
SGLT2 Inhibitor Dapagliflozin Increases Skeletal Muscle and
Brain Fatty Acid Uptake in Individuals With Type 2 Diabetes: A
RandomizedDouble-BlindPlacebo-ControlledPositronEmission
Tomography Study

Aino Latva-Rasku, Eleni Rebelos, Jouni Tuisku, Richard Aarnio, Achol Bhowmik, Helmi Keskinen, Sanna Laurila,
Minna Lahesmaa-Hatting, Laura Pekkarinen, Henrik Isackson, Anna K. Kirjavainen, Jukka Koffert, Kerstin Heurling,
Lauri Nummenmaa, Ele Ferrannini, Jonas Oldgren, Jan Oscarsson, and Pirjo Nuutila

Diabetes Care 2024;47(9):1–8 | https://doi.org/10.2337/dc24-0470

Dapagliflozin Increases Skeletal Muscle and Brain 
Fatty Acid Uptake in Individuals With Type 2 Diabetes

38 patients with 
type 2 diabetes & metformin

n = 21
dapagliflozin 

10 mg 

n = 17
placebo

Whole-body [18F]FTHA-PET

Whole-body [18F]FTHA-PET

6 weeks

A Randomized Double-Blind Placebo-Controlled Positron Emission Tomography (PET) Study

Conclusions
Increase in fatty acid uptake in response to sodium–glucose

cotransporter 2 inhibitor treatment extends from the liver to skeletal
muscle and the brain

ARTICLE HIGHLIGHTS

� Why did we undertake this study?
We aimed to characterize the extent of the effects of dapagliflozin on tissue-specific fatty acid metabolism in humans.

� What is the specific question(s) we wanted to answer?
We were interested in exploring which tissues contribute to the increased whole-body fatty acid consumption during sodium–glucose cotransporter 2
(SGLT2) inhibitor treatment.

� What did we find?
We discovered that fatty acid uptake was increased in skeletal muscle and the brain.

� What are the implications of our findings?
Because SGLT2 inhibitor treatment also reduces body fat, our study suggests that fatty acid uptake and oxidation are enhanced by dapagliflozin in
several different tissues. In the brain, this change might be a sign of improved myelin and membrane synthesis.

D
ow

nloaded from
 http://diabetesjournals.org/care/article-pdf/doi/10.2337/dc24-0470/775009/dc240470.pdf by Turun Yliopisto - Teutori Library user on 09 August 2024



SGLT2 Inhibitor Dapagliflozin
Increases Skeletal Muscle and
Brain Fatty Acid Uptake in
Individuals With Type 2 Diabetes:
A Randomized Double-Blind
Placebo-Controlled Positron
Emission Tomography Study
https://doi.org/10.2337/dc24-0470

Aino Latva-Rasku,1,2 Eleni Rebelos,1

Jouni Tuisku,1 Richard Aarnio,1

Achol Bhowmik,1 Helmi Keskinen,1

Sanna Laurila,1,3

Minna Lahesmaa-Hatting,1

Laura Pekkarinen,1,2 Henrik Isackson,4,5

Anna K. Kirjavainen,6 Jukka Koffert,1

Kerstin Heurling,7 Lauri Nummenmaa,1,8

Ele Ferrannini,9 Jonas Oldgren,4,10

Jan Oscarsson,11 and Pirjo Nuutila1,2

OBJECTIVE
The aim of this study was to investigate the impact of the sodium–glucose cotrans-
porter 2 (SGLT2) inhibitor dapagliflozin on tissue fatty acid (FA) uptake in the skeletal
muscle, brain, small intestine, and subcutaneous and visceral adipose tissue of indi-
viduals with type 2 diabetes by using positron emission tomography (PET).

RESEARCH DESIGN AND METHODS

In a 6-week randomized double-blind placebo-controlled trial, 53 patients with type 2
diabetes treated with metformin received either 10 mg dapagliflozin or placebo daily.
Tissue FA uptake was quantified at baseline and end of treatment with PET and the
long-chain FA analog radiotracer 14(R,S)-[18F]fluoro-6-thia-heptadecanoic acid. Treat-
ment effects were assessed using ANCOVA, and the results are reported as least
square means and 95% CIs for the difference between groups.

