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Purpose: Exercise is recommended in addition to pharmacotherapies for the management of type 2 diabetes, but
metformin and exercise training may have non-additive or even inhibitory effects on exercise-induced improve-
ments in glycemic control and exercise capacity. The objectives of this report were to determine if co-treatment
with a sodium-glucose cotransporter-2 inhibitor and exercise could (1) further improve glycemic control when
compared to either monotherapy and (2) not worsen exercise capacity when compared to exercise alone.
Methods:A rodentmodel of type 2 diabetes (30mg/kg streptozotocin and high-fat feeding inmale Sprague-Dawley
rats) was used to assess 12 weeks of co-treatment with a sodium-glucose cotransporter 2 inhibitor (SGLT2i) and
exercise (EX; treadmill running) on glycemic control and exercise capacity. Animals were randomized to the
following conditions (n=7–10/group): vehicle (0.5%methyl cellulose) sedentary (VEH SED), VEHEX, canagliflozin
(3 mg kg−1 d−1) SED (SGLT2i SED), or SGLT2i EX.
Results: Both EX and SGLT2i independently improved indices of glycemic control. The combination of SGLT2i and
EX further improved glucose tolerance (glucose area under the curve 1109±51 vs 1427±82mmol/ L 120min−1

for SGLT2i EX vs. SGLT2i SED, respectively; p b 0.05) and insulin responses (insulin area under the curve 24,524±
4126 vs. 41,208 ± 2714 pmol L−1 120 min−1 for SGLT2i EX vs. VEH EX, respectively; p b 0.05) during an oral glu-
cose tolerance test. Only the combination of SGLT2i EX lowered body weight compared to VEH SED (p b 0.01).
SGLT2i caused several metabolic adaptations including increased ketone production and a greater reliance on fat
as a source of energy during normal cage activity. Interestingly, animals thatwere given the SGLT2i and underwent
exercise training (SGLT2i EX) had better submaximal exercise capacity than EX alone, as indicated by distance run
prior to fatigue (882 ± 183 vs.433 ± 33 m for SGLT2i EX and VEH EX, respectively; p b 0.01), and this was
accompanied by a greater reliance on fat as an energy source during exercise (p b 0.01).
Conclusions: If these findings with the combination of SGLT2i and exercise translate to humans, they will have
important clinical health implications.
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1. Introduction

Exercise training improves glycemia and insulin sensitivity in people
with type 2 diabetes [1,2], but these individuals may derive less benefit
from and have more difficulty tolerating exercise than healthy individ-
uals [3,4]. Pharmacotherapies that improve glycemic control when
combined with exercise could help improve exercise tolerance and
produce additive benefits on health outcomes, including glycemic con-
trol. Metformin, the first line pharmacotherapy, lowers circulating glu-
cose concentrations, at least in part, by improving hepatic glycemic
control [5]. Similar to regular exercise, metformin also upregulates
ATP producing pathways including glycolysis, fatty acid oxidation, and
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mitochondrial biogenesis [6]. Therefore, it may be hypothesized that
combining metformin treatment with exercise training may have
additivie benefits on glucose regulation. Despite the positive adapta-
tions with metformin treatment, recent preclinical and human studies
demonstrate that co-treatment with exercise training and metformin,
the first line pharmacotherapy for type 2 diabetes, may not provide
additional benefits over either treatment on circulating lipids [7,8] or
metabolic syndrome status [7]. Metformin may even blunt exercise-
induced improvements in glycemic control, mitochondrial quality, and
aerobic capacity [8–15]. Thus, it is important to understand if alternative
pharmacotherapies for type 2 diabetes are permissive or additive to the
positive effects of exercise training.

Sodium-glucose cotransporter-2 inhibitors (SGLT2i) are a class
of type 2 diabetes medications in which the primary mechanism of
action is through increased urinary glucose excretion [16]. SGLT2i
treatment in humans decreases body weight [17,18], causes a greater
reliance on fat as an energy source [19,20], and improves diastolic
function, blood pressure, and cardiovascular outcomes [18,21–23].
Yet, it is unknown if co-treatment with SGLT2i and exercise has more
favorable metabolic benefits than metformin with exercise. The
objectives of this report were to determine if the combination of
SGLT2i and exercise could (1) further improve glycemic control when
compared to either monotherapy and (2) not worsen exercise capacity
compared to exercise alone. We hypothesized that co-treatment with
SGLT2i and exercise would further improve glycemic control but not
worsen exercise capacity.

