cycle and provided
free access to a normal chow diet. WT mice were either
bred in-house or purchased from The Jackson Laboratory.
Gcg2/2 mice, described previously (30), were generated by
breeding Gcg1/2 mice. Cage-matched Gcg1/1 mice served
as controls.

Dapagliflozin Treatment
Mice were fasted for 3 h in the morning before receiv-
ing orally administered dapagliflozin (10 mg/kg) in PBS.
Plasma was collected 3 or 6 h post–dapagliflozin treat-
ment. Mice had ad libitum access to water throughout the
experiments. For glucagon studies, glucagon (20 mg/kg)
was injected 3 h post–dapagliflozin treatment. For studies
using Ab-4, Ab-4 (10 mg/kg) was administered 24 h prior
to dapagliflozin treatment.

Fast and Refeed
Food was removed from mice at the end of the light cycle.
Plasma was collected at the beginning of the following light
cycle after ;12–14 h of fasting. Food was then provided
and plasma collected after 30–60 min of refeeding. For
studies using Ab-4, 10 mg/kg i.p. was administered 24 h
prior to fasting plasma collection.

S661 and STZ Treatment
S661 was injected (20 nmol/mouse i.p.). For STZ treat-
ment, mice were injected for two consecutive days with
120 mg/kg i.p. STZ in sodium citrate buffer. Control mice
were injected with sodium citrate buffer. Mice received
subsequent doses of STZ as needed until fed glycemia
was $350 mg/dL. For experiments using STZ/S661, only
mice with postfeeding blood glucose .400 mg/dL were
used. For STZ/S661 plus dapagliflozin experiments, mice
were fasted for 3 h prior to dapagliflozin administration at
t 5 0. S661 was administered 1 h before blood glucose
and ketone measurement at t 5 3 h. For STZ/S661 plus
glucagon experiments, mice were fasted for 5 h and then
injected at t 5 260 min with S661, and glucagon was
injected 1 h later at t 5 0.

Metabolic and Hormone Measurements
Blood glucose was measured from tail blood using a gluco-
meter (Contour). b-Hydroxybutyrate (bOHB) was mea-
sured using a ketometer (Precision Xtra), which we validated
by the measurement of known concentrations of bOHB
spiked into either plasma from a fed mouse to achieve low
bOHB levels. Values from the ketometer averaged614.25%
of the expected concentrations across a range of bOHB
from 0 to 2 mmol/L. Assay variability was 12.9% when the
same sample was read three times. Plasma nonesterified
fatty acid (NEFA) concentrations were measured by enzy-
matic assay (Wako Diagnostics). Plasma insulin and glu-
cagon were measured by ELISA (Mercodia). Insulin and
glucagon levels that were undetectable were assigned the
lowest value on the standard curve.
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Statistical Analysis
All data are presented as mean 6 SEM. Statistical anal-
yses were performed using GraphPad Prism 7. t tests or
one-way or two-way ANOVA were performed, depending
on the experiment, with a Bonferroni post hoc analysis.
P , 0.05 was determined to identify statistically signif-
icant differences.

Data and Resource Availability
All original data and key resources supporting this work
will be made available upon reasonable request.

RESULTS

Physiologic and Pharmacologic Ketosis Is Not
Temporally Associated With Peripheral Glucagon
Levels
To establish a dynamic range for the circulating concen-
tration of ketones and hormones, we fasted wild-type (WT)
animals overnight (;16 h), followed by a 1-h refeeding
period. We measured bOHB to assess ketosis, as it is the
predominant circulating ketone and shows the greatest
dynamic range in humans (31). As expected, prolonged
fasting was characterized by low glycemia, which was
quickly reversed by refeeding (Fig. 1A). The fasted state
was also characterized by elevated circulating bOHB and
NEFA concentrations, which were substantially reduced
by refeeding (Fig. 1B and C). Plasma insulin was low
following the fast, with many of the samples below the

level of detection, and increased robustly following refeeding
(Fig. 1D). Plasma glucagon levels were elevated by fasting
(ambient concentrations are typically ,10 pmol/L [see Fig.
1J]), and refeeding led to a modest, but nonsignificant,
reduction in glucagon levels (P 5 0.06) (Fig. 1E). This
paradigm of fasting/refeeding produces clear and easily
measurable changes in ketosis, reflected in bOHB levels,
accompanied by the expected effects on glycemia, NEFA,
insulin, and glucagon concentrations. Consequently, we
used fasting as a physiological stimulus for ketosis.