RESULTS

A total of 38 patients (dapagliflozin n = 21; placebo n = 17) completed the study. After
6weeks, skeletalmuscle FA uptakewas increased by dapagliflozin comparedwith placebo
(1.0 [0.07, 2.0] lmol � 100 g21 � min21; P = 0.032), whereas uptake was not significantly
changed in the small intestine or visceral or subcutaneous adipose tissue. Dapagliflozin
treatment significantly increasedwhole-brain FA uptake (0.10 [0.02, 0.17] lmol � 100 g21 �
min21; P = 0.01), an effect observed in both gray andwhitematter regions.

CONCLUSIONS

Six weeks of treatment with dapagliflozin increases skeletal muscle and brain FA uptake,
partly driven by a rise in free FA availability.This finding is in accordancewith previous in-
direct measurements showing enhanced FA metabolism in response to SGLT2 inhibition
and extends the notion of a shift toward increased FA use tomuscle and brain.

Sodium–glucose cotransporter 2 (SGLT2) inhibitors suppress glucose reabsorption
in renal proximal tubules, which results in glycosuria and reduced circulating glu-
cose levels (1). Since the widespread adoption of SGLT2 inhibitors, it has become
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evident that they also modulate whole-
body energy metabolism (1). Most nota-
bly, this class of drugs has been sug-
gested to enhance the use of fatty acids
(FAs) and ketone bodies as fuels at the
expense of glucose use. Studies using in-
direct calorimetry have shown that SGLT2
inhibitors reduce the respiratory exchange
ratio, enhance lipid oxidation, and increase
circulating levels of free FAs (FFAs) and ke-
tones (2–4). At the tissue level, FA uptake
has been studied by using positron emis-
sion tomography (PET). We previously
reported that 6 weeks of treatment with
dapagliflozin increases hepatic, but not
myocardial, FA uptake measured with
PET using the long-chain FA analog
14(R,S)-[18F]fluoro-6-thia-heptadecanoic
acid ([18F]FTHA) (5,6). [18F]FTHA under-
goes the initial steps of b-oxidation, but
the sulfur substitution at the sixth carbon
inhibits its full degradation (6). Conse-
quently, only 30–36% of the 18F-fluorine
from [18F]FTHA enters the mitochondria
in the liver and skeletal muscle, whereas
the majority is incorporated into triacylgly-
cerols (TAGs) and phospholipids in these
tissues and the brain (7–9). Although most
of the 18F-label at the C-14 is trapped
intracellularly, 18F-containing compounds,
such as TAGs, become present in the circu-
lation as early as 10–20min after injection,
with the portion of intact [18F]FTHA being
low (5–20%) after 30min (7,10).

Two prior studies have used [11C]pal-
mitate, a radiotracer used to character-
ize FA oxidation in addition to uptake
rate (11), to explore the effects of SGLT2
inhibitors in humans. Similarly to our
findings, empagliflozin did not affect
myocardial FA uptake or oxidation when
accounting for elevated serum FFA con-
centrations, whereas both myocardial FA
uptake and oxidation decreased if only
radiotracer transfer rates were consid-
ered (12). An extension of this publica-
tion reported increased FA uptake in the
visceral, but not subcutaneous, adipose
tissue (13). However, because radiotracer
uptake rates were not reported, it is
challenging to evaluate the effect of in-
creased serum FA levels based on the re-
ported values.

Here, we investigated the effects of
dapagliflozin on skeletal muscle, adipose
tissue, intestinal, and brain FA uptake by
using [18F]FTHA. We hypothesized that
the treatment would be associated with
enhanced skeletal muscle FA uptake.

RESEARCH DESIGN AND METHODS

Study Design
This was a double-blind randomized
parallel-group study with the primary
objective of investigating the effects of
dapagliflozin treatment on function and
metabolism in the myocardium (clinical
trial reg. no. NCT03387683) (5), and FA
uptake in other tissues was studied as an
exploratory objective. The study was
conducted at the Turku PET Centre, Turku
University Hospital, Turku, Finland, and
Uppsala University Hospital, Uppsala, Swe-
den, from February 2018 toMarch 2019.

