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Abstract Sodium-glucose cotransporter 2 (SGLT2) in-
hibitors have been shown to increase ketone bodies in
patients with type 2 diabetes; however, the underlying
mechanisms have not been fully elucidated. Here we
examined the effect of the SGLT2 inhibitor dapagli-
flozin (1 mg/kg/day, formulated in a water, PEG400,
ethanol, propylene glycol solution, 4 weeks) on lipid
metabolism in obese Zucker rats. Fasting FFA meta-
bolism was assessed in the anesthetized state using a
[9,10-3H(N)]-palmitic acid tracer by estimating rates of
plasmaFFAappearance (Ra),whole-bodyFFAoxidation
(Rox), and nonoxidative disposal (Rst). In the liver, clear-
ance (Kβ-ox) and flux (Rβ-ox) of FFA into β-oxidation were
estimated using [9,10-3H]-(R)-bromopalmitate/[U-14C]
palmitate tracers. As expected, dapagliflozin induced
glycosuria and a robust antidiabetic effect; treatment
reduced fasting plasma glucose and insulin, lowered
glycated hemoglobin, and increased pancreatic insulin
content compared with vehicle controls. Dapagliflozin
also increased plasma FFA, Ra, Rox, and Rst with
enhanced channeling toward oxidation versus storage.
In the liver, therewas also enhanced channeling of FFA
to β-oxidation, with increased Kβ-ox, Rβ-ox and tissue
acetyl-CoA, compared with controls. Finally, dapagli-
flozin increased hepatic HMG-CoA and plasma
β-hydroxybutyrate, consistent with a specific enhance-
ment of ketogenesis. Since ketogenesis has not been
directly measured, we cannot exclude an additional
contribution of impaired ketone body clearance to the
ketosis. In conclusion, this study provides evidence
that the dapagliflozin-induced increase in plasma ke-
tone bodies is driven by the combined action of FFA
mobilization from adipose tissue and diversion of he-
patic FFA toward β-oxidation.
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SGLT2 inhibitors, including dapagliflozin, are estab-
lished treatments for patients with type 2 diabetes
leading to improved glucose control as well as
decreased risk of cardiovascular events and develop-
ment of kidney disease (1–7). The improved cardiovas-
cular and renal outcome data for this class of drugs
have resulted in a change in standard of care recom-
mendations, placing SGLT2 inhibitors after lifestyle
interventions and metformin treatment for patients
with combined diabetes and heart failure or chronic
kidney disease (8).

A consistent effect of SGLT2 inhibitors in patients is
an increase in plasma ketone body levels (9–11), which is
presumed to be caused by increased ketogenesis.
Enhanced ketogenesis may play a role in the organ
protective action of SGLT2 inhibitors (12–14); therefore,
understanding the nature of this phenomenon is
important. The increased ketone body levels might
result from a systemic increase in FFA mobilization
driven by the established treatment-induced reductions
in plasma glucose and insulin. Although involvement of
enhanced FFA mobilization seems likely, data directly
assessing this mechanism is currently lacking in the
literature.

In patients with type 2 diabetes, empagliflozin (25 mg/
day for 4 weeks) increased fasting ketone bodies and
plasma FFA levels (15). However, the rate of appearance
of glycerol, a measure of whole-body lipolysis, was not
markedly altered. As described by Wolfe et al. (16), gen-
eral changes in FFA mobilization can result not only
from changes in lipolysis, but also from alterations in
intra-adipocyte re-esterification of fatty acids. This
could occur, for example, if reduced circulating glucose
and insulin levels lower the intra-adipocyte formation of
glycerol-3-phosphate leading to reduced capture of FFA
released by the action of ongoing lipolysis.
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An alternative explanation for the enhanced keto-
genesis could be a liver-specific effect of SGLT2 in-
hibitors. Thus, the major site of ketone body production
in the body is the liver (17), and the rate controlling
enzyme for ketogenesis, at least in rodents, appears to
be carnitine palmitoyl transferase 1 (CPT1) (18). The
most important regulator of the activity of CPT1 is
cytosolic malonyl-CoA, which is a potent CPT1 inhibitor
(19). Glucose excess in the hepatocyte would tend to
increase the formation and level of cytosolic malonyl-
CoA, resulting in inhibition of ketogenesis. By
contrast, unloading glucose from the hepatocyte would
reduce malonyl-CoA removing the brake on
ketogenesis.

The aim of this study was to elucidate the mechanism
behind the increased ketone body levels seen following
SGLT2 inhibition by measuring whole-body and tissue-
specific FFA metabolism and liver co-enzyme A in-
termediates. Obese Zucker rats were treated with the
SGLT2 inhibitor, dapagliflozin (1 mg/kg, 4 weeks), or
vehicle before performing dedicated tracer studies
using either [9,10-3H(N)]-Palmitic Acid or [9,10-3H]-(R)-
bromopalmitate/[U-14C]palmitate. This study provides
evidence that the dapagliflozin-induced increase in
plasma ketone bodies is driven by the combined action
of FFA mobilization from adipose tissue and diversion
of hepatic FFA toward β-oxidation.
MATERIALS AND METHODS

Animals and treatment
Experimental procedures were approved by the local

Ethics Committee for Animal Experimentation (Gothenburg
region, Sweden). Male, 13-week-old obese Zucker rats (fa/fa)
were purchased from Charles River Laboratories (Wilming-
ton) and housed in an Association for Assessment and
Accreditation of Laboratory Animal Care (AAALAC)
accredited facility (AAALAC Unit number: 001560) with
environmental control: 20–22◦C, relative humidity 40–60%,
with a 12-h light-dark cycle (lights off at 6 PM). The animals
were housed in groups of 3–5 with free access to water and
standard rodent chow (R70, Laktamin AB, Stockholm, Swe-
den). At 14 weeks of age, they were weighed, and a nonfasted
tail vein blood sample was obtained for glucose and glycosy-
lated hemoglobin [hemoglobin A1c (HbA1c)] analyses.
Randomization into study groups was performed based on
body weight and HbA1c levels. Animals were orally gavaged
(2.5 ml/kg/day) at 3 PM for 4 weeks with either vehicle alone
(2% ethanol, 30% PEG 400, 0.369 mg/ml propylene glycol in
MQ-H2O) or dapagliflozin (1 mg/kg/day), dissolved in the
vehicle. Body weight was monitored twice weekly. In all three
studies the rats were given a final dose of either vehicle or
dapagliflozin at 7 AM in the morning of the final experi-
ments. Based on this protocol, three different studies were
performed to examine plasma and liver biomarker responses,
whole-body FFA oxidation and storage, and tissue-specific
FFA utilization and storage.