We next established a pharmacological ketogenic stim-
ulus with the SGLT2i dapagliflozin. Dapagliflozin-induced
ketosis has been demonstrated in both rodent and human
studies (17,18,24,32–34). We determined the kinetic pro-
file of dapagliflozin by fasting WT mice for 3 h at the
beginning of the light cycle (7:00 A.M.) to establish a starting
baseline, followed by gavage of dapagliflozin and monitor-
ing for an additional 6 h. This protocol involves a total of
9 h of fasting during the lights-on period in both control
and treatment groups (7:00 A.M.–4:00 P.M.). Dapagliflozin
treatment induced a greater drop in glycemia compared
with control groups (Fig. 1F). Analysis of urine from mice
collected at the end of the 6-h treatment confirmed sub-
stantial glucosuria (Supplementary Fig. 1) (mean 6 SEM
for control: 17.16 1.9 mg/dL and dapagliflozin: 8,767.26
578.7 mg/dL). We also observed significantly elevated
bOHB levels in dapagliflozin-treated mice at 3 h and
6 h post-treatment (Fig. 1G), concurrent with elevated

Figure 1—Physiologic and pharmacologic ketosis is not temporally associated with peripheral glucagon levels. Mice were fasted overnight
and refed at 8:00 A.M. for 30 min, and glycemia (A), bOHB (B), NEFA (C), insulin (D), and glucagon (E ) were measured. Mice were fasted for 3 h
and then administered PBS or dapagliflozin (10 mg/kg), and glycemia (F ), bOHB (G), NEFA (H), insulin (I), and glucagon (J) were measured
over the following 6 h. Data are shown asmean6SEM. *P, 0.05. Datawere analyzed by a two-tailed Student t test (A–E ) or two-way ANOVA
(F–J).
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concentrations of plasma NEFA (Fig. 1H). Insulin levels
were not significantly altered by dapagliflozin (Fig. 1I), but
treatment did increase plasma glucagon at the 6-h time
point (Fig. 1J). Thus, dapagliflozin-stimulated plasma
glucagon occurred after detectable changes in glycemia,
ketones, and NEFAs.

We next tested direct effects of SGLT2i on islet cell
secretion in perifusion experiments. Mouse islets treated
with 200 ng/mL dapagliflozin at various glucose concen-
trations failed to increase glucagon secretion at either low-
or high-glucose concentrations (Supplementary Fig. 2). We
have previously shown that stimulating glucagon secretion
at high glucose concentrations produces a concurrent
increase in insulin secretion (25). Dapagliflozin did not
stimulate insulin secretion at low glucose or high glucose
concentrations. Together, these findings demonstrate that
there is little to no direct effect of SGLT2 inhibition on islet
hormone secretion in mice.

Recently, SGLT2i has been postulated to increase ketones
through a mechanism linked to dehydration and insulino-
penia but independent of glucagon secretion (24). Our initial
observations were made in mice with ad libitum access to
water, but we hypothesized that our results could be am-
plified in dehydrated mice. To test this, we administered
dapagliflozin and measured circulating ketones in mice with
restricted or ad libitum access to water. Dapagliflozin treat-
ment reduced body weight (a marker of dehydration [24])
and increased bOHB to a similar extent in both conditions
(Supplementary Fig. 3A and B). Interestingly, restricting
water intake independent of dapagliflozin treatment dou-
bled the amount of weight loss (not significant) and
limited the rise of bOHB concentrations over the treat-
ment period (Supplementary Fig. 3). Consequently, while
we did see a modest interaction between hydration status
and ketone levels, we were unable to demonstrate that this
interaction influenced dapagliflozin-induced ketogenesis
in the 3-h protocol used. Hereafter, all experiments were
performed in mice provided water ad libitum.