The study comprised five visits: a
screening visit 1 to 21 days before first
PET study visit, an interim telephone call,
a baseline PET study visit, an end-of treat-
ment visit 6 weeks after the first PET
study visit, and a safety follow-up tele-
phone call. On the second visit, patients
were randomly assigned at a 1:1 ratio to
receive either 10 mg dapagliflozin or pla-
cebo daily. Randomization was performed
in blocks of two without stratification,
with the scheme generated by Parexel
(Parexel International, Durham, NC). Ran-
domization was performed by a central
telephone service. Compliance was evalu-
ated based on the amount of returned
study medicine.

All study procedures, PET data analyses,
and laboratory analyses were performed
by investigators blinded to the treatment.

The study protocol was approved by
the Finnish Medicines Agency Fimea, the
Independent Ethics Committee of the
Southwest Finland Hospital District, and
the Regional Ethics Committee of Upp-
sala, Sweden. The study was conducted
according to the principles of the Decla-
ration of Helsinki. All patients provided
written informed consent before any
study procedures. A negative pregnancy
test result performed on site before ev-
ery PET imaging visit was required from
all female participants of childbearing
age.

Study Patients
Patients with type 2 diabetes diagnosed at
least 6 months before the study based on
the American Diabetes Association 2017
criteria, age 40–75 years and with a BMI
of$25 kg � m�2, were eligible if they had
been treated with a stable dose of metfor-
min for at least 6 weeks before screening
and had an HbA1c of 42–75 mmol � mol�1

(6.0–9.0%), normal left ventricular ejection

fraction ($50%), and no significant signs
or symptoms of coronary artery disease.
Exclusion criteria included diagnosis of any
other type of diabetes, uncontrolled hy-
pertension ($160/100 mmHg measured
at screening), history of stroke, atrial fibrilla-
tion, valvular disease, estimated glomerular
filtration rate (eGFR) of <45 mL � min�1 �
1.73 m�2, unstable or rapidly progressing
renal disease or severe hepatic impairment
(Child-Pugh class C), and use of loop diu-
retics or antidiabetic drugs other than
metformin.

Of the 87 patients participating in the
screening visit, 53 were considered eligi-
ble, and 38 of those eligible (dapagliflo-
zin n = 21; placebo treatment n = 17)
also completed the [18F]FTHA studies; 28
of these patients were studied in Turku,
Finland, and 10 in Uppsala, Sweden (5).

[18F]FTHA-PET Protocol
The PET studies were conducted after a
minimum of 6–8 h of fasting and, at the
end-of-treatment visit, 4–6 h after the
last dose of study drug and a minimum of
12 h after taking any other medications.
The [18F]FTHA radiotracer was manufac-
tured in the local radiochemistry labora-
tories as described earlier (14).

Before the PET scan, two venous cathe-
ters were inserted into opposite forearms.
One was used for blood sampling and the
other for radiotracer administration. Im-
age acquisition was performed on three
GE Healthcare Discovery MI PET/computed
tomography (CT) scanners and one GE
Healthcare Discovery 690 PET/CT (GE
Healthcare, Milwaukee, WI). Patients were
examined with the same scanner at base-
line and end of study. Before radiotracer
administration, a low-dose CT or magnetic
resonance scan was performed. The dose
of [18F]FTHA was based on body weight,
with the target of 2MBq � kg�1. Right after
radiotracer bolus injection, a 32-min dy-
namic scan was started from the thoracic
area (12 × 15, 4 × 30, 2 × 120, 1 × 180, and
4 × 300 s), and a 10-min static scan was
performed on the brain 52–62 min post-
injection. Image data were reconstructed
using iterative reconstruction (three itera-
tions; 16 subsets; 5 mm postfilter).

PET Data Analysis
All PET data were corrected for dead time,
decay, and photon attenuation based on
low-dose CT. Radiotracer uptake into pe-
ripheral tissues was assessed from dynamic
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frames 12–32 min after injection and, in
the brain, starting from a single static im-
age from 52 to 62 min after injection. In
peripheral tissues, volumes of interest
(VOIs) were drawn freehand with Cari-
mas software (version 2.10) (15). Para-
spinal muscles were used for skeletal
muscle analyses, the left ventricular wall
was used for the myocardium, the duo-
denal wall was chosen to represent the
small intestine, and a mean of several
VOIs drawn in subcutaneous and intra-
peritoneal visceral adipose tissue were
used for adipose tissue analysis. For the
brain, an automatized pipeline was used
for analysis (16). First, the PET data were
spatially normalized to MNI152 standard
space using an in-house [18F]FTHA tem-
plate. Then, three predefined VOIs (i.e.,
cortical gray matter, white matter, and
whole brain) were used to extract the
time activity curves.
To obtain the rate of tissue radiotracer