Plasma and liver biomarker responses. Before treatment and
following 4 weeks treatment, in the 16-h fasted state, tail
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vein blood samples were collected at 2 PM for determina-
tion of plasma biomarkers. Immediately after collection of
the final tail vein sample, tissues were collected under iso-
flurane anesthesia. Liver samples were rapidly collected
with liquid N2-cooled tongs for determination of glycogen
and CoA intermediates. A piece of liver tissue was then
collected for triglyceride (TG) analysis, and a piece of
pancreas was collected for measurement of insulin and
protein content. Tissues were immediately placed in N2-
cooled tubes and placed in liquid N2 before storage at –80◦C
while awaiting analyses. Spot urine was collected at the
pretreatment and 4 week time points for determination of
urine glucose levels.

Surgical preparation. Following 4 weeks of treatment, ani-
mals were fasted overnight (from 10 PM) and the following
morning (at 9 AM) they were anesthetized with Na-
thiobutabarbitol dissolved in sterile water (180 mg/kg, Inac-
tin®; RBI, Natick, MA). A tracheotomy was performed and a
tube inserted to aid spontaneous breathing. One catheter was
placed in the carotid artery for blood sampling and for
registration of blood pressure, and two catheters were placed
in the jugular vein (for tracer infusion and for topping up
anesthesia as needed). Arterial catheter patency was main-
tained by continuous infusion (<10 μl/min) of a sterile saline
solution containing sodium citrate (20.6 mM). A catheter was
also placed in the bladder. Following surgical preparations,
animals were allowed a 2 h stabilization period before
experimental protocols commenced around 12 PM.
Throughout the experiment, body temperature was moni-
tored and maintained at 37.5◦C.

Whole-body FFA oxidation. Whole-body FFA oxidation was
determined as previously described (20). Briefly, [9,10-3H(N)]-
palmitic acid (#NET043005MC, PerkinElmer AB, Hägersten,
Sweden) was infused at a constant rate over 120 min. Repeated
blood samples were collected during and after stopping the
infusion for determination of unlabeled and labeled plasma
FFA levels as well as 3H-labeled water following a lipid/water
extraction procedure. Calculations of the rate of whole-body
FFA oxidation (Rox), FFA storage (Rst), plasma FFA clearance
into oxidation (Kox) and storage (Kst), and FFA appearance rate
(Ra) and clearance (Kf) are shown in the Online
Supplementary Materials. Plasma samples for analyses of
glucose, insulin, and β-hydroxybutyrate (β-HBA) were
collected at −5, 60, and 134 min.

Tissue-specific FFA oxidation. Rates of FFA utilization, stor-
age, and oxidation were assessed based on a previously
described method (21), using the partially metabolized FFA
tracer, 3H-bromopalmitate (3H-R-BrP) and 14C-palmitate
(#NEC534050UC, PerkinElmer AB). 3H-R-BrP was prepared
by custom synthesis at Pharmaron-UK, and the purity was
confirmed essentially according to methods described in (22).
Briefly, both tracers were mixed and were administered as an
intravenous infusion over 4 min followed by a 12 min
washout before tissue collection. Repeated blood samples
were collected over the 16 min study for plasma lipid
extraction, determination of tracer levels, and determination
of plasma FFA levels. Tissues were collected following the
final blood sample for determination of the total FFA uptake
(3H-R-BrP) and stored FFA (14C-palmitate). Calculations of the
tissue-specific clearance and flux parameters (FFA clearance,
Kf*, utilization rate, Rf*, clearance into storage, Kfs and rate of
storage, Rfs) are shown in the Online Supplementary Materials.



From these values we also estimated the rate of (Rβ-ox) and
clearance into (Kβ-ox) hepatic β-oxidation as described in the
Online Supplementary Materials. The only deviation from
the previously published method (21) was that the tissues in
the present study were dissolved in Solvable™ (#6NE9100,
PerkinElmer AB), prepared in a scintillation cocktail and then
counted. Plasma samples for analyses of biomarkers were
collected at −20, −5, and approximately 18 min in relation to
starting the tracer infusion.

Blood, plasma, urine, and tissue biochemistry. Plasma glucose
and blood HbA1c levels were determined from blood samples
by Accu-Chek® Mobile (Roche Diagnostics, Mannheim, Ger-
many) or the Multi-test HbA1c system (PTS Diagnostics,
Hannover, Germany). Plasma FFA (#434-91795, #436-91995,
Wako Chemicals GmbH, Neuss, Germany), β-HBA (#RB1007,
Randox Laboratories LTD, Crumlin, UK), TG (Tri/GB,
#11877771, Roche Diagnostics GmbH, Mannheim, Germany),
total cholesterol (#A11A01634, HORIBA ABX, Montpellier,
France), and glucose (#A11A01667, HORIBA ABX) levels were
measured by enzymatic colorimetric assays on the ABX
Pentra 400 (HORIBA ABX). Plasma glucagon levels were
measured with an ELISA (Mercodia Glucagon ELISA, Mer-
codia AB, Uppsala, Sweden) and plasma insulin levels were
determined using a Multi-Spot® Assay System (Meso Scale
Discovery®, MD).

Tissue biomarker analysis: Liver triglycerides; A piece of
liver tissue (40–60 mg) was put into a micro tube
(#72.694.006, Sarstedt, Nümbrecht, Germany) with six
grinding balls zirconium oxide 3 mm (#147053680090,
Retsch, Haan, Germany) and homogenized in 500 μl 2-
propanol in a PreCellys 24 (Bertin Technologies), for 40 s
at 5,000 rpm. Another 500 μl of 2-propanol was added and
samples were allowed to extract for 1 h at 4◦C. Samples were
then centrifuged for 5 min at 4◦C at 1,300 g. Supernatants
were analyzed using the reagent Triglycerides CP
(#A11A01640, Horiba Medical). Calibrator (MultiCal,
#A11A01652, Horiba Medical) and control (P-Control,
#A11A01654, Horiba Medical).

Liver glycogen was measured in 70–90 mg pieces of tissue
homogenized as described above but in 0.1 M acetate buffer
and allowed to extract overnight at 4◦C. Samples were then
centrifuged and the supernatant analyzed using a 4:1 ratio of
0.5 mg/ml amyloglucosidase (#10102857 001, Roche Di-
agnostics) in 0.1 M acetate buffer and Glucose HK CP ABX
Pentra (# A11A01667, Horiba ABX).

Pancreatic insulin content was assessed following homog-
enization of 40–60 mg tissue pieces in acidified ethanol (1 ml
1.5% pure HCl in 70% EtOH) and extracted overnight
at −20◦C. Samples were then centrifuged, and the supernatant
was used for determination of insulin and total protein con-
centrations using a Multi-Spot® Assay System (#K152BZC,
Meso Scale Discovery®) and Pierce Coomassie Plus Assay Kit
(Thermo Fisher Scientific Inc, MA).

