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Dapagliflozin Enhances Fat
Oxidation and Ketone Production
in Patients With Type 2 Diabetes

Diabetes Care 2016,39:2036-2041 | DOI: 10.2337/dc15-2688

OBJECTIVE

Insulin resistance is associated with mitochondrial dysfunction and decreased ATP
synthesis. Treatment of individuals with type 2 diabetes mellitus (T2DM) with
sodium—glucose transporter 2 inhibitors (SGLT2i) improves insulin sensitivity.
However, recent reports have demonstrated development of ketoacidosis in sub-
jects with T2DM treated with SGLT2i. The current study examined the effect of
improved insulin sensitivity with dapagliflozin on 1) mitochondrial ATP synthesis
and 2) substrate oxidation rates and ketone production.

RESEARCH DESIGN AND METHODS

The study randomized 18 individuals with T2DM to dapagliflozin (n = 9) or placebo
(n =9). Before and after 2 weeks, subjects received an insulin clamp with tritiated
glucose, indirect calorimetry, and muscle biopsies.

RESULTS

Dapagliflozin reduced fasting plasma glucose (167 + 13 to 128 + 6 mg/dL) and
increased insulin-stimulated glucose disposal by 36% (P < 0.01). Glucose oxidation
decreased (1.06 to 0.80 mg/kg - min, P < 0.05), whereas nonoxidative glucose
disposal (glycogen synthesis) increased (2.74 to 4.74 mg/kg + min, P = 0.03).
Dapagliflozin decreased basal glucose oxidation and increased lipid oxidation
and plasma ketone concentration (0.05 to 0.19 mmol/L, P < 0.01) in association
with an increase in fasting plasma glucagon (77 = 8 to 94 + 13, P < 0.01). Dapagli-
flozin reduced the ATP synthesis rate, which correlated with an increase in plasma
ketone concentration.

CONCLUSIONS

Dapagliflozin improved insulin sensitivity and caused a shift from glucose to lipid
oxidation, which, together with an increase in glucagon-to-insulin ratio, provide
the metabolic basis for increased ketone production.

Sodium—glucose transporter 2 inhibitors (SGLT2i) are a novel class of antihypergly-
cemic drugs recently approved for treatment of type 2 diabetes mellitus (T2DM).
SGLT2i lower plasma glucose by inhibiting renal sodium glucose cotransport and
increasing urinary glucose excretion (1,2).

Although the mechanism of action of SGLT2i is independent of insulin action and
insulin secretion, we and others have demonstrated that SGLT2i have important
effects on glucose metabolism and plasma hormone concentrations (3-5). They
increase insulin-mediated glucose disposal, measured with the insulin clamp technique,
and improve B-cell function (3-5). Because skeletal muscle does not express SGLT2

Diabetes Care Volume 39, November 2016

CrossMark

Giuseppe Daniele, Juan Xiong,

Carolina Solis-Herrera, Aurora Merovci,
Roy Eldor, Devijit Tripathy,

Ralph A. DeFronzo, Luke Norton,

and Muhammad Abdul-Ghani

Division of Diabetes, University of Texas Health
Science Center at San Antonio, San Antonio, TX

Corresponding author: Muhammad Abdul-Ghani,
abdulghani@uthscsa.edu.

Received 11 December 2015 and accepted 1
August 2016.

© 2016 by the American Diabetes Association.
Readers may use this article as long as the work
is properly cited, the use is educational and not
for profit, and the work is not altered. More infor-
mation is available at http;//www.diabetesjournals
.org/content/license.


http://crossmark.crossref.org/dialog/?doi=10.2337/dc15-2688&domain=pdf&date_stamp=2016-10-05
mailto:abdulghani@uthscsa.edu
http://www.diabetesjournals.org/content/license
http://www.diabetesjournals.org/content/license

care.diabetesjournals.org

and there are no known direct effects of
SGLT2i on skeletal muscle (1,6), amelio-
ration of glucotoxicity is the most likely
mechanism via which SGLT2i improve
insulin-mediated glucose uptake and
B-cell function. In these studies (3), we
also observed that inhibition of SGLT2 in
the kidney produced a paradoxical in-
crease in the basal rate of endogenous
glucose production (EGP).