uptakewith respect to radiotracer availabil-
ity in the circulation, the tissue fractional
[18F]FTHA uptake rate (FUR; mL � [mL �
min]�1) was calculated by dividing tissue
accumulated activity measured from the
images by the integral of radiometabolite-
corrected plasma radioactivity from injec-
tion to the midpoint of the selected PET
frame (17,18). Because [18F]FTHA FUR is
considered to express a fraction of total FA
uptake, tissue FA uptake was calculated by
multiplying FUR by serum FFA concentra-
tion during the scan and divided by tissue
density (in units ofmmol � 100 g�1 �min�1).
Whole-body [18F]FTHA clearance was cal-
culated by dividing the injected dose by
the plasma radioactivity area under the
curve (AUC) from injection to extrapo-
lated infinity (7).
Because [18F]FTHA is metabolized rap-

idly, plasma input was corrected by mea-
suring the remaining intact fraction of
the radiotracer at 5, 10, 20, and 30 min
after injection by using thin-layer chro-
matography with autoradiography (8,9),
and the input curve was forced to zero
after 30 min based on previous studies
showing only minuscule amounts of un-
metabolized [18F]FTHA after this time
point (19). Serum FFA were measured
5 min before injection and 32 min into
the scan.

Laboratory Measurements
Fasting plasma glucose was analyzed by
the hexokinase enzymatic method (Roche

Diagnostics, Indianapolis, IN) and HbA1c
by ion-exchange high-performance liquid
chromatography (Bio-Rad, Hercules, CA),
and International Federation of Clinical
Chemistry (IFCC) HbA1c was calculated us-
ing the following formula: IFCC = (NGSP�
2.15) � 0.09148�1. Enzymatic colorimetric
assays were used for serum FFA (Roche
Modular and Cobas Analyzer; Wako
Chemicals, Richmond, VA), plasma
b-hydroxybutyrate (LiquiColor; Stanbio
Laboratory, Boerne, TX), and plasma
lactate (Roche Diagnostics).

Statistical Analysis
Distribution of the data was evaluated
with the Shapiro-Wilk test, and logarithmic
transformation was performed on nonnor-
mally distributed parameters (HbA1c, daily
dose of metformin). Baseline differences
between groups were evaluated with the
independent samples t test or Mann-
Whitney U test for nonnormally distrib-
uted data (b-hydroxybutyrate). Treatment
effects in anthropometric measurements,
laboratory tests, and tissue [18F]FTHA and
FFA uptake rates were analyzed using
ANCOVAs.

The treatment effect on the brain was
investigated at voxel level using a statisti-
cal parametric mapping toolbox (SPM12;
Wellcome Trust Centre for Neuroimaging,
London, U.K.) running on Matlab (Math-
works, Natick, MA).The effects were tested
using the t test with the FUR difference
images (post minus pre), which were
smoothed with an 8-mm Gaussian filter
before analysis. The resulting statistical
maps were corrected for multiple com-
parisons at cluster level using a false dis-
covery rate at P< 0.05 (16).

Associations between changes in labo-
ratory results and fractional radiotracer
uptake were studied using Pearson corre-
lation. Baseline results are reported as
means and SDs, and treatment effects as
least square means with 95% CIs for the
difference between groups. Forb-hydroxy-
butyrate, the value 0.09 mmol � L�1 was
used for patients with results below the
measurement range (i.e.,<0.1mmol � L�1).
A per-protocol analysis using the complete
[18F]FTHA uptake data set (N = 38) was con-
ducted. Statistical analyses other than the
brain statistical parametric mapping analy-
ses were performed using IBM SPSS Statis-
tics for Windows (version 29.0; IBM Corp.,
Armonk, NY).

Data and Resource Availability
The data sets analyzed in the current study
are available from the corresponding au-
thor on reasonable request, in accordance
with the AstraZeneca data sharing policy
described at https://astrazenecagrouptrials.
pharmacm.com/ST/Submission/Disclosure.