Liver malonyl CoA, acetyl CoA, succinyl CoA, and HMG
CoA levels were analyzed in N2-freeze clamped tissue. Tis-
sue pieces (25–50 mg) were placed in preweighed, N2-cooled
tubes containing beads for homogenization. The frozen
tube was weighed and stored at −80◦C until analysis.
Malonyl-, acetyl-, succinyl-, and HMG-CoA levels were
analyzed by a cold, semiautomated homogenization and
extraction method followed by separation by ion-pair HPLC
and detection by negative electrospray tandem mass spec-
trometry (method described in detail in the Online
Supplementary Materials).
Statistics
Student’s t test, one-way or two-way ANOVA with Sidak’s

multiple comparisons tests were performed using GraphPad
Prism 9.0.0 (GraphPad Software Inc., La Jolla, CA). Results are
reported as mean ± SD, and P < 0.05 was considered statisti-
cally significant.
RESULTS

Dapagliflozin improves glucose control in obese
Zucker rats

In the obese Zucker rats, dapagliflozin treatment
(1 mg/kg/day, oral gavage) for 4 weeks increased glu-
cosuria compared with the vehicle group (Fig. 1A),
consistent with expected inhibition of SGLT2. Dapa-
gliflozin treatment also prevented the deterioration of
glucose control as seen in the vehicle-treated rats
(Fig. 1B, C). Thus, at the end of the treatment period,
HbA1c, glucose, and insulin levels were lowered
compared with vehicle control (Fig. 1B–D). The dapa-
gliflozin treatment group also exhibited elevated
pancreatic insulin content (Fig. 1E) compared with
control, probably reflecting the reduced drive on in-
sulin secretion due to reduced glycemia. These first
data show, in the obese Zucker rat, that dapagliflozin
treatment led to the expected metabolic effects of
SGLT2 inhibition, indicating an appropriate treatment
protocol and animal model to further explore the
detailed metabolic consequences of dapagliflozin
treatment. Treatment did not affect fasting plasma
glucagon levels compared with vehicle control (Fig. 1F).
There was a tendency for reduced body weight gain in
dapagliflozin- versus vehicle-treated rats; however, sta-
tistical significance was not reached (Fig. 1G, H). Also,
liver glycogen and TG contents were not significantly
different between groups (supplemental Fig. S1A, B).
Plasma FFA and β-HBA levels were increased
following dapagliflozin treatment (supplemental
Fig. S1C, D); however, plasma TG or total cholesterol
levels were not different from vehicle (supplemental
Fig. S1E, F).

Dapagliflozin increases FFA supply, whole-body
and liver FFA oxidation

In the following tracer studies, measurements were
performed in fasted, anesthetized animals following
the same pretreatment protocol as applied in the first
study. As a result of 4 weeks’ treatment with dapagli-
flozin, fasting plasma FFA and β-HBA levels were
increased compared with vehicle-treated animals
(Fig. 2A, B). Other plasma biomarkers measured during
the tracer studies are presented in supplemental
Table S1. The elevation of FFA levels could be
completely accounted for by an increased FFA mobi-
lization: dapagliflozin increased FFA appearance rate
(Ra, Fig. 2C) while not changing the plasma FFA clear-
ance (Kf) compared with controls (Fig. 2D). FFA disposal
SGLT2 inhibition and in vivo FFA fluxes 3



Fig. 1. Dapagliflozin improves glucose control in obese Zucker rats. Male obese Zucker rats (fa/fa) were treated with either
vehicle (● circles) or dapagliflozin (1 mg/kg/day, ■ squares) for 4 weeks. Pretreatment and 4 weeks treatment: (A) urine glucose
levels, (B) glycosylated hemoglobin (HbA1c), 16 h fasting plasma (C) glucose and (D) insulin levels. E: Pancreatic insulin content
following 4 weeks treatment. Pretreatment and 4 weeks treatment-induced 16 h fasting plasma (F) glucagon. G: Continuous body
weight and (H) body weight gain during the 28 day study. Results are presented as individual data points (A–F and H) and mean ± SD
(g) with n = 5–7/group: ***P < 0.001; two-way ANOVA with Sidak's multiple comparisons test (A–D and F) and unpaired two-tailed t
test (E, H).
was resolved into oxidative and nonoxidative pathways.
Whole-body FFA oxidation rate (Rox) was significantly
increased after dapagliflozin treatment compared with
vehicle control (Fig. 2E), due to a specific enhancement
in oxidative clearance (Kox, Fig. 2F), as well as increased
substrate availability (Fig. 2A). Dapagliflozin also
increased nonoxidative disposal (Rst, Fig. 2G); however,
in contrast to the oxidative pathway, this was
completely driven by an increase in substrate
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availability, with no effect on nonoxidative clearance
(Kst, Fig. 2H).

To identify the tissue locus responsible for the
observed whole-body effect on FFA oxidation, we
assessed the FFA utilization index (Rf*), which includes
oxidation and storage, as well as a measure reflecting
only FFA storage (Rfs), in an extensive range of tissues
(supplemental Table S2). Enhanced channeling of FFA
into β-oxidation (Rβ-ox) in a specific tissue would result



Fig. 2. Dapagliflozin increases FFA supply, whole-body and liver FFA oxidation. Assessment of (A–H) whole-body FFA
oxidation, using a 3H-palmitate tracer, or (I, J) liver-specific FFA oxidation, using 3H-Br and 14C-palmitate tracers, in male obese
Zucker rats (fa/fa), pretreated with either vehicle (● circles) or dapagliflozin (1 mg/kg/day, ■ squares) for 4 weeks with mea-
surements made in the 16 h fasted, anesthetized state. Plasma (A) FFA, (B) β-hydroxybutyrate (β-HBA) and calculated (C) FFA
appearance rate (Ra), (D) FFA clearance (Kf), (E) whole-body FFA oxidation rate (Rox), (F) whole-body FFA clearance into oxidative
metabolism (Kox), (G) whole-body FFA storage rate (Rst), (H) whole-body FFA clearance into storage (Kst), (I) liver FFA flux into
oxidation (Rβ-ox), and (J) liver FFA clearance into oxidation (Kβ-ox). All data presented as individual data points with group means, n =
5–9/group: *P < 0.05; **P < 0.01; ***P < 0.001, by unpaired two-tailed Students’ t test.