Insulin resistance has been associated
with mitochondrial dysfunction and a
decreased rate of mitochondrial ATP
synthesis (7-9). Although the associa-
tion between the mitochondrial defect
and insulin resistance has been demon-
strated in vivo and ex vivo, the cause-
and-effect relationship between the
two is still debated (10). We have dem-
onstrated that improved insulin sensi-
tivity, brought about by a reduction in
plasma free fatty acid (FFA) concentra-
tion with acipimox, caused 45% increase
in the mitochondrial ATP synthesis rate
in muscle of individuals with T2DM (11),
suggesting that chronically elevated
plasma FFA levels (i.e., lipotoxicity),
exert a detrimental effect on mitochon-
drial ATP synthesis. One aim of the cur-
rent study was to examine the effect of
improving insulin sensitivity in patients
with T2DM by lowering plasma glucose
concentration with dapagliflozin on mi-
tochondrial ATP synthesis rate. Recent
reports have demonstrated the develop-
ment of ketoacidosis in patients with di-
abetes treated with SGLT2i (12-14).
Therefore, a second aim was to exam-
ine the effect of SGLT2 inhibition with
dapagliflozin on rates of substrate oxi-
dation and ketone body production in
patients with T2DM.

RESEARCH DESIGN AND METHODS

Subjects

Eighteen subjects with T2DM partici-
pated in the study. Subjects were in
general good health as determined by
medical history, physical examination,
and results of screening laboratory
tests, urinalysis, and electrocardiogram.
Inclusion criteria were age 18-65 years,
BMI of 30-37 kg/m?, and treatment with
sulfonylurea and/or metformin. Exclusion
criteria included 1) previous treatment
with insulin or thiazolidinediones; 2) blood
pressure >140/90 mmHg; 3) serum creat-
inine >1.6 mg/dL; 4) hematocrit <35%; 5)
evidence of major organ system disease as
determined by medical history, physical

examination, or results of routine screen-
ing blood chemistry tests; and 6) medica-
tions known to affect glucose metabolism,
other than metformin and sulfonylureas.
The University of Texas Health Science
Center at San Antonio Institutional Review
Board approved the protocol, and in-
formed written consent was obtained
from all subjects before participation.

Study Design

At 0700 h, after an ~10-h overnight fast,
subjects received 4-h euglycemic insulin
clamp (15) with indirect calorimetry,
vastus lateralis muscle biopsies, and
[3-H]glucose to quantitate whole-body
insulin-stimulated glucose disposal, EGP,
and substrate oxidation rates. After com-
pleting the insulin clamp, subjects were
randomized to receive in double-blind
fashion dapagliflozin (10 mg/day) or
matching placebo for 14 days. On day
14, the last dose of treatment was ad-
ministered, and the euglycemic insulin
clamp, indirect calorimetry, and vastus
lateralis muscle biopsies were repeated.

Euglycemic Insulin Clamp

Before the insulin clamp was started
(—180 min), a prime (25 nCi X FPG/
100) continuous (0.25 p.Ci/min) [3-Hglucose
infusion was started via a catheter placed
into the antecubital vein and continued
throughout study. A second catheter
was placed retrogradely into a vein on
dorsum of hand, which was placed in a
heated box (60°C). Baseline arterialized
venous blood samples for determination
of plasma [3-3H]glucose radioactivity
and plasma glucose, insulin, FFA, and
ketone concentrations were drawn
at —30, —20, —10, —5, and 0 min.
Vastus lateralis muscle specimens were
obtained by needle biopsy under local
anesthesia before the start (—60 min)
and at the end (+240 min) of the insulin
clamp. At time 0, insulin was infused at
80 mU/kg + min, and the plasma glucose
concentration was allowed to decrease
to 100 mg/dL, at which level it was main-
tained by variable infusion of a 20%
glucose solution. During the insulin
clamp, blood samples were drawn every
5-15 min for determination of plasma
insulin, glucose, and FFA concentrations
and [3-3H]glucose-specific activity.
Continuous indirect calorimetry using a
Deltatrac Il ventilated hood system (Sen-
sor Medics, Yorba Linda, CA) was per-
formed during the last 30 min of the
basal period and during the last 30 min
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of the insulin clamp. Urine was collected
during the baseline period and during
the 240-min insulin clamp for deter-
mination of the renal glucose excretion
rate. Before dapagliflozin and placebo
were started and after 14 days of
treatment, a 24 h urine collection was
obtained for measurement of glucose
excretion.