RESULTS

Patient Characteristics
Baseline characteristics of both treatment
arms are reported in Table 1. There were
no significant differences between treat-
ment groups concerning sex distribution,
age, BMI, glycemia, or time since diagno-
sis, and all patients were Caucasian. The
higher baseline mean b-hydroxybutyrate
level resulted from a single elevated value
(0.57 mmol � L�1) in the placebo group.
The daily doses of metformin ranged
from 500 to 3000 mg similarly in both
groups. Compliance with study medica-
tion was $95% in both treatment arms,
and no adverse effects were reported.

Effects of Dapagliflozin on Body
Weight and Circulating Metabolites
There were significant reductions in body
weight, BMI, fasting plasma glucose,
and HbA1c after 6 weeks of treatment
in the dapagliflozin group compared
with the placebo group. Serum fasting
b-hydroxybutyrate levels increased, whereas
there was no difference in fasting lactate
or serum FFA concentrations during the
scan between the placebo and dapagliflo-
zin groups (Table 1).

Changes in Peripheral FFA Uptake
There were no significant differences in tis-
sue [18F]FTHA FUR or FA uptake between
treatment arms at baseline (Table 2). As
previously shown in a larger data set from
the same study, dapagliflozin treatment
was associated with a significant increase
in liver [18F]FTHA and FA uptake (5).

In skeletal muscle, the FA uptake rate
was higher in the dapagliflozin group
compared with the placebo group when
accounting for the levels of circulating
FFA. In the duodenum, the increases in
[18F]FTHA and FA uptake did not reach
statistical significance, despite the per-
centage change being similar to that in
skeletal muscle (Table 2, Fig. 1, and
Supplementary Table 1).

In the dapagliflozin group, except for
a modest negative correlation between
a decrease in plasma glucose and an
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increase in hepatic [18F]FTHA and FA
uptake (n = 17; r = �0.49; P = 0.045
and r = �0.48; P = 0.045, respectively),
the changes in serum FFA levels, plasma

b-hydroxybutyrate, lactate, or glucagon/
insulin ratio were not correlated with the
changes in tissue FA or [18F]FTHA uptake.
Accordingly, no significant association

between tissue FA or [18F]FTHA uptake
and circulating substrate levels or gluca-
gon/insulin ratio were observed at base-
line in the whole study group (N = 38).

Table 1—Baseline and end-of-treatment characteristics

Baseline End of treatment

Dapagliflozin
(n = 21)

Placebo
(n = 17) P

LSM
difference 95% CI for difference P

Age, years 64 ± 8 66 ± 6 0.32

Sex 0.19

Male 15 8
Female 6 9

T2D duration, years 6.3 ± 4.4 8.6 ± 6.8 0.28

Metformin dose, mg 1,345 ± 768 1,294 ± 830 0.69

BMI, kg � m�2 30.4 ± 3.6 28.9 ± 3.0 0.17 �0.5 �0.7, �0.2 <0.001

Glucose, mmol � L�1 7.7 ± 1.3 7.5 ± 1.35 0.70 �0.63 �1.0, �0.2 0.003

HbA1c, % 6.7 ± 0.49 6.6 ± 0.71 0.64 �0.2 �0.3, �0.1 0.009

HbA1c, mmol � mol�1 49.7 ± 5.2 48.5 ± 7.8 0.60 �2.2 �3.8, �0.7 0.006

b-OH-but, mmol � L�1 0.13 ± 0.06 0.21 ± 0.14 0.02 0.27 0.03, 0.51 0.03

FFA mean, mmol � L�1 0.79 ± 0.21 0.78 ± 0.25 0.83 0.06 �0.05, 0.18 0.27

Lactate, mmol � L�1 1.50 ± 0.57 1.34 ± 0.45 0.34 �0.17 �0.37, 0.04 0.11

Insulin, pmol � L�1 55.4 ± 24.9 55.7 ± 31.1 0.18 �8.1 �21.7, 5.5 0.24

Glucagon, pmol � L�1 13.4 ± 8.4 13.7 ± 7.8 0.90 0.4 �2.1, 2.9 0.75

Insulin/glucagon 5.1 ± 3.0 4.1 ± 3.0 0.28 �0.4 �1.4, 0.6 0.45

Baseline data are expressed as means ± SDs and treatment effects as least square means (LSMs) and 95% CIs. P values are for difference be-
tween dapagliflozin and placebo at baseline and for treatment effects at end of treatment.