2. Methods

Procedures performed were in accordance with the Guide for
the Care and Use of Laboratory Animals and approved by the Pfizer
Institutional Animal Care and Use Committee. Pfizer animal care
facilities are accredited by AAALAC International. Four-week-old
male Sprague Dawley rats (Charles River Laboratories, Wilmington,
MA) were fed a high-fat diet (45% kcal fat; D12451i, Research Diets
Inc., New Brunswick, NJ). One week later, rats were injected intra-
peritoneally with a low-dose of streptozotocin (STZ; 30 mg/kg,
Sigma Aldrich, St. Louis, MO) in sodium citrate buffer (50 mM,
pH 4.5) after a 5 h fast. This model exhibits insulin resistance,
hyperglycemia, and hypertriglyceridemia [24–26]. While high-fat
diet alone causes insulin resistance in normal rats it does not result
in overt type 2 diabetes, due to pancreatic beta cell reserves. Low-
doses of STZ in combination with high-fat diet cause insulin resis-
tance and type 2 diabetes by partially reducing the number of beta-
cells, causing more robust hyperglycemia while maintaining some
insulin response [24,27,28]. Pharmacotherapies for type 2 diabetes
and exercise can independently reduce low-dose STZ-induced
hyperglycemia [24,29,30]. A healthy control group (VEH CHOW)
was fed a low-fat standard rodent chow (Pico Lab Rodent Diet 5053,
Lab Diet, St. Louis, MO, USA) and received a vehicle rather than STZ.
At 16 weeks of age, animals within the same cage were random-
ized using an internet-based program to the following conditions
(n = 7–10 animals/group): vehicle-treated and sedentary (VEH SED),
vehicle-treated and exercise trained (VEH EX), canagliflozin-treated
and sedentary (SGLT2i SED), or canagliflozin-treated and exercise
trained (SGLT2i EX) for 12 weeks. Because EX or SGLT2i administration
can lower body weight, a group of STZ-injected animals were provided
adjusted amounts of high-fat diet to maintain body weights similar to
SGLT2i EX (~15% kcal reduction vs. VEH SED; weight matched). No dif-
ferences in body weight were observed between any of the STZ and
high-fat fed groups after randomization. The SGLT2i SED group had sig-
nificantly higher fed glucose concentrations than all other STZ-injected
groups prior to the intervention (data not shown; p b 0.05). Rats were
housed two animals/cage in a reverse 12 h dark (0800–2000), 12 h
light cycle (22 °C). Weight matched animals were individually housed
to control food intake. Body weight and food intake were measured
weekly. Following 12 weeks of treatment, animals were fasted 14 h
and euthanized with carbon dioxide and exsanguination. Euthanasia
occurred ~18 h after the last bout of exercise and ~2 h after the last
dose of drug. Weight matched animals were given ~1/3 of their daily
food allocation 2 h prior to fasting. No adverse events occurred during
the duration of this study.

2.1. SGLT2i administration

Canagliflozin (3 mg kg−1d−1 in 0.5% methylcellulose) or VEH (0.5%
methylcellulose) were administered once daily by oral gavage between
0600 and 0900.

2.2. Peak aerobic capacity

All rats underwent five treadmill acclimatization sessions (5–10 min,
10–12 m/min, 10% incline). Maximal oxygen consumption (VO2 peak)
and maximal running velocity (Vmax) were determined using a graded
exercise test and an Oxymax indirect calorimetry system (Columbus
Instruments, Columbus, OH), using a protocol similar to those used by
others [31–33]. After a three-minute warm-up (10 m/min, 10% incline),
treadmill speed was increased to 12 m/min for two minutes, followed
by 15m/min for an additional twominutes. Thereafter, the speedwas in-
creased 5 m/min, every two minutes until volitional fatigue (spending
three consecutive seconds on the electrical grid). VO2peak was the highest
observed oxygen consumption. VO2peak tests were repeated at seven
weeks of training in the EX groups, and all groups after the 12-week
intervention. All sedentary animals underwent a second treadmill
acclimatization prior to testing.