Mitochondrial ATP Synthesis
Mitochondrial ATP synthesis rate was
measured ex vivo with the chemilumi-
nescence technique, as previously de-
scribed (7). Briefly, mitochondria were
isolated from fresh muscle tissue by dif-
ferential centrifugation, with 4 pg of mi-
tochondrial protein aliquoted to each
reaction well. Substrates were added
as follows: 2.5 mmol/L pyruvate, 2.5
mmol/L glutamate, 5 mmol/L succi-
nate plus 0.001 mmol/L rotenone, and
palmitoyl-L-carnitine (PC). Malate (2.5
mmol/L) was added to complex | sub-
strates. Luciferine/luciferase was added
to monitor ATP production. Substrates
were added after 5 min of incubation at
37°C, and the reaction was started by the
addition of ADP.

Analytical Determinations

Plasma glucose was measured by the
glucose oxidase method (Beckman In-
struments, Fullerton, CA). Plasma insu-
lin was measured by radioimmunoassay
(Diagnostic Products Corp., Los Angeles,
CA). Tritiated glucose-specific activity
was determined on deproteinized bar-
ium/zinc plasma samples. Plasma FFA
was determined by the enzymatic color-
imetric quantification method (Wako
Chemicals, Neuss, Germany). Plasma ke-
tone concentration (3-hydroxybutyrate
and acetoacetate) was measured by a
commercially available kit (Cayman
Chemical, Ann Arbor, Ml).

Measurements

Under steady-state postabsorptive
conditions, the rate of EGP was cal-
culated as [3-3H]glucose infusion rate
(DPM/min) divided by steady-state plasma
[3-3H]glucose-specific activity (DPM/mg).
During the euglycemic insulin clamp, non—
steady-state conditions prevail, and the
rate of glucose appearance (Ra) was calcu-
lated with the Steele equation, using a dis-
tribution volume of 250 mL/kg. EGP, which
primarily reflects hepatic glucose produc-
tion, was calculated by subtracting the
exogenous glucose infusion rate from Ra.
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The rate of insulin-mediated total-body glu-
cose disposal (Rd) was determined by add-
ing the rate of residual EGP to the
exogenous glucose infusion rate.

The ATP synthesis rate was calculated
as nanomoles per milligram of protein
per minute. Rates of glucose and lipid
oxidation were calculated as previously
described (16). Nonoxidative glucose
disposal, which primarily reflects glyco-
gen synthesis (17), was calculated by
subtracting the rate of glucose oxidation
from the total-body Rd. Insulin-stimulated
whole-body tissue glucose disposal (TGD)
was calculated by subtracting the rate of
urinary glucose excretion from the total-
body Rd.

Statistical Analyses

Values are expressed as mean = SEM. The
difference between means of dapagliflozin-
treated and placebo-treated groups was
compared with the unpaired t test. Rates
of TGD and EGP after dapagliflozin were
compared with those before the start of
dapagliflozin with paired t test. Statisti-
cal significance was set at a < 0.05.

RESULTS

The study randomized 10 subjects to
dapagliflozin (age, 51.9 * 2.3 years;
weight, 95.8 £ 6.1 kg; BMI, 30.9 =
1.8 kg/m?; A1C, 8.5 = 0.4% [67 =
4.4 mmol/mol]; diabetes duration,
7.6 = 2.0 years; estimated glomerular
filtration rate, 97 = 6 mL/min/1.73 m?%;
background therapy, 6 metformin and
3 metformin/sulfonylurea) and 8 sub-
jects to placebo (age, 55.4 * 2.1 years;
weight, 96.1 + 5.4 kg; BMI, 32.6 *

1.5 kg/m?; A1C, 8.7 + 0.4% [72 =
4.4 mmol/mol]; diabetes duration,
7.6 + 2.4; estimated glomerular filtration
rate, 88 = 8 mL/min/1.73 m?; background
therapy, 7 metformin and 2 metformin/
sulfonylurea). Subjects were matched in
age, sex, weight, and BMI. A small de-
crease in body weight occurred at 2 weeks,
which was similar in both groups. The two
groups had similar plasma lipid profiles
and fasting plasma FFA concentrations.