Table 2—Tissue fractional [18F]FTHA uptake and FA uptake rates at baseline and effect of treatment

Baseline End of treatment

Dapagliflozin
(n = 21)

Placebo
(n = 17) P

LSM
difference

95% CI
for difference P

Fractional [18F]FTHA uptake rate, mL � (mL � min)�1 � 1,000
Skeletal muscle 6.5 ± 1.5 7.5 ± 1.9 0.07 0.58 �0.26, 1.43 0.17
Duodenum 31 ± 9.8 33 ± 9.7 0.50 5.4 �0.37, 11.06 0.07
Liver 207 ± 46 216 ± 43 0.55 35 13, 57 0.003
Visceral AT 4.5 ± 1.2 5.7 ± 2.4 0.08 0.54 �0.43, 1.5 0.27
Subcutaneous AT 3.2 ± 0.71 3.5 ± 0.76 0.13 0.25 �0.22, 0.72 0.29
Myocardium 47 ± 10 49 ± 13 0.62 4.4 �0.17, 10 0.15
White matter 8.6 ± 2.1 9.2 ± 1.0 0.27 1.3 0.48, 2.1 0.003
Gray matter 7.6 ± 1.9 8.2 ± 1.4 0.34 1.3 0.35, 2.2 0.008
Whole brain 7.3 ± 1.7 7.7 ± 1.0 0.34 1.1 0.41, 1.8 0.003

FA uptake rate, mmol � 100 g�1 � min�1

Skeletal muscle 0.49 ± 0.16 0.56 ± 0.22 0.24 0.11 0.01, 0.20 0.03
Duodenum 2.4 ± 1.2 2.5 ± 1.1 0.79 0.59 �0.10, 1.3 0.09
Liver 15 ± 5.4 16 ± 6.7 0.67 4.5 0.80, 8.2 0.02
Visceral AT 0.39 ± 0.16 0.46 ± 0.24 0.29 0.09 �0.04, 0.22 0.30
Subcutaneous AT 0.27 ± 0.09 0.29 ± 0.10 0.43 0.04 �0.04, 0.11 0.15
Myocardium 3.6 ± 1.0 3.6 ± 1.2 0.99 0.11 �0.51, 0.74 0.71
White matter 0.41 ± 0.13 0.46 ± 0.14 0.26 0.11 0.03, 0.20 0.01
Gray matter 0.37 ± 0.13 0.41 ± 0.13 0.30 0.10 0.02, 0.18 0.01
Whole brain 0.35 ± 0.11 0.39 ± 0.11 0.34 0.10 0.02, 0.17 0.01

Baseline data are expressed as means ± SDs and treatment effects as least square means (LSM) and 95% CIs. P values are for difference be-
tween dapagliflozin and placebo at baseline and for treatment effects at end of treatment. AT adipose tissue.
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The change in plasma glucose level did not
correlate with changes in the [18F]FTHA
FUR or FA uptake rate in any tissue other
than the liver.

Increased Brain FA Uptake
In the dapagliflozin group, brain [18F]FTHA
FUR and FA uptake were increased glob-
ally, with [18F]FTHA FUR increasing by
22.1–28.2% and FA uptake by 28.0–34.4%
in all brain regions (Table 2 and Fig. 2).
The brain fractional [18F]FTHA uptake

rate was significantly correlated with that
in the liver and duodenum at baseline in
the whole group (N = 38; r = 0.51; P =
0.001 and r = 0.59; P < 0.001, respec-
tively). In the dapagliflozin treatment
arm, the increase in brain [18F]FTHA FUR
was also correlated with the [18F]FTHA
FUR changes in the liver and duodenum
(n = 20; r = 0.64; P = 0.003 and r = 0.74;
P< 0.001, respectively). In comparison, no
similar association could be found between
the brain and skeletal muscle or adipose
tissue (all P> 0.6) (Supplementary Fig. 1).

No Significant Effects on Plasma
[18F]FTHA Radiometabolites
Fractions of unmetabolized [18F]FTHA of
total plasma radioactivity were similar
between groups at baseline, averaging
88.6% (SD 6.3) at 5 min, 69.3% (SD 11.3)
at 10 min, 42.6% (SD 10.1) at 20 min, and
27.2% (SD 6.8%) at 30 min after radio-
tracer injection. The parent fractions were
not affected by dapagliflozin (P > 0.2 at
each time point). In both groups and at
both visits, the decline in radioactivity in
plasma evened after 20 min, signaling an
increase in circulating radiometabolites of
[18F]FTHA. During both baseline and end-
of-treatment visits, the differences in the
AUC of metabolite-corrected plasma radio-
activity versus total plasma activity aver-
aged 3% (SD 9) during the 32-min thoracal
scan and 7% (SD 13) when measured until
the end of the brain scan and were not af-
fected by treatment (P = 0.19).