Loss of Glucagon Signaling Does Not Impair
Physiologic or Pharmacologic Ketosis
Our observation that dapagliflozin elevates ketone levels
prior to a rise in glucagon levels supports a mechanism of
lipolysis and ketogenesis independent of glucagon. How-
ever, we cannot completely rule out the contribution of
glucagon based on our measurement of temporal changes
in tail vein plasma concentrations. Indeed, measuring glu-
cagon levels in the tail vein is not always reflective of the
dynamic changes occurring in the portal circulation (26,35),
which is proximal to hepatocytes and more relevant for
ketone metabolism. To directly assess the contribution of
glucagon to ketogenesis, we interrupted glucagon signaling
through two independent strategies: 1) blocking glucagon
action by treatment with Ab-4 (25,36,37), an anti-GCGR
human IgG4 antibody (GRA) (Fig. 2) and 2) studying mice
with deletion of the preproglucagon gene (Gcg) and com-
plete loss of proglucagon-derived peptides (Gcg2/2) (30)

(Fig. 3). For the GRA experiments, mice were injected
24 h prior to the initiation of a 3-h fast, after which
dapagliflozin or control gavage was performed, and the
mice were monitored for an additional 3 h (Fig. 2A and B).
As expected, both GRA and dapagliflozin independently
lowered glycemia (Fig. 2C). However, dapagliflozin in-
creased bOHB levels comparably in both control and GRA-
treated mice (Fig. 2D), demonstrating that glucagon
receptor activity is dispensable for SGLT2i-induced keto-
sis. To test this in the context of physiological ketosis, we
administered the GRA prior to the fasting and refeeding
protocol (Fig. 2B). The GRA significantly lowered both
fasting and fed glycemic levels, a biomarker of its phar-
macological activity (Fig. 2E), but did not alter bOHB levels
in the fasting or fed state (Fig. 2F). Together, these data
demonstrate that antagonism of the glucagon receptor
does not interfere with physiological or pharmacological
ketosis, suggesting that glucagon receptor signaling is not
essential for ketogenesis.

Glucagon receptor antagonism leads to substantial
increases in both glucagon and glucagon-like peptide 1 (GLP-1)
levels (38,39). We, and others, have shown that proglu-
cagon products, including glucagon and GLP-1, strongly
increase b-cell tone and insulin secretion through the
GLP-1 receptor (GLP-1R) (25,26,40). Elevated insulin se-
cretion in response to the GRA could inhibit ketogenesis
and confound our interpretation of the direct involvement
of glucagon. To avoid this possibility, we complemented
our GRA experiments with an alternative approach using
Gcg2/2 mice (30) (Fig. 3A). Following the same experi-
mental protocol used in the GRA experiments (Fig. 2B), we
found that dapagliflozin reduced glycemia and increased
bOHB levels to the same extent in both WT and Gcg2/2

mice (Fig. 3B and C). Moreover, Gcg2/2 mice displayed
similar glycemia and bOHB compared with WT mice in
both the fasted and refed states (Fig. 3D and E). These data
provide additional evidence that loss of glucagon signaling
does not impair ketosis in mice in response to either
physiological or pharmacological stimuli.

Glucagon and Epinephrine Have Opposing Effects on
Ketogenesis, Lipolysis, and Insulin Levels
Although we demonstrate that endogenous glucagon sig-
naling is dispensable for ketosis in response to either
fasting or SGLT2 inhibition, we cannot rule out that
supraphysiologic glucagon concentrations, e.g., associated
with disease states such as decompensated diabetes or
exogenous hormone administration, can induce ketosis.
Indeed, previous studies using a perfused rodent liver
technique suggest that infusion of glucagon should amplify
ketogenesis (4). To test the hypothesis that exogenous
glucagon administration can enhance ketosis, we admin-
istered glucagon (20 mg/kg i.p.) to WT mice fasted for 5 h.
We previously reported that this dose is sufficient to
activate glucagon receptors on hepatocytes, with minimal
activity on b-cells (26). Exogenous glucagon transiently
elevated glycemia at 10 min post–glucagon injection (Fig. 4A)
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but decreased bOHB levels 20 min post-injection (Fig. 4B).
The reduction of ketone levels was exaggerated at a higher
dose of glucagon (1 mg/kg)—a dose that does activate
b-cells and potently enhances insulin secretion while
lowering glycemia (26) (Supplementary Fig. 4). Together
these findings are consistent with insulinotropic effects of
glucagon apparent in the level of ketosis, which is very
sensitive to suppression by insulin. In contrast, epinephrine
given under the same experimental conditions robustly
increased both glycemia and bOHB (Fig. 4C and D). Further
analysis revealed that glucagon stimulated insulin secretion
and reduced NEFA concentrations, while epinephrine re-
duced insulin levels and enhanced NEFA concentrations
(Fig. 4E and F). These data align with our recent reports
demonstrating the potent insulinotropic properties of glu-
cagon (26), while epinephrine inhibits the b-cell as pre-
viously described (41,42). These findings suggest that
insulinotropic responses to glucagon severely limit any direct
hepatic ketogenic effects in vivo.