Effect of Dapagliflozin on Insulin
Sensitivity
Consistent with previous studies,
dapagliflozin caused a significant 36%
increase (3.85 * 0.71 to 5.22 =*
0.56 mg/kg * min [P < 0.01] vs. baseline
and vs. placebo) (Table 1) in whole-body
insulin-stimulated TGD. There was no sig-
nificant change in TGD in placebo-treated
subjects (3.18 = 0.51 t0 3.57 + 0.51, P =
NS). Despite the significant increase in
TGD, glucose oxidation during the in-
sulin clamp decreased significantly af-
ter dapagliflozin (1.36 = 0.16 t0 0.62 =
0.17 mg/kg + min, P < 0.001) (Table 2).
Dapagliflozin caused a marked increase
in insulin-stimulated nonoxidative glu-
cose disposal (2.74 = 0.59 to 4.74 =
0.51 mg/kg - min vs. baseline, P=0.001
and P < 0.01 vs. placebo) (Fig. 1).
Although 2 weeks of dapagliflozin
treatment had no effect on the fasting
plasma FFA concentration, the basal
rate of lipid oxidation, 2.48 * 0.34
mg/kg + min, increased to 2.82 = 0.12
while it slightly decreased in placebo-
treated subjects (2.06 * 0.15 to
1.89 = 0.10 mg/kg - min). Thus, compared
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with placebo, dapagliflozin caused a sig-
nificant increase in the basal rate of lipid
oxidation (P < 0.05) (Table 2).

The fasting plasma ketone concentra-
tion was 0.05 = 0.015 and 0.11 =
0.02 mmol/L in dapagliflozin-treated
and placebo-treated subjects, respectively.
Dapagliflozin caused a fourfold increase in
fasting plasma ketone concentration (to
0.20 = 0.05 mmol/L [P < 0.01] vs. baseline
and vs. placebo), but no significant change
occurred in placebo-treated subjects
(0.09 = 0.02 mmol/L).

Effect of Dapagliflozin on EGP and
Plasma Insulin and Glucagon
Concentrations

Consistent with previous studies,
dapagliflozin caused a significant increase
in the basal rate of EGP (1.97 = 0.14 to
2.43 = 0.13 mg/kg - min [P < 0.01] vs.
baseline and vs. placebo); there was no
change in the basal EGP rate in placebo-
treated subjects (Table 1). The increase in
the basal rate of EGP was associated with a
significant decrease in fasting plasma insu-
lin (12 = 3to 6 = 2 pU/mL, P < 0.05)
and a 22% increase in fasting plasma glu-
cagon (77 = 8 to 94 = 13 pg/mL, P <
0.05). The ratio of fasting plasma glucagon
to fasting plasma insulin concentration in-
creased from 14 £ 5 to 35 = 11 after
dapagliflozin treatment (P << 0.01 vs. base-
line and vs. placebo). No significant change
occurred in the plasma glucagon-to-insulin
ratio in placebo-treated patients.

Mitochondrial ATP Synthesis
At baseline, complex | (pyruvate, gluta-
mate/malate, and PC)— and complex Il

Table 1—Fasting plasma substrate and hormone concentrations and rates of TGD and EGP during the euglycemic insulin

clamp
Baseline Placebo treatment P value Baseline Dapagliflozin treatment P value
Fasting plasma
Glucose (mg/dL) 172 £ 8 160 £ 9 NS 167 £ 13 128 £ 6 <0.01
Insulin (wU/mL) 14 *9 13+5 NS 12 +3 6+2 <0.01
Glucagon (pg/mL) 72 + 17 79 + 11 NS 77 + 8 94 + 13 <0.05
Glucagon-to-insulin ratio 10 =2 12 £3 NS 14 £5 35 + 11 <0.01
FFA (mmol/L) 0.46 = 0.04 0.42 = 0.04 NS 0.50 = 0.04 0.46 = 0.04 NS
Ketones (mmol/L)