2.3. Exercise training

Treadmill running duration and speed were increased over the first
three weeks until the animals ran for 60 min/d, 5d/wk., 10% incline
at ~50–55% of Vmax from the VO2peak test. Running speed was increased
following seven weeks of training.

2.4. Substrate utilization during exercise and submaximal running capacity

Substrate utilization and submaximal running endurance were
assessed in the exercise-trained animals. These tests were completed
only in the exercise-trained animals, due to low- compliance to
treadmill exercise in the chronically sedentary animals despite re-
acclimatization to the treadmill. Animals ran at 12 m/min and the
speedwas increased over fiveminutes until their daily exercise running
speed was achieved. This speed was maintained for 15 min to calculate
mean respiratory exchange ratio (RER) and VO2 and estimate exercise
energy expenditure/session. The speed was increased to 75% of Vmax

and maintained until volitional fatigue (three consecutive seconds on
the electrical grid). Total distance run (daily running velocity + 75%
Vmax) was recorded.

2.5. 24 h calorimetry and physical activity

RER, energy expenditure (EE), and ambulatory activity were mea-
sured for 24 h during the ninth week with an Oxymax indirect calorim-
etry system and CLAMS monitoring system (Columbus Instruments).
Means were calculated for dark and light cycles. Animals were acclima-
tized to the cages for 18–24 h prior to data collection. VEH or SGLT2i
were administered in the last hour of the light cycle and data acquired
from the beginning of the dark cycle for 24 h. Animals in the exercise
groups completed a bout of exercise ~18 h prior to data collection.
Weight matched animals were fed during the last hour of the light
cycle prior to data collection. Weekly energy expenditure was extrapo-
lated based on 24 h energy expenditure and exercise energy expendi-
ture (five sessions/wk. of EX).
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2.6. Body composition

Body composition was assessed pre-and post- intervention using an
EchoMRI 4in1-1100 analyzer (EchoMRI, Houston, TX).

2.7. Oral glucose tolerance test (OGTT)

During the twelfth week of treatment, animals underwent an OGTT.
Following a 14 h fast, a 0 min glucometer reading (AlphaTrak 2, Zoetis
Inc., Parsippany, NJ) and plasma samples were collected from the tail.
Glucose was administered (2 g/kg via oral gavage) and glucometer
readings and plasma samples were collected at 30, 60, and 120 min
post- glucose administration. VEH/SGLT2i was given 24 h and the last
bout of exercise occurred ~46 h prior to testing.

2.8. Plasma analyses

Fasting glucose, total cholesterol, triglyceride, NEFA, lactate,
and β hydroxybutyrate were assessed using the Advia Chemistry
XPT Clinical analyzer (Siemens Corporation, Washington, D.C.).
Insulin (Alpco, Salem, NH), proinsulin (Mercodia, Uppsala, Sweden),
glucagon (Mercodia), and lactate (BioVision Inc., Milpitas, CA) were
assessed using commercially available assays.

2.9. Urine collection and analyses

Animals were dosed with VEH or SGLT2i and immediately placed
into metabolic cages to collect urine samples and 24 h volume.
EX animals completed a bout of exercise ~18 h before beginning urine
collection. Urine glucose (Wako Diagnostics, Mountain View, CA) and
β-hydroxybutyrate concentrations (Cayman Chemicals, Ann Arbor,
MI) were determined using commercially available assays.

2.10. Tissue collection and glycogen content

Livers and the gastrocnemius-plantaris muscle complexes were
quickly excised and placed in liquid nitrogen. Tissue glycogen content
was assessed as previously described [34].