CONCLUSIONS

This is the first study to report the effects
of an SGLT2 inhibitor on tissue-specific

FA uptake in the skeletal muscle, small
intestine, and brain in humans in vivo.
The findings are in line with previous re-
sults in type 2 diabetes showing a de-
crease in the respiratory exchange ratio,
indicating a systemic substrate shift from
glucose to FA oxidation in response to
SGLT2 inhibitor treatment (2,4). The re-
sults in the liver and myocardium were
discussed in detail in the first publication
on the study (5).

In skeletal muscle, the increase in FFA
uptake is at least in part accounted for by
the increase in serum FFA levels, because
the increase in the [18F]FTHA uptake rate
was less pronounced than the calculated
FA uptake rate. The mean 22% increase in
skeletal muscle FA uptakemight reflect en-
hanced (3) b-oxidation (20), but also lipid
buildup in muscle cells (21), as reported
earlier during SGLT2 inhibitor treatment,
because in the muscle, [18F]FTHA is mostly
bound to complex lipids (6). Of note, an in-
crease in intramyocellular as opposed to
intercellular lipid content, as is seen in
athletes, has been linked to improved
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Figure 1—A: Dapagliflozin treatment induced a significant increase in the brain and skeletal muscle FA uptake (FAU), whereas the treatment effect
was not statistically significant in the intestine or adipose tissue (dapagliflozin group n = 21; placebo group n = 17). B and C: In the dapagliflozin
treatment arm, the increases in hepatic [18F]FTHA and FAU from baseline to end of treatment were greater in patients who presented a more sig-
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mitochondrial function (22) and has also
been observed after dapagliflozin treat-
ment in individuals with prediabetes (23).
Whether our finding might indicate a posi-
tive shift in FA processing within the tissue
cannot be confirmed from the data
collected.

Despite the small intestine being a signif-
icant producer of TAGs from dietary fats,
plasma FFAs are mainly used as sources of
energy or for the buildup of phospholipids
in enterocytes (24). In the current study,
the rate of intestinal FA uptake in patients
with type 2 diabetes was similar to that re-
ported previously in individuals with severe
obesity, with the uptake rates being ele-
vated in comparison with those in healthy
controls (25).

We did not observe changes in visceral
or subcutaneous adipose tissue FA up-
take. A previous report showed a signifi-
cant decrease in adipose tissue volume in
both depots after treatment with SGLT2
inhibitors (26). In contrast to our findings,
Lauritsen et al. (13) reported increased
FA uptake in visceral, but not in subcuta-
neous, adipose tissue after 4 weeks of
treatment with empagliflozin. Because
GLUT4 expression was also reported to de-
crease, possibly hindering glycerol produc-
tion and lipid storage in white adipocytes,
the authors attributed this finding to in-
creased lipid turnover in visceral adipose
tissue and increased FA availability. Impor-
tantly, [11C]-palmitate was used in that
study, so the use of different radiotracers

could explain the apparently discrepant re-
sults. The most surprising finding in our
study was the 30% increase in brain
[18F]FTHA and FA uptake by dapagliflozin.
In the whole study group, baseline FA up-
take rates in white and gray matter were
similar to those found in individuals with
insulin resistance (27). Others have re-
ported a two- to threefold higher brain
[18F]FTHA uptake rate in individuals with
severe obesity compared with healthy
lean controls (8), but because of different
timeframes for PET scanning, direct com-
parison with the current results is not fea-
sible. Although the final fate of FAs taken
up by the brain remains uncertain, a ma-
jority of FAs are likely stored as lipids
rather than consumed as fuels. This is sup-
ported by a previous study reporting that
>69% of total [18F]FTHA radioactivity was
recovered in the brain lipid pool, mostly as
TAGs (53%) and phospholipids (7%) (8).