SGLT2 inhibition and in vivo FFA fluxes 5



in a relative decrease in the ratio Rfs/Rf* in that tissue.
This only occurred in one tissue, the liver
(supplemental Table S2). Furthermore, estimation of
hepatic β-oxidation rate (Rβ-ox), from the Rf* and Rfs

values (as described in supplemental materials),
revealed a marked increase in dapagliflozin compared
with vehicle controls (Fig. 2I). The increase in Rβ-ox

involved a large enhancement in hepatic oxidative
clearance (Kβ-ox) of >2-fold in the dapagliflozin-
compared with vehicle-treated group (Fig. 2J). In fact,
taking into account the liver weight, we estimate that
the liver could quantitatively account for the observed
increase in whole-body FFA oxidation. Thus, using
average liver weights of 4.56 and 4.16% of body weight
in vehicle and dapagliflozin groups, respectively, (based
on measurements in the first cohort of animals) and the
tissue weight-corrected Rβ-ox values (Fig. 2I), the liver
contribution to the whole-body FFA oxidation is esti-
mated to be 4.1 and 8.4 μmol/kg/min in vehicle and
dapagliflozin groups, respectively, a difference of
4.3 μmol/kg/min. This matches very closely the dif-
ference in Rox of 4.0 μmol/kg/min (Fig. 2E). Together,
these data show that dapagliflozin enhanced whole-
body FFA oxidation through a specific effect in the
liver.

Interestingly, the ratio Rfs/Rf* was increased in the
renal cortex (supplemental Table S2) consistent with
the location of the primary target, SGLT2. This is
possibly consistent with a reduction in FFA oxidation,
resulting from a reduced requirement to support salt
and glucose reabsorption.
Fig. 3. Dapagliflozin-induced changes in liver substrates favor
state of (A) Acetyl CoA, (B) Malonyl CoA, (C) Succinyl CoA, and (D
rats (fa/fa), with either vehicle (● circles) or dapagliflozin (1 mg/k
group means, n = 6–7/group: **P < 0.01; ***P < 0.001, by unpaired
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Dapagliflozin-induced changes in liver substrates
during the fasted state support elevated ketogenesis

Liver acetyl-CoA, the major product of β-oxidation
and precursor for ketogenesis and the tricarboxylic
acid cycle, was elevated in the dapagliflozin-treated rats
compared with vehicle (Fig. 3A). Although mean levels
of malonyl-CoA, a master regulator of FFA uptake into
the mitochondria for oxidation and a building block
for de novo lipogenesis, tended to be lower in the
dapagliflozin-treated group, statistical significance was
not achieved (Fig. 3B). The tricarboxylic acid cycle in-
termediate succinyl-CoA was not different between
treatment groups (Fig. 3C). In contrast, HMG-CoA, an
intermediate in ketone body formation, was signifi-
cantly increased in the livers of the dapagliflozin-
treated rats compared with vehicle (Fig. 3D) and
consistent with elevated ketogenesis and the increased
plasma β-HBA levels, observed in the dapagliflozin-
treated rats compared with vehicle (Fig. 2B,
supplemental Fig. S1D and supplemental Table S1).

DISCUSSION

Consistent with effects seen in multiple clinical trials
in patients with type 2 diabetes (23), in the current
study, SGLT2 inhibitor treatment improved glucose
control in the obese Zucker rat. The current results also
confirmed that dapagliflozin elevates fasting levels of
the ketone body, β-HBA, as seen in the clinic (9). Putting
our data together suggests that dapagliflozin promotes
ketogenesis via the mechanisms summarized in Fig. 4.
ketone body formation. Liver tissue levels in the 16 h fasted
) HMG CoA, following 4 weeks treatment in male obese Zucker
g/day, ■ squares). All data presented as individual values with
two-tailed Students t test.
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Fig. 4. Summary of metabolic effects of dapagliflozin in the fasting state. A: Prevention of hyperglycemia is achieved by the
glycosuria resulting from the primary pharmacodynamic action of dapagliflozin, inhibition of the SGLT2 in the renal tubules. B:
The antihyperglycemic action of dapagliflozin reduces the insulin secretory burden resulting in reduced levels of plasma insulin and
increased pancreatic insulin content. C: The antihyperglycemic and antihyperinsulinemic effects of dapagliflozin likely drove the
observed whole-body FFA mobilization from adipose tissue (↑Ra) and elevated systemic FFA availability (↑FFA). Dapagliflozin
enhanced whole-body FFA oxidation (↑Rox), an effect that could be completely accounted for by a liver-specific induction of
β-oxidation (↑Rβ-ox). Elevated β-oxidation increased hepatic acetyl-CoA levels and drove ketogenesis, evidenced through elevations in
liver tissue HMG-CoA and plasma β-HBA. Solid lines represent fluxes, with dapagliflozin-induced changes in flux represented by
color: blue, decreased; black, unchanged; and red, increased flux. Dotted lines represent equivalent inhibitory control signals, with
dapagliflozin-induced changes in the strength of inhibition represented by color: blue, decreased and red increased inhibition.
In line with inhibition of the primary target, SGLT2,
dapagliflozin promoted glucosuria and decreased
plasma glucose (Fig. 4A). The reduced glycemia prob-
ably led to lower insulin secretion, resulting in the
observed reduction in plasma insulin levels and the
increased pancreatic insulin content (Fig. 4B). These
results are consistent with established effects of SGLT2
inhibitors (24). In the present study, comprehensive
tracer methods were then applied to reveal novel
insights into the mechanism of SGLT2 inhibitor
action upon in vivo whole-body and tissue-specific
FFA fluxes (Fig. 4C). The antihyperglycemic and anti-
hyperinsulinemic effects of dapagliflozin likely drove
the observed whole-body FFA mobilization from adi-
pose tissue (Ra) and elevated systemic FFA availability.
Enhanced whole-body FFA oxidation (Rox) could be
completely accounted for by a liver-specific induction
of β-oxidation (Rβ-ox). Elevated β-oxidation increased
hepatic acetyl-CoA levels and drove ketogenesis,
evidenced through elevations in liver tissue HMG-CoA
and plasma β-HBA. Recent publications following
dapagliflozin treatment of patients with type 2 diabetes
support the translational value of this study as
increased whole-body fatty acid oxidation, and specif-
ically increased hepatic FFA uptake, was observed in
these clinical trials (25, 26).

The enhanced FFA mobilization could theoretically
be due to increased lipolysis resulting from a reduction
in plasma insulin or a decrease in intra-adipocyte re-
esterification, due to falling glucose and insulin levels.
Of these alternatives the available evidence suggests
that reduced re-esterification is the dominant driver
since in the clinic another SGLT2 inhibitor has been
shown to minimally influence lipolysis (15).The lack of
change in plasma glucagon levels with dapagliflozin
treatment in the current study (Fig. 1F) adds to evidence
that glucagon signaling is not responsible for the
increased ketogenesis. While several studies have shown
SGLT2 inhibition and in vivo FFA fluxes 7



that SGLT2 inhibitors increase plasma glucagon levels
in patients with type 2 diabetes (24, 27, 28), this does not
appear to be the case in people with prediabetes (29).
Furthermore, a recent publication, based on studies in
mice, provides strong evidence that SGLT2 inhibitor-
mediated enhancement of ketogenesis is independent
of glucagon signaling (30).