2.11. Western blot analyses

Western blot analyses were conducted as previously described [8].
To control for protein loading and transfer, membranes were stained
with 0.1% amido-black (Sigma Aldrich) and total protein staining
quantified [35]. Western blot analysis was used to determine the
protein content of OXCT1 (Thermo Fisher, Waltham, MA), AMPK (Cell
Signaling Technology, Danvers, MA), AMPK phosphor-specific Thr 172
(Cell Signaling Technology), AKT (Cell Signaling Technology), AKT
phospho-specific Ser 473 (Cell Signaling Technology), glycogen
synthase (Cell Signaling Technology), glycogen synthase phospho-
specific Ser 641 (Cell Signaling Technology), CPT-1m (Santa Cruz
Biotechnology, Dalla, TX), and LCAD (Abcam) in the gastrocnemius-
plantaris complex. AMPK, AMPK phosphor-specific Ser Thr 172, AKT,
AKT phospho-specific Ser 473, glucose 6 phosphatase (Abcam), phos-
phoenolpyruvate carboxykinase (PCK) 1 (Cell Signaling Technology),
CREB (Cell Signaling Technology), CREB phosphor-specific Ser 133
(Cell Signaling Technology), HMGCS1 (Abcam), and HMGCS2 (Abcam)
were assessed in the liver. Primary antibodies were diluted 1:1000
and secondary antibodies 1:5000. Protein bands were identified using
the manufacturers' estimated molecular weight.

2.12. Statistical Analyses

Main effects of exercise or SGLT2i treatment and significant interac-
tions were determined using a two-way ANOVA. Fisher LSD post-hoc
comparisons were used to identify differences between treatment
groups when significant main effects or interactions were present
(GraphPad Prism 7, San Diego, CA). A two-way ANCOVA (body weight
as a covariate) with Fisher LSD post-hoc comparisons was used to
determine differences between groups for energy expenditure (IBM
SPSS v.25, Armonk, NY). VEH CHOW and weight matched animals are
included as points of reference in the figures and Table 1 but were not
included in the statistical analyses. Unpaired t-tests were used to
determine differences in mean VO2, mean RER, and distance traveled
between the VEH EX and SGLT2i EX during submaximal exercise.
Values are reported as mean ± SEM, with significance at p b 0.05.
Individual data points were determined as outliers and excluded if
they were ± 2SD from the mean.

3. Results

3.1. Body weight, body composition, and food intake

SGLT2i administration resulted in smaller gains in body weight
(p b 0.01 vs. VEH) and fat mass (p b 0.01 vs. VEH), despite increased
food intake (p b 0.0001; Table 1). EX had lower body weight
(p b 0.05), less weight gain (p b 0.0001), lower percent body
fat (p b 0.01), less fat gain (p b 0.0001), and higher percent lean mass
(p b 0.05; Table 1) than SED.While SGLT2i SED had similar bodyweight
to VEH SED, SGLT2i SED gained less weight (p b 0.01) and less fat mass
(p b 0.001) during the intervention. EX was more effective than SGLT2i
at preventing the gain of adiposity, as VEH EX and SGLT2i EX gained
less fat mass than SGLT2i SED (p b 0.05 and p b 0.01 vs SGLT2i SED,
respectively). Interestingly, SGLT2i SED and SGLT2i EX had ~15–20%
greater relative food intake than VEH SED (p b 0.001 and p b 0.0001,
respectively), yet SGLT2i EX had ~15% lower body weight.

3.2. Aerobic capacity

EX had higher VO2peak than SED (p b 0.05; Table 1), with ~6–8%
increases in relative maximal oxygen consumption in the VEH EX and
SGLT2i EX groups, respectively. However, only SGLT2i EX had a higher
VO2peak than VEH SED (p b 0.05).

3.3. Plasma lipid profile

Total cholesterol and triglycerides were not different amongst
treatment groups (Table 1). SGLT2i treatment modestly increased
circulating NEFA (p b 0.05), but only SGLT2i SED was higher than VEH
SED (p b 0.01).

3.4. Urine volume and glucose excretion

Twenty-four-hour urine volume (p b 0.0001), urine glucose
concentrations (p b 0.0001), and glucose excretion (p b 0.0001)
were significantly higher in SGLT2i SED and SGLT2i EX compared to
all other groups (Table 1), with no differences between the SGLT2i-
treated groups.

3.5. Measures of glycemia

Low dose STZ and high-fat diet caused VEH SED to have elevated
fasting glucose. SGLT2i lowered fasting glucose (p b 0.0001), proinsulin
(p b 0.0001), and insulin concentrations (p b 0.0001; Fig. 1a