To more directly test the hypothesis that glucagon-
stimulated insulin secretion accounts for the apparent
lack of ketogenic activity, we used a model to limit
the insulinotropic potential of glucagon while also in-
creasing NEFA levels to ensure sufficient substrate for

ketogenesis. Glucagon stimulates insulin through the
GLP-1R and GCGR on b-cells, which are glucose-dependent
GPCRs that have minimal activity at low glucose con-
centrations (26). Based on this, we administered gluca-
gon to mice fasted overnight to reduce glycemia and
plasma insulin levels and limit the impact of glucagon on
b-cell activity (Fig. 1D). In this setting, 20 mg/kg glucagon
produced a more robust increase in glycemia compared
with a 5-h fast, suggesting that the lower ambient glyce-
mia after overnight fasting blunted glucagon action on
b-cells (Fig. 4G). Even under these conditions, though,
glucagon did not produce any effect on bOHB levels (Fig.
4H), but it reduced NEFA levels (Fig. 4I), suggesting that
an overnight fast is not sufficient to prevent glucagon-
stimulated insulin secretion in response to glucagon
treatment. However, both unstimulated and stimulated
insulin concentrations measured from the tail vein
remained below the detection level of the assay (data
not shown). Thus, we are only able to infer that the
decrease in NEFA levels in response to glucagon is due
to small increases in insulin secretion undetected in our
sampling. Treatment with dapagliflozin, which signifi-
cantly increased NEFA levels (Fig. 1H), limited the glycemic
excursion in response to glucagon. However, glucagon did

Figure 2—Glucagon receptor blockade with a blocking antibody does not impair physiologic or pharmacologic ketosis. A: Schematic of
strategy to block glucagon receptor with blocking antibody Ab-4 (10 mg/kg). B: Timing of treatment with glucagon blockade with respect to
intervention with dapagliflozin (Dapa) or fasting and refeeding. Glycemia (C) and bOHB (D) in response to dapagliflozin following Ab-4
treatment. Glycemia (E) and bOHB (F ) in response to fasting and refeeding following Ab-4 treatment. Data are shown as mean6 SEM. *P,
0.05. Data were analyzed by two-way ANOVA (C–F ). hrs, hours.
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not further increase bOHB levels (Supplementary Fig. 5B),
or lower circulating NEFA (Supplementary Fig. 5C), in
response to dapagliflozin. Thus, exogenous glucagon is
unable to induce ketosis in healthy mice even in the context
of high circulating NEFA and low glycemia.

Blockade of Insulin Receptor Signaling Is Not Sufficient
to Permit Glucagon-Stimulated Ketogenesis
Although the insulinotropic potential of glucagon is sub-
stantially decreased following the reduction in glycemia
with fasting, we cannot rule out small changes in insulin
secretion induced by exogenous glucagon in fasted mice.
This could be attributed either to modest effects of glu-
cagon directly on the b-cell or to a secondary effect due to
the rise in glycemia. Experimental ketosis stimulated by
glucagon has been demonstrated in isolated hepatocytes,
in perfused pancreas, or following somatostatin infusion
to suppress insulin secretion (3–6)—all scenarios that
eliminate the potential contribution of glucose- or glucagon-
stimulated insulin secretion. Based on our findings, we
hypothesized that any glucagon activity on b-cells could
be sufficient to prevent ketosis. To test this, we sought
to eliminate any contribution of insulin action. First, we
used the insulin receptor antagonist S661 (29) to block
the effects of any glucagon-stimulated insulin secretion.