Our data reveal that dapagliflozin robustly en-
hances β-oxidation in the liver by a local, liver-specific
effect. The rate-limiting step for this process is
thought to be long-chain fatty acid flux into the
mitochondria via CPT1 (31, 32). The main allosteric
regulator of this enzyme is malonyl-CoA (19) and in-
creases in plasma glucose and insulin levels elevate
hepatic malonyl-CoA levels (33, 34). We were there-
fore expecting a clear treatment-induced reduction in
hepatic malonyl-CoA, and although mean levels ten-
ded to be lower in the dapagliflozin-treated versus
vehicle-treated animals (Fig. 3B), this did not reach
statistical significance. A key factor responsible for the
enhanced hepatic CPT1 activity may have been the
insulin lowering effect of dapagliflozin. Thus insulin,
per se, time dependently increases the sensitivity to
inhibition of CPT1 by malonyl-CoA (35). Conversely,
progressive insulin lowering occurring during pro-
longed fasting may be responsible for delayed
reduction in the sensitivity of CPT1 to the inhibitory
influence of malonyl-CoA (36). Thus, the chronic
dapagliflozin-induced reduction in plasma insulin
levels, by decreasing the sensitivity of CPT1 to the
inhibitory influence of malonyl-CoA and thereby
enabling higher FFA flux into the mitochondria, may
have been the major driver for the observed
enhancement in hepatic β-oxidation.

Dapagliflozin promoted the mobilization of FFA,
which drove an increase in nonoxidative disposal of
FFA (Fig. 2G). Preformed fatty acids taken up from the
circulation are a quantitively important source of liver
lipid (37). Despite the dapagliflozin-induced increase in
systemic FFA availability, hepatic TG content was not
increased by treatment (supplemental Fig. S1B). This
implies that the increased delivery of plasma FFA to
this storage pool was being offset either through
increased hepatic TG pool turnover or reduced local de
novo lipogenesis, the other major source of the fatty
acid moiety of TG. Indeed, both of these offsetting
factors are likely to have been engaged. Thus,
decreased de novo lipogenesis has not been verified but
would certainly be expected given the reductions of
glycemia and insulin levels due to their strong tran-
scriptional regulation of this pathway (38). In addition,
the observed enhancement in β-oxidation would be
expected to increase turnover of the local TG pool. We
were actually surprised that dapagliflozin did not
significantly lower hepatic lipid, as has been observed
in patients with type 2 diabetes following 8 weeks of
treatment (39). The hepatic TG pool of the obese
Zucker rat is large, and whether this was due to an
8 J. Lipid Res. (2022) 63(3) 100176
insufficient treatment duration of only 4 weeks would
require answering with new experiments.

Dapagliflozin successfully prevented the develop-
ment of diabetes in the initially prediabetic obese
Zucker rats used in this study. In addition to preventing
the deterioration in glucose control, as seen in the
vehicle-treated animals, dapagliflozin treatment also
increased pancreatic insulin content (Fig. 1E), in line
with previous observations in db/db mice (19). If
translatable to the clinic, this possible β-cell sparing ef-
fect has the potential to extend treatment to patients
with prediabetes, at high risk of developing type 2
diabetes. Indeed, a study of overweight women who
had recently experienced gestational diabetes showed
that dapagliflozin in combination with metformin had
greater beneficial effects on glycemic and metabolic
parameters compared with metformin alone (40).
These beneficial effects included an improvement in
early insulin response to a glucose challenge, consistent
with an increase in pancreatic insulin content.

Although many of the results tie together and
confirm results in earlier clinical studies using SGLT2i,
there are a number of limitations of the current work.
First, all of our studies are restricted to the fasting sit-
uation. This was motivated by our primary interest in
exploring the mechanisms of ketogenesis, which are
suppressed by the physiological actions of hyper-
insulinemia and hyperglycemia. There are also two
major species of ketone bodies in the circulation,
β-HBA and acetoacetate. In this study we have only
measured β-HBA, as results from a pilot study sug-
gested that plasma acetoacetate was not stable under
the conditions of plasma handling and storage applied.
Furthermore, we have not directly assessed ketone body
production and clearance. Therefore, we cannot
exclude the possibility that a reduction in the clearance
rate of plasma ketone bodies contributes to the
dapagliflozin-induced elevation of plasma ketone
bodies observed. The interpretation of liver CoA in-
termediate levels is complicated by the unknown par-
titioning of the metabolites between subcellular
compartments: e.g., mitochondrial HMG-CoA is
destined for ketogenesis while the cytosolic pool can be
directed to de novo cholesterol synthesis. A lack of
change in plasma cholesterol (supplemental Fig S1F),
however, argues against an involvement of the cytosolic
pool in the observed increase in total HMG-CoA levels.
The tracer studies were also performed in the anes-
thetized state, which can of course perturb metabolism;
however, this is unlikely to have influenced our major
conclusions. Thus, the relative differences between
dapagliflozin- and vehicle-treated groups in plasma
FFA and β-HBA were maintained. Another limitation
of the current methodology is that the turnover and
metabolic fate of esterified FA have not been assessed.
Thus, our measurements of FFA oxidation exclude the
contribution of FAs derived from hydrolysis of intra-
cellular TGs. Finally, small amounts of ethanol were



used to formulate the dapagliflozin for oral adminis-
tration as well as administration of the FFA tracer;
however, both the vehicle and dapagliflozin groups
received equal per kg doses of ethanol. Although
ethanol can potentially perturb ketone body meta-
bolism (41, 42), the dosing needed to achieve these ef-
fects is much higher than the ones used in the present
study.

In conclusion, this study provides new insight into the
mechanisms by which an SGLT2 inhibitor, dapagli-
flozin, enhances ketogenesis. Our tracer kinetic studies
in the fasting state provide evidence that the ketogenic
effect is driven by the combination of accelerated
mobilization of FFA from adipose tissue stores and a
robust liver-specific enhancement in β-oxidation. These
responses qualitatively resemble the physiologic
response to fasting. Thus, faced with a situation of
negative carbohydrate balance, due to SGLT2 inhibi-
tion and glycosuria, the decreasing glucose and insulin
levels are probably primary triggers via established
physiologic mechanisms for the observed adipose and
hepatic lipid metabolic responses.

Data availability
All data are available in the main text or the sup-

plementary materials.

Supplemental data
This article contains supplemental data (20, 21).

Acknowledgments
The authors would like to thank the staff at their labo-

ratory animal science department and especially study
responsible Weronica Törn and also Anna Lindblom for
helping with the experiments, Ingela Ahlstedt and Leif
Aasehaug for plasma and tissue analyses, and Cecilia
Eriksson and Chad Elmore for providing the Br-palmitate.
The authors would also like to thank Cecilia Karlsson and
Bader Zarrouki for valuable input to the manuscript.

Author contributions
K. W., T. H., T. K., and N. D. O. methodology; K. W., T. K.,

N. D. O., and T. H. formal analysis; T. H., T. K., and L. L.
investigation; J. B. resources; K. W., T. K., and N. D. O.
writing – original draft; D. L., M. S.-W., and J. B. writing –

review & editing; K. W. supervision.