Fasting 0.11 = 0.02 0.09 *+ 0.02 NS 0.05 = 0.01 0.20 = 0.05 <0.001
Clamp 0.08 = 0.02 0.05 = 0.01 NS 0.06 = 0.01 0.05 = 0.01 NS
TGD/SSPI (mg/kg * min) per wU/mL 3.18 = 0.51 3.57 = 0.51 NS 3.85 = 0.71 5.22 = 0.56 <0.01

EGP (mg/kg - min)
Fasting 2.02 £ 0.08 1.99 * 0.09 NS 1.97 = 0.134 2.43 = 0.13 <0.01
Clamp 0.48 = 0.16 0.29 + 0.12 NS 0.22 = 0.08 0.34 = 0.13 NS
Urinary glucose excretion (g/24 h) 1.38 = 0.74 1.90 = 0.78 NS 1.95 *= 0.58 82.5 + 10.5 <0.001

SSPI, steady-state plasma insulin concentration.
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Table 2—Effect of dapagliflozin and placebo treatment on glucose and lipid oxidation and energy expenditure following an
overnight fast and during the insulin clamp

Substrate oxidation rate Baseline Placebo treatment P value Baseline Dapagliflozin treatment P value
Fasting state
Fasting GOx (mg/min - kg) 0.81 = 0.10 0.89 = 0.08 NS 1.01 £ 0.22 0.80 = 0.19 0.03
Fasting LOx (mg/min - kg) 2.06 = 0.15 1.89 = 0.10 NS 2.48 = 0.21 2.82 = 0.24 0.05
RQ 0.78 = 0.01 0.80 = 0.01 NS 0.79 = 0.2 0.76 = 0.01 0.03
Energy expenditure (cal/min - kg) 1.06 = 0.1 1.0 £0.1 NS 1.3 0.1 1.34 = 0.1 NS
Insulin infusion
Clamp GOx (mg/min -kg) 1.11 £ 0.29 1.46 + 0.31 NS 1.36 £ 0.16 0.62 = 0.16 <0.001
Clamp LOx (mg/min - kg) 1.89 *= 0.08 1.81 = 0.12 NS 2.39 = 0.15 2.57 £ 0.10 <0.01
NOGD (mg/min - kg) 1.95 + 0.58 1.78 + 1.00 NS 2.74 + 0.59 4.74 = 0.52 <0.001
RQ 0.82 = 0.01 0.85 = 0.01 NS 0.82 = 0.2 0.76 = 0.01 0.02

GOx, glucose oxidation; LOx, lipid oxidation; NOGD, nonoxidative glucose disposal.

(succinate)— supported ATP synthesis
rates were similar in placebo-treated
and dapagliflozin-treated groups. After
dapagliflozin, the ATP synthesis rate
decreased markedly with complex | sub-
strates (pyruvate, —49%; glutamate/ma-
late, —55%; PC (0.5 wmol/L) =—41%; and
PC (1.0 wmol/L) =—55%; all P < 0.05) and
complex Il substrate (succinate/rotenone,
—55%; P = 0.001) (Fig. 1, top panel). In the
placebo-treated group, there was no sig-
nificant change in the ATP synthesis rate
with any substrate. The mitochondrial ATP
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Figure 1—Top panel: Effect in individuals
with T2DM of dapagliflozin treatment for
2 weeks on ATP synthesis from glutamate
(G)/malate (M), pyruvate (Pyr), succinate
(SUC) plus rotenone (Rot), and 0.5 pwmol/L
and 1.0 wmol/L PC. *P < 0.001 vs. baseline.
Bottom panel: Correlation between the
change in whole-body insulin sensitivity
(TGD/SSPI) and the change in ATP synthesis
with PC. SSPI, steady-state plasma insulin
concentration.

synthesis rate correlated strongly and in-
versely with the plasma ketone concentra-
tion (Fig. 2).