Treatment of healthy WT mice with i.p. injection of
S661 potently elevated glycemia (Fig. 5A), bOHB levels
(Fig. 5B), and plasma NEFA (Fig. 5C), confirming the
strong inhibition of ketogenesis by insulin. To determine
whether exogenous glucagon enhanced ketone production
in the setting of insulin receptor blockade, we coadminis-
tered glucagon and S661. However, in mice treated acutely
with S661, glucagon did not have an additive effect to
increase glycemia, ketone levels, or NEFA concentrations
(Fig. 5D–F). We conclude from these data that even with
insulin receptor blockade, glucagon does not stimulate
ketosis.

Glucagon Stimulates Ketosis in the Context of
Complete Lack of Insulin Signaling
Previous work demonstrated that blockade of insulin
receptors by a structurally similar insulin receptor antag-
onist, S961, was unable to completely eliminate insulin
signaling and mimic the situation of C-peptide–negative
diabetes (43,44). However, lack of insulin signaling can be
reasonably obtained by the combination of insulin recep-
tor antagonism in mice with near complete b-cell destruc-
tion with STZ (43). To test the effects of glucagon in
a model of complete loss of insulin signaling, we first
treated mice with STZ to induce hyperglycemia and then

Figure 3—Loss of proglucagon products does not impair physiologic or pharmacologic ketosis. A: Schematic of Gcg2/2 loss of function,
which is characterized by loss of glucagon from the a-cell but intact Gcgr signaling in the liver. Glycemia (B) and bOHB (C) in response to
dapagliflozin (Dapa) in Gcg2/2 mice or cage-matched controls. Glycemia (D) and bOHB (E ) in response to fasting and refeeding in Gcg2/2

mice or cage-matched controls. Data are shown as mean 6 SEM. *P , 0.05. Data were analyzed by two-way ANOVA (B–E).
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acutely added S661 (Fig. 6A). In this setting, glucagon
enhanced the level of hyperglycemia (Fig. 6B) and poten-
tiated an increase in bOHB (Fig. 6C–E). NEFA levels were
comparable between control and glucagon-treated groups
(Fig. 6F), indicating that the ketogenic effect of glucagon is
likely not mediated peripherally through effects on lipol-
ysis. These data demonstrate that glucagon is capable of
increasing ketone levels in the setting of complete lack of
insulin signaling, which is in agreement with previous
reports documenting the ketogenic potential of glucagon

in isolated hepatocytes (3,5) or experimental models that
prevent insulin signaling (4,6).

Next, we tested the ketogenic potential of dapagliflozin in
the experimental setting of absent insulin signaling (Fig. 6G).
Following treatment with the combination of STZ and S661,
the addition of dapagliflozin decreased glycemia and fur-
ther increased blood bOHB (Fig. 6H and I), similar to the
effects noted in healthy, untreatedWTmice (Fig. 1F and G).
Interestingly, there were no apparent changes in NEFA
levels induced by dapagliflozin treatment in the STZ1S661

Figure 4—Glucagon and epinephrine have opposing effects on ketogenesis, lipolysis, and insulin levels. A and B: Mice were injected with 20
mg/kg glucagon, and glycemia (A) and bOHB (B) weremeasured. The change frombaseline to 20minwas calculate for both glucose and bOHB.
C and D: Mice were injected with 1 mg/kg epinephrine (EPI), and glycemia (C) and bOHB (D) were measured. The change from baseline to
20 min was calculated for both glucose and bOHB. E and F: Baseline (0) and 10 min (10)-stimulated NEFA (E) and insulin (F) were measured in
response to 20 mg/kg glucagon or 1 mg/kg epinephrine.G–I: Mice were fasted overnight (O/N), followed by an injection of glucagon (20 mg/kg).
Glycemia (G), bOHB (H), and NEFA (I) weremeasured. Data are shown asmean6SEM. *P, 0.05. Datawere analyzed by two-way ANOVA (A–I)
or two-tailed Student t test (D values for A–D).
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mice (Fig. 6J), whereas dapagliflozin robustly increased
NEFA levels in untreated WT mice (Fig. 1H). This suggests
that lipolysis was already maximally stimulated by STZ/
S661 treatment. Dapagliflozin also failed to alter NEFA
levels in untreated, healthy WT mice fasted overnight where
insulin concentrations are considerably decreased (Supplemen-
tary Fig. 6). Together, these data suggest that in the setting of
extremely low to absent insulin signaling, lipolysis and NEFA
levels are elevated and unable to be further enhanced by
SGLT2i. Thus, the increase in ketone levels induced by dapa-
gliflozin in these settings is independent of changes in insulin
or NEFA levels (Fig. 6 and Supplementary Fig. 6).