Author ORCIDs
Kristina Wallenius https://orcid.org/0000-0002-3231-2733

Funding and additional information
This research did not receive any specific grant from

funding agencies in the public, commercial, or not-for-
profit sectors.

Conflict of interest
All authors are or were employed by AstraZeneca and

have shares in the company.
Abbreviations
β-HBA, plasma β-hydroxybutyrate; CPT1, Carnitine pal-

mitoyltransferase 1; HbA1c, hemoglobin A1c; Rβ-ox, Liver
FFA flux into β-oxidation; Ra, plasma FFA appearance; Rox,
whole-body FFA oxidation; Rst, non-oxidative FFA disposal;
SGLT2, Sodium glucose cotransporter 2; TG, triglyceride.

Manuscript received April 21, 2021, and in revised from
January 25, 2022. Published, JLR Papers in Press, February 2,
2022, https://doi.org/10.1016/j.jlr.2022.100176
REFERENCES

1. Heerspink, H. J. L., Karasik, A., Thuresson, M., Melzer-Cohen, C.,
Chodick, G., Khunti, K., Wilding, J. P. H., Garcia Rodriguez, L. A.,
Cea-Soriano, L., Kohsaka, S., Nicolucci, A., Lucisano, G., Lin, F. J.,
Wang, C. Y., Wittbrodt, E., et al. (2020) Kidney outcomes associ-
ated with use of SGLT2 inhibitors in real-world clinical practice
(CVD-REAL 3): a multinational observational cohort study.
Lancet Diabetes Endocrinol. 8, 27–35

2. Heerspink, H. J. L., Stefansson, B. V., Correa-Rotter, R., Chertow,
G. M., Greene, T., Hou, F. F., Mann, J. F. E., McMurray, J. J. V.,
Lindberg, M., Rossing, P., Sjostrom, C. D., Toto, R. D., Langkilde,
A. M., Wheeler, D. C., and DAPA-CKD Trial Committees, and
Investigators (2020) Dapagliflozin in patients with chronic kid-
ney disease. N. Engl. J. Med. 383, 1436–1446

3. Mahaffey, K. W., Neal, B., Perkovic, V., de Zeeuw, D., Fulcher, G.,
Erondu, N., Shaw, W., Fabbrini, E., Sun, T., Li, Q., Desai, M.,
Matthews, D. R., and CANVAS Program Collaborative Group
(2018) Canagliflozin for primary and secondary prevention of
cardiovascular events: results from the CANVAS Program
(Canagliflozin Cardiovascular Assessment Study). Circulation. 137,
323–334

4. McMurray, J. J. V., Solomon, S. D., Inzucchi, S. E., Kober, L.,
Kosiborod, M. N., Martinez, F. A., Ponikowski, P., Sabatine, M. S.,
Anand, I. S., Belohlavek, J., Bohm, M., Chiang, C. E., Chopra, V. K.,
de Boer, R. A., Desai, A. S., et al. (2019) Dapagliflozin in patients
with heart failure and reduced ejection fraction. N. Engl. J. Med.
381, 1995–2008

5. Neal, B., Perkovic, V., Mahaffey, K. W., de Zeeuw, D., Fulcher, G.,
Erondu, N., Shaw, W., Law, G., Desai, M., Matthews, D. R., and
CANVAS Program Collaborative Group (2017) Canagliflozin
and cardiovascular and renal events in type 2 diabetes. N. Engl. J.
Med. 377, 644–657

6. Wiviott, S. D., Raz, I., Bonaca, M. P., Mosenzon, O., Kato, E. T.,
Cahn, A., Silverman, M. G., Bansilal, S., Bhatt, D. L., Leiter, L. A.,
McGuire, D. K., Wilding, J. P., Gause-Nilsson, I. A., Langkilde, A.
M., Johansson, P. A., et al. (2018) The design and rationale for the
Dapagliflozin Effect on Cardiovascular Events (DECLARE)-
TIMI 58 Trial. Am. Heart J. 200, 83–89

7. Zinman, B., Wanner, C., Lachin, J. M., Fitchett, D., Bluhmki, E.,
Hantel, S., Mattheus, M., Devins, T., Johansen, O. E., Woerle, H. J.,
Broedl, U. C., Inzucchi, S. E., and EMPA-REG OUTCOME In-
vestigators (2015) Empagliflozin, cardiovascular outcomes, and
mortality in type 2 diabetes. N. Engl. J. Med. 373, 2117–2128

8. Davies, M. J., D'Alessio, D. A., Fradkin, J., Kernan, W. N., Mathieu,
C., Mingrone, G., Rossing, P., Tsapas, A., Wexler, D. J., and Buse, J.
B. (2018) Management of hyperglycemia in type 2 diabetes, 2018.
A consensus report by the American Diabetes Association
(ADA) and the European Association for the Study of Diabetes
(EASD). Diabetes Care. 41, 2669–2701

9. Min, S. H., Oh, T. J., Baek, S. I., Lee, D. H., Kim, K. M., Moon, J. H.,
Choi, S. H., Park, K. S., Jang, H. C., and Lim, S. (2018) Degree of
ketonaemia and its association with insulin resistance after
dapagliflozin treatment in type 2 diabetes. Diabetes Metab. 44,
73–76

10. Polidori, D., Iijima, H., Goda, M., Maruyama, N., Inagaki, N., and
Crawford, P. A. (2018) Intra- and inter-subject variability for
increases in serum ketone bodies in patients with type 2 diabetes
treated with the sodium glucose co-transporter 2 inhibitor can-
agliflozin. Diabetes Obes. Metab. 20, 1321–1326
SGLT2 inhibition and in vivo FFA fluxes 9

https://orcid.org/0000-0002-3231-2733
http://doi.org/https://doi.org/10.1016/j.jlr.2022.100176
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref1
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref1
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref1
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref1
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref1
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref1
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref1
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref1
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref2
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref2
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref2
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref2
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref2
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref2
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref2
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref3
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref3
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref3
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref3
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref3
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref3
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref3
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref3
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref4
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref4
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref4
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref4
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref4
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref4
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref4
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref5
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref5
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref5
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref5
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref5
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref5
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref6
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref6
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref6
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref6
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref6
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref6
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref6
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref7
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref7
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref7
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref7
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref7
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref7
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref8
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref8
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref8
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref8
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref8
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref8
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref8
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref9
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref9
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref9
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref9
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref9
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref9
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref10
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref10
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref10
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref10
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref10
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref10