CONCLUSIONS

The first major novel observation of the
current study is that dapagliflozin
shifted energy metabolism in patients
with T2DM from glucose to fat oxidation.
Compared with placebo, dapagliflozin
caused a 16% decline in glucose oxida-
tion and a 14% increase in lipid
oxidation (Table 2). As we previously
demonstrated (1), dapagliflozin signifi-
cantly increased insulin-stimulated
whole-body glucose disposal, which
was accounted for entirely by an in-
crease in nonoxidative glucose disposal
(glycogen synthesis). More striking,
whole-body glucose oxidation declined
by 53% during the insulin clamp,
whereas lipid oxidation rose by 15% in
dapagliflozin-treated subjects. Consis-
tent with these changes in substrate
oxidation rates, the basal respiratory
qguotient (RQ) in dapagliflozin-treated
subjects decreased from 0.79 to 0.76
(P < 0.05 vs. change in placebo). Simi-
larly, the RQ declined during the insulin
clamp from 0.82 to 0.76 (P < 0.05). Be-
cause dapagliflozin did not alter the
plasma FFA concentration, it is unlikely
that the increase in fat oxidation caused
by dapagliflozin was due to oversupply of
FFA to lean tissues. These results are
consistent with a recent study which
demonstrated that 4 weeks of treatment
with empagliflozin caused an increase in
fat oxidation accompanied by a decrease
in glucose oxidation (18). We speculate
that the increase in fat oxidation in skeletal
muscle would lead to depletion of toxic
intramyocellular lipids (fatty acyl-CoAs,
diacylglycerol, ceramides) (18) and

could contribute to the improvement
in whole-body insulin-stimulated glu-
cose disposal observed in the current
study.

We interpret the changes in substrate
oxidation after dapagliflozin treatment
as follows: muscle tissue in individuals
with T2DM is severely resistant to insu-
lin (19); consequently, plasma glucose
concentration rises to a level that is suf-
ficient to augment glucose entry into
the cell by the mass action effect of hy-
perglycemia (20). Dapagliflozin treat-
ment induces glucosuria, causing an
acute reduction in plasma glucose con-
centration and decreased glucose entry
into muscle both in the postabsorptive
and insulin-stimulated states. To meet
the energy demand of the cell, the my-
ocyte switches to fat as an alternate
source of energy. Under fasting condi-
tions, the decline in the plasma insulin
concentration after dapagliflozin treat-
ment (Table 1) also could contribute to
the decline in glucose oxidation (21).

The apparent paradox between the
effect of dapagliflozin on insulin sensi-
tivity (increased) and glucose oxidation
(decreased) could be related to a differ-
ential effect of dapagliflozin on intra-
myocellular pathways affected by
dapagliflozin. Thus, all of the improve-
ment in whole-body insulin sensitivity
was secondary to an increase in non-
oxidative glucose disposal (glycogen syn-
thesis). This could be explained by
amelioration of glucotoxicity and in-
creased muscle glycogen synthase activity
(22). Simultaneously, and independently,
dapagliflozin treatment resulted in re-
duced glucose oxidation secondary to
the decline in the plasma glucose concen-
tration. Because the increase in nonoxida-
tive glucose disposal quantitatively was
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Figure 2—Correlation between ATP synthesis and plasma ketone concentration (Conc) in sub-
jects with T2DM. G, glutamate; M, malate; Pyr, pyruvate; Rot, rotenone; Suc, succinate.

far greater than the inhibition of glucose
oxidation, the net result was an increase in
insulin-stimulated whole-body glucose
disposal.

A second major novel observation of
the current study was the increase in
the plasma ketone concentration in
dapagliflozin-treated subjects. This has im-
portant clinical implications because recent
publications (12) have reported the devel-
opment of ketoacidosis in patients with di-
abetes treated with SGLT2i. Although the
increase in fasting plasma ketone concen-
tration was small in absolute terms, the

Muscle
Blasnis Long Chain
—) * Fatty Acid
+G'“°°se Oxidation
Glucose

A
A

A

fourfold increase is consistent with the ob-
served shift in oxidative pathways from glu-
cose to fat (discussed above). Increased
B-oxidation in dapagliflozin-treated sub-
jects would be anticipated to result in in-
creased production of acetyl-CoA, which
either can be oxidized in the tricarboxylic
acid (TCA) cycle or converted to ketones
(Fig. 3). The plasma glucagon-to-insulin
ratio perfusing the liver is a key determi-
nant of the fate of acetyl-CoA (23,24).
Glucagon stimulates the expression of
hydroxylmethylglutaryl-CoA (HMG-CoA)
synthase, the rate-limiting step for the
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+AcetyI-CoA % @
AcAc-CoA > HMG-CoA

PEP Citrate Ketones
TCA
Cycle
A Glucagon j
w} Insulin

hepatic ketogenesis and ATP synthesis. A more detailed discussion is presented in the text.