Finally, based on our observation that glucagon can
stimulate ketosis with absent insulin signaling, we sought to
test the potential role of glucagon for dapagliflozin-induced
ketosis in the setting of absent insulin signaling. To do so,
we administered the GRA to mice made hyperglycemic with
STZ and acutely treated with S661. STZ-treated mice re-
ceived an IgG control antibody or GRA 24 h before
dapagliflozin treatment. S661 was then administered 2 h
post–dapagliflozin administration, and glycemia and ketones
were assessed 1 h after S661. Blocking glucagon action in
mice treated with dapagliflozin/STZ/S661 did not impact
glycemia (Fig. 6K) or circulating bOHB (Fig. 6L), indicating

that glucagon is not necessary for dapagliflozin-induced
ketosis even in the context of absent insulin signaling.

DISCUSSION

Our findings directly challenge the dogma that glucagon is
a primary factor in the regulation of ketone production.
Here we demonstrate that glucagon is neither necessary nor
sufficient to facilitate the increase in ketone production in
response to either physiological (fasting) or pharmacological
(SGLT2i) stimuli. A key feature of our experiments is that
they were performed in vivo, while previous work support-
ing a central role for glucagon in ketone production used
isolated cells or study conditions that limited the input of
other regulatory factors on the liver (3–6). A crucial aspect
of this study is our focus on the effects of glucagon action in
the context of normal physiology, which, importantly,
incorporates the actions of glucagon on b-cells. Our find-
ings clearly demonstrate that the insulinotropic actions of
glucagon in b-cells severely limit any ketogenic activity at
the liver. Even reducing the ability for glucagon to enhance
insulin signaling by either lowering glycemia with pro-
longed fasting (Fig. 5 and Supplementary Fig. 6) or using
an insulin receptor antagonist (Fig. 6) did not permit
a ketogenic role for glucagon. It is only when insulin

Figure 5—Blockade of insulin receptor signaling is not permissive of glucagon-stimulated ketogenesis. Mice were injected with S661
(20 nmol/mouse), and glycemia (A), bOHB (B), and NEFA (C) were assessed over a 3-h period. Mice were injected with S661 (20 nmol/mouse)
1 h before injection with glucagon (20 mg/kg). Glycemia (D), bOHB (E), and NEFA (F) were assessed. Data are shown as mean6 SEM. *P,
0.05. Data were analyzed by two-way ANOVA.
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signaling is completely abolished that glucagon is able to
modestly stimulate ketone production, aligning with the
previously reported direct actions of glucagon on hepato-
cytes (3–6). However, even in the setting of complete lack
of insulin signaling, glucagon is not necessary for the
enhanced ketone production in response to SGLT2i. Conse-
quently, our studies in mice indicate that the rise in ketones
induced by SGLT2i is independent of islet hormones.

To extrapolate our findings to human physiology, there
are important differences to consider about glucagon
secretion and action between rodents in humans. There is
no evidence to support a direct lipolytic effect of glucagon

at physiologic ranges in humans (45–48), while glucagon-
stimulated lipolysis has been observed in isolated rat
adipocytes (48,49). We were unable to detect a significant
effect of glucagon to increase NEFA levels in mice, regard-
less of the level of glycemia or insulin action. On the other
hand, there was a modest increase in NEFA concentrations
accompanying each of our ketogenic interventions, including
fasting (Fig. 1C), dapagliflozin (Fig. 1H), epinephrine admin-
istration (Fig. 4C), or insulin receptor blockade (Fig. 5C).
These findings support the hypothesis that availability of
substrate (NEFAs) is a key driver of ketone body production.
It is interesting to note that elevations in b-adrenergic