11. Nishimura, R., Tanaka, Y., Koiwai, K., Ishida, K., Salsali, A., Kas-
pers, S., Kohler, S., and Lund, S. S. (2019) Effect of empagliflozin
on free fatty acids and ketone bodies in Japanese patients with
type 2 diabetes mellitus: a randomized controlled trial. Adv. Ther.
36, 2769–2782

12. Lopaschuk, G. D., and Verma, S. (2020) Mechanisms of cardio-
vascular benefits of sodium glucose co-transporter 2 (SGLT2)
inhibitors: a state-of-the-art review. JACC Basic Transl. Sci. 5,
632–644

13. Nielsen, R., Moller, N., Gormsen, L. C., Tolbod, L. P., Hansson, N.
H., Sorensen, J., Harms, H. J., Frokiaer, J., Eiskjaer, H., Jespersen,
N. R., Mellemkjaer, S., Lassen, T. R., Pryds, K., Botker, H. E., and
Wiggers, H. (2019) Cardiovascular effects of treatment with the
ketone body 3-hydroxybutyrate in chronic heart failure pa-
tients. Circulation. 139, 2129–2141

14. Tomita, I., Kume, S., Sugahara, S., Osawa, N., Yamahara, K.,
Yasuda-Yamahara, M., Takeda, N., Chin-Kanasaki, M., Kaneko,
T., Mayoux, E., Mark, M., Yanagita, M., Ogita, H., Araki, S. I., and
Maegawa, H. (2020) SGLT2 inhibition mediates protection from
diabetic kidney disease by promoting ketone body-induced
mTORC1 inhibition. Cell Metab. 32, 404–419.e6

15. Ferrannini, E., Baldi, S., Frascerra, S., Astiarraga, B., Heise, T.,
Bizzotto, R., Mari, A., Pieber, T. R., and Muscelli, E. (2016) Shift to
fatty substrate utilization in response to sodium-glucose
cotransporter 2 inhibition in subjects without diabetes and pa-
tients with type 2 diabetes. Diabetes. 65, 1190–1195

16. Wolfe, R. R., and Peters, E. J. (1987) Lipolytic response to glucose
infusion in human subjects. Am. J. Physiol. 252, E218–E223

17. Rui, L. (2014) Energy metabolism in the liver. Compr. Physiol. 4,
177–197

18. Drynan, L., Quant, P. A., and Zammit, V. A. (1996) Flux control
exerted by mitochondrial outer membrane carnitine palmi-
toyltransferase over beta-oxidation, ketogenesis and tricarbox-
ylic acid cycle activity in hepatocytes isolated from rats in
different metabolic states. Biochem. J. 317, 791–795

19. McGarry, J. D., Mannaerts, G. P., and Foster, D. W. (1977)
A possible role for malonyl-CoA in the regulation of he-
patic fatty acid oxidation and ketogenesis. J. Clin. Invest. 60,
265–270

20. Oakes, N. D., Kjellstedt, A., Thalen, P., Ljung, B., and Turner, N.
(2013) Roles of fatty acid oversupply and impaired oxidation in
lipid accumulation in tissues of obese rats. J. Lipids. 2013, 420754

21. Oakes, N. D., Kjellstedt, A., Forsberg, G. B., Clementz, T., Camejo,
G., Furler, S. M., Kraegen, E. W., Olwegard-Halvarsson, M., Jen-
kins, A. B., and Ljung, B. (1999) Development and initial evalua-
tion of a novel method for assessing tissue-specific plasma free
fatty acid utilization in vivo using (R)-2-bromopalmitate tracer.
J. Lipid Res. 40, 1155–1169

22. Oakes, N. D., Thalen, P., Aasum, E., Edgley, A., Larsen, T., Furler,
S. M., Ljung, B., and Severson, D. (2006) Cardiac metabolism in
mice: tracer method developments and in vivo application
revealing profound metabolic inflexibility in diabetes. Am. J.
Physiol. Endocrinol. Metab. 290, E870–E881

23. Taylor, S. I., Yazdi, Z. S., and Beitelshees, A. L. (2021) Pharma-
cological treatment of hyperglycemia in type 2 diabetes. J. Clin.
Invest. 131, e142243

24. Ferrannini, E., Muscelli, E., Frascerra, S., Baldi, S., Mari, A., Heise,
T., Broedl, U. C., and Woerle, H. J. (2014) Metabolic response to
sodium-glucose cotransporter 2 inhibition in type 2 diabetic
patients. J. Clin. Invest. 124, 499–508

25. Oldgren, J., Laurila, S., Akerblom, A., Latva-Rasku, A., Rebelos, E.,
Isackson, H., Saarenhovi, M., Eriksson, O., Heurling, K., Johans-
son, E., Wilderang, U., Karlsson, C., Esterline, R., Ferrannini, E.,
Oscarsson, J., et al. (2021) Effects of 6 weeks of treatment with
dapagliflozin, a sodium-glucose co-transporter-2 inhibitor, on
myocardial function and metabolism in patients with type 2
diabetes: a randomized, placebo-controlled, exploratory study.
Diabetes Obes. Metab. 23, 1505–1517

26. Op den Kamp, Y. J. M., de Ligt, M., Dautzenberg, B., Kornips, E.,
Esterline, R., Hesselink, M. K. C., Hoeks, J., Schrauwen-Hin-
derling, V. B., Havekes, B., Oscarsson, J., Phielix, E., and Schrau-
wen, P. (2021) Effects of the SGLT2 inhibitor dapagliflozin on
10 J. Lipid Res. (2022) 63(3) 100176
energy metabolism in patients with type 2 diabetes: a random-
ized, double-blind crossover trial. Diabetes Care. 44, 1334–1343

27. Daniele, G., Xiong, J., Solis-Herrera, C., Merovci, A., Eldor, R.,
Tripathy, D., DeFronzo, R. A., Norton, L., and Abdul-Ghani, M.
(2016) Dapagliflozin enhances fat oxidation and ketone pro-
duction in patients with type 2 diabetes. Diabetes Care. 39,
2036–2041

28. Lundkvist, P., Pereira, M. J., Kamble, P. G., Katsogiannos, P.,
Langkilde, A. M., Esterline, R., Johnsson, E., and Eriksson, J. W.
(2019) Glucagon levels during short-term SGLT2 inhibition are
largely regulated by glucose changes in patients with type 2
diabetes. J. Clin. Endocrinol. Metab. 104, 193–201

29. Clemmensen, K. K. B., Blond, M. B., Amadid, H., Bruhn, L.,
Vistisen, D., Karstoft, K., Persson, F., Ried-Larsen, M., Holst, J. J.,
Wewer Albrechtsen, N. J., Torekov, S. S., Quist, J. S., Jorgensen,
M. E., and Faerch, K. (2021) No effects of dapagliflozin, met-
formin or exercise on plasma glucagon concentrations in in-
dividuals with prediabetes: a post hoc analysis from the
randomized controlled PRE-D trial. Diabetes Obes. Metab. 23,
530–539