Although it has been suggested that
the brain might be able to oxidize up to
20% of the FAs it stores (28), this capacity
is likely very limited to restrain oxidative
stress (29). Also, the total amount of oxy-
gen that would be needed for the complete
oxidation of the measured FA uptake in the
current study would exceed the actual brain
oxygen consumption (30). Because recent
studies have indicated improved cognitive
function and reduced risk of Alzheimer
disease after longer-term treatment with
SGLT2 inhibitors (31,32), it seems unlikely
that these drugs would upregulate brain FA
oxidation to such a degree that would in-
crease reactive oxygen species production.
Consequently, it can be hypothesized that
the increased cerebral FA uptake associated
with insulin resistance (27) and obesity (8) is
different from the mechanism explaining
the increased uptake after treatment with
dapagliflozin. A possible explanation for the
increased FA uptake seen after dapagliflozin
treatment is the enhanced myelination in
the white matter and the improved rate of
membrane turnover in the gray matter,
both of which have been shown to be im-
peded in type 2 diabetes (33,34), but this
must be considered speculative, because it
cannot be established based on the results
of the current or previous studies. Never-
theless, increased FA oxidation enabled by
enhanced mitochondrial oxidative capacity
likely has a less significant effect.

TAG trafficking is also a potential link
between brain, liver, and small intestine
FA uptake in the current study, but be-
cause this association has not been

A

B

Figure 2—Brain [18F]FTHA FUR (A) and FA uptake (B) were increased globally. The figures were
made by statistical parametric mapping from the whole study population to compare treat-
ment effects. Brighter color indicates higher T score (i.e., more significant difference between
dapagliflozin and placebo).
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described before, there is no direct evi-
dence supporting the proposition. Still,
because the liver and small intestine
are the main sources of TAGs in the
body, the brain has been shown to
readily take up TAGs (35), and the brain
was scanned late enough to allow accu-
mulation of [18F]FTHA-carrying TAGs.
Unfortunately, brain FA and [18F]FTHA

uptake are still inadequately understood
to fully elucidate the current findings
(36), limiting the interpretation of the
results. Based on current knowledge,
[18F]FTHA should not significantly de-
grade to 18F-carrying ketone bodies, so
ketonemia associated with SGLT2 inhibi-
tor treatment cannot explain the results.
Unfortunately, the radiometabolites of
[18F]FTHA are largely uncharacterized, so
we cannot determine the contribution of
metabolites when calculating the total
uptake. A previous study using an earlier
timepoint showed twofold higher uptake
rates compared with the uptake rates
found in this study (8), so it is therefore
important to avoid comparing uptake
rates when the time used for detection
of uptake is different.
We did not measure 18F-containing

compounds in TAGs or the change in
cholesterol ester levels during treat-
ment. At any rate, the results mostly
represent FA uptake in the brain, free
or released from TAGs. Because we did
not quantify plasma total radioactivity
after 30 min, increased rerelease of
[18F]FTHA into the circulation after da-
pagliflozin could lead to an overestima-
tion of the fractional uptake rate in the
brain. However, because total plasma
activity at 30 min postinjection was low,
�6% of the peak activity, the majority
of the radiotracer was likely trapped in
tissues during the early minutes of the
scan. Furthermore, the difference be-
tween the AUCs of radiometabolite cor-
rected versus total plasma radioactivity
was not affected by the treatment, indi-
cating changes in total metabolites did
not influence the results. We also note
that [18F]FTHA is a false long-chain satu-
rated FA analog, so the results should
not be interpreted to describe FA up-
take or metabolism in general. Finally,
the duration of the treatment was
6 weeks, so it might be that the ob-
served changes would not persist with
longer treatment.
In conclusion, 6 weeks of dapagliflozin

treatment induced a significant increase

in skeletal muscle and brain FA uptake in
individuals with type 2 diabetes, observed
via direct in vivo metabolic imaging.We hy-
pothesize that these changes mirror differ-
ent tissue-specific changes in response to
SGLT2 inhibitor treatment: an increased
uptake in response to abundant circulating
FFAs in skeletal muscle, an enhanced ca-
pacity to use FAs as fuels via b-oxidation in
the skeletal muscle and liver, and enhanced
myelination and membrane repair in the
brain. However, additional studies of the
effects of SGLT2 inhibitors on tissuemetab-
olism are warranted, especially concerning
the changes in the central nervous system,
to further characterize the changes in FA
use in the brain.
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