Figure 6—Glucagon stimulates ketosis in the absence of insulin signaling but is not necessary for dapagliflozin (Dapa)-induced ketosis. A:
Mice weremade hyperglycemic with STZ treatment and then injected with S661 (20 nmol/mouse) 1 h before injection of glucagon (20 mg/kg),
and glycemia (B) and bOHB (C) were measured. Data are depicted as the change in bOHB from t 5 0 (D), and incremental area under the
curve (iAUC) of the bOHB curve was assessed (E). F: NEFA at baseline (0) and 10min post–S661 injection (10).G: STZ-treated hyperglycemic
mice were then given dapagliflozin (10 mg/kg) for 3 h and were injected 1 h before assessment with S661 (20 nmol/mouse). Glycemia (H ),
bOHB (I), and NEFA (J) were measured from dapagliflozin-treated mice vs. controls. Hyperglycemic mice were then given a glucagon-
blocking antibody (Ab-4) (10 mg/kg) 24 h before dapagliflozin/S661 treatment, and glycemia (K) and bOHB (L) were measured. Data are
shown as mean6 SEM. *P, 0.05. Data were analyzed by two-way ANOVA (B–D, F, I, and J) or Student t test (E, H, K, and L). hrs, hours.
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signaling robustly increased NEFA concentrations, while
activation of GCGR did not (Fig. 4). Insulin is a potent
inhibitor of lipolysis (50), and the elevations in plasma
insulin in our refeeding paradigm lowered both NEFA and
ketone concentrations significantly. We recently demon-
strated that glucagon is a potent stimulus of insulin secre-
tion and lowers glycemia (26). The results of the current
study are consistent with this effect in that exogenous
glucagon lowered NEFA levels in any of our experiments
that permitted insulinotropic actions on b-cells (Figs. 4C and
5C). The only situation where glucagon did not lower NEFA
levels was in mice treated with STZ/S661 (Fig. 6E). These
findings are consistent with the hypothesis that even small
increases of insulin secretion in response to glucagon ad-
ministration obscure any effect on ketone production.
This hypothesis will require direct testing but aligns
with our previous observations of the importance
of insulinotropic actions in the systemic actions of
glucagon (25,26).

The direct effect of dapagliflozin on a-cells has been
debated (17–19,24), and our data indicate that SGLT2i in
mouse islets does not directly enhance glucagon secretion.
Yet, dapagliflozin significantly elevates circulating gluca-
gon in mice (Fig. 1J), indicating there are indirect effects
and the potential for multiple mechanisms by which
SGLT2i could increase glucagon secretion. It is possible
that human islets would respond differently to SGLT2i by
increasing glucagon secretion. However, the data pre-
sented here (Supplementary Fig. 2), and previously (25,
26), show that stimulating glucagon secretion when glucose
levels are elevated subsequently stimulates an increase in
insulin secretion. These observations strongly argue against
SGLT2i actions in a-cells as the mechanism for increased
ketone production, as glucagon-stimulated insulin secretion
would provide a strong inhibitory tone on ketosis. This
would not be applicable in the setting of C-peptide–negative
type 1 diabetes (T1D), where glucagon cannot stimulate
insulin secretion. It appears that SGLT2i-induced DKA is
more prominent in T1D than T2D, but this comparison is
difficult, since the level of b-cell function varies in patients
with T2D (51). However, our preclinical model of T1D
(STZ1S661) revealed a significant increase in ketone pro-
duction in response to SGLT2i that was independent of
glucagon signaling (Fig. 6I and J).

While using dapagliflozin as a tool to stimulate keto-
genesis, we made the interesting observation that insulin
and glucagon do not appear to be the primary mediators
of dapagliflozin-stimulated ketogenesis. This is in con-
trast to a prevailing explanation in the clinical literature
that SGLT2i results in a lower need for insulin, and this
decrease in circulating insulin or insulin action in patients
with diabetes contributes to DKA (10,14,24,33,52). We
clearly demonstrate that glucagon does not play a role
in dapagliflozin-induced ketogenesis either in the pres-
ence (Figs. 2D and 3C) or absence (Fig. 6J) of insulin
signaling. Surprisingly, we also found that dapagliflozin
was an effective ketogenic stimulus in conditions of low

(Supplementary Fig. 6) or absent (Fig. 6G) insulin action.
These findings demonstrate that a component of ketogen-
esis secondary to SGLT2i is additive to insulinopenia.
Future studies are necessary to identify islet-independent
mechanisms of SGLT2i-induced ketogenesis.
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