30. Capozzi, M. E., Coch, R. W., Koech, J., Astapova, I. I., Wait, J. B.,
Encisco, S. E., Douros, J. D., El, K., Finan, B., Sloop, K. W., Herman,
M. A., D'Alessio, D. A., and Campbell, J. E. (2020) The limited role
of glucagon for ketogenesis during fasting or in response to
SGLT2 inhibition. Diabetes. 69, 882–892

31. Schlaepfer, I. R., and Joshi, M. (2020) CPT1A-mediated fat
oxidation, mechanisms, and therapeutic potential. Endocrinology.
161, bqz046

32. Sidossis, L. S., Stuart, C. A., Shulman, G. I., Lopaschuk, G. D., and
Wolfe, R. R. (1996) Glucose plus insulin regulate fat oxidation by
controlling the rate of fatty acid entry into the mitochondria. J.
Clin. Invest. 98, 2244–2250

33. Chien, D., Dean, D., Saha, A. K., Flatt, J. P., and Ruderman, N. B.
(2000) Malonyl-CoA content and fatty acid oxidation in rat
muscle and liver in vivo. Am. J. Physiol. Endocrinol. Metab. 279,
E259–E265

34. Kraegen, E. W., Saha, A. K., Preston, E., Wilks, D., Hoy, A. J.,
Cooney, G. J., and Ruderman, N. B. (2006) Increased malonyl-
CoA and diacylglycerol content and reduced AMPK activity
accompany insulin resistance induced by glucose infusion in
muscle and liver of rats. Am. J. Physiol. Endocrinol. Metab. 290,
E471–E479

35. Park, E. A., Mynatt, R. L., Cook, G. A., and Kashfi, K. (1995) Insulin
regulates enzyme activity, malonyl-CoA sensitivity and mRNA
abundance of hepatic carnitine palmitoyltransferase-I. Biochem.
J. 310, 853–858

36. Drynan, L., Quant, P. A., and Zammit, V. A. (1996) The role of
changes in the sensitivity of hepatic mitochondrial overt carni-
tine palmitoyltransferase in determining the onset of the ketosis
of starvation in the rat. Biochem. J. 318, 767–770

37. Alves-Bezerra, M., and Cohen, D. E. (2017) Triglyceride meta-
bolism in the liver. Compr. Physiol. 8, 1–8

38. Postic, C., and Girard, J. (2008) Contribution of de novo fatty acid
synthesis to hepatic steatosis and insulin resistance: lessons from
genetically engineered mice. J. Clin. Invest. 118, 829–838

39. Latva-Rasku, A., Honka, M. J., Kullberg, J., Mononen, N., Lehti-
maki, T., Saltevo, J., Kirjavainen, A. K., Saunavaara, V., Iozzo, P.,
Johansson, L., Oscarsson, J., Hannukainen, J. C., and Nuutila, P.
(2019) The SGLT2 inhibitor dapagliflozin reduces liver fat but
does not affect tissue insulin sensitivity: a randomized, double-
blind, placebo-controlled study with 8-week treatment in type
2 diabetes patients. Diabetes Care. 42, 931–937

40. Elkind-Hirsch, K. E., Seidemann, E., and Harris, R. (2020)
A randomized trial of dapagliflozin and metformin, alone and
combined, in overweight women after gestational diabetes
mellitus. Am. J. Obstet. Gynecol. MFM. 2, 100139

41. Lukivskaya, O., and Buko, V. U. (1993) Utilization of ketone
bodies by the rat liver, brain and heart in chronic alcohol
intoxication. Alcohol Alcohol. 28, 431–436

42. Yuki, T., and Thurman, R. G. (1980) The swift increase in alcohol
metabolism. Time course for the increase in hepatic oxygen
uptake and the involvement of glycolysis. Biochem. J. 186, 119–126

http://refhub.elsevier.com/S0022-2275(22)00009-8/sref11
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref11
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref11
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref11
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref11
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref11
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref12
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref12
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref12
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref12
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref12
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref13
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref13
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref13
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref13
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref13
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref13
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref13
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref14
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref14
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref14
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref14
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref14
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref14
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref14
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref15
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref15
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref15
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref15
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref15
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref15
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref16
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref16
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref16
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref17
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref17
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref17
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref18
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref18
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref18
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref18
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref18
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref18
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref19
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref19
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref19
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref19
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref19
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref20
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref20
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref20
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref21
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref21
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref21
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref21
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref21
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref21
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref21
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref22
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref22
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref22
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref22
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref22
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref22
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref23
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref23
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref23
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref24
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref24
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref24
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref24
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref24
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref25
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref25
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref25
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref25
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref25
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref25
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref25
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref25
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref25
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref26
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref26
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref26
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref26
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref26
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref26
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref26
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref27
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref27
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref27
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref27
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref27
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref27
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref28
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref28
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref28
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref28
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref28
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref28
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref29
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref29
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref29
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref29
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref29
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref29
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref29
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref29
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref29
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref30
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref30
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref30
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref30
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref30
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref30
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref31
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref31
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref31
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref32
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref32
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref32
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref32
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref32
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref33
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref33
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref33
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref33
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref33
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref34
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref34
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref34
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref34
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref34
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref34
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref34
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref35
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref35
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref35
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref35
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref35
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref36
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref36
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref36
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref36
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref36
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref37
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref37
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref37
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref38
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref38
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref38
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref38
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref39
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref39
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref39
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref39
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref39
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref39
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref39
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref39
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref40
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref40
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref40
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref40
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref41
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref41
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref41
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref41
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref42
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref42
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref42
http://refhub.elsevier.com/S0022-2275(22)00009-8/sref42

	The SGLT2 inhibitor dapagliflozin promotes systemic FFA mobilization, enhances hepatic β-oxidation, and induces ketosis
	Materials and methods
	Animals and treatment
	Plasma and liver biomarker responses
	Surgical preparation
	Whole-body FFA oxidation
	Tissue-specific FFA oxidation
	Blood, plasma, urine, and tissue biochemistry

	Statistics

	Results
	Dapagliflozin improves glucose control in obese Zucker rats
	Dapagliflozin increases FFA supply, whole-body and liver FFA oxidation
	Dapagliflozin-induced changes in liver substrates during the fasted state support elevated ketogenesis

	Discussion
	Data availability

	Supplemental data
	Author contributions
	Funding and additional information
	References