Figure 3—Schematic representation of the effect of SGLT2 inhibition on the stimulation of

AcAc, acetoacetyl; OAA, oxaloacetic acid; PEP, phosphoenolpyruvic acid.
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conversion of acetyl-CoA to ketones,
whereas insulin suppresses its expres-
sion. The increase in the fasting plasma
glucagon concentration and accompany-
ing decrease in the plasma insulin concen-
tration would be expected to increase
HMG-CoA synthase activity, which to-
gether with the increase in mitochondrial
acetyl-CoA could explain the increase in
ketone production in dapagliflozin-treated
subjects. Further, the global decrease in
the mitochondrial ATP synthesis rate
would favor a shift in acetyl-CoA metabo-
lism from oxidation in the TCA cycle to
ketone formation. Importantly, the plasma
ketone level strongly and inversely corre-
lated with the mitochondrial ATP synthesis
rate (Fig. 2).

The clinical significance of the in-
crease in ketone production after
dapagliflozin treatment is not clear.
However, it is noteworthy that recent
clinical reports have demonstrated the
development of clinically significant ke-
toacidosis after treatment with SGLT2i in
patients with type 1 and type 2 diabetes
(12-14). These reports share a number
of features in common. Many cases in-
volved patients with type 1 diabetes in
whom the daily insulin dose was reduced
when therapy with SGLT2i was initiated.
Because SGLT2i increase glucagon secre-
tion (3,5), it is not surprising that a re-
duction in the insulin dose might result
in ketoacidosis. Another common fea-
ture in many cases was an associated
medical or surgical condition resulting
in moderate-to-severe stress. Release
of catecholamines predisposes to the de-
velopment of ketoacidosis both by inhib-
iting insulin secretion and stimulating
ketone production (24). Lastly, it has
been hypothesized that the increase in
the plasma ketone concentration (25—
27) after SGLT2i therapy could provide
a readily oxidizable fuel that is pre-
ferentially taken up by the myocardium
(28,29) and partly explain the beneficial
cardiovascular effects observed in the BI
10773 (Empagliflozin) Cardiovascular
Outcome Event Trial in Type 2 Diabetes
Mellitus Patients (EMPA-REG OUT-
COME) study (30). The present results
are entirely consistent with this hypo-
thesis and provide a metabolic explana-
tion for the increase in plasma ketone
concentration after treatment with an
SGLT2i.

Consistent with previous studies,
dapagliflozin treatment was associated
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with an increase in basal rate of EGP,
which is partly explained by the increase
in the plasma glucagon-to-insulin ratio.
Further, if the increased basal rate of
EGP results from increased gluconeo-
genesis, this would direct mitochondrial
oxaloacetate to phosphoenolpyruvate,
resulting in depletion of TCA cycle inter-
mediates and diversion of acetyl-CoA to
ketone body production (Fig. 3). This
also could explain the global reduction
in the mitochondrial ATP synthesis rate
measured ex vivo. Measurements of
TCA cycle intermediates (e.g., citrate,
a-ketoglutarate, and succinyl- CoA)
could provide information about the con-
tribution of decreased TCA flux to the
global reduction in the mitochondrial ATP
synthesis rate caused by dapagliflozin.

Inhibition of citrate synthase activity
or a decrease in its gene expression or
protein level caused by dapagliflozin is a
third possibility that could explain the
metabolic effects of dapagliflozin. Al-
though such an effect of dapagliflozin
has not previously been reported, such
an effect would result in redirecting acetyl-
CoA toward ketone production and oxa-
loacetate toward glucose production.

In summary, 2 weeks of dapagliflozin
treatment caused 1) an increase in EGP,
fat oxidation, and ketone production in
association with increased plasma glu-
cagon and decreased plasma insulin
concentration, and 2) increased total-
body glucose disposal resulting from in-
creased nonoxidative glucose disposal
(glycogen synthesis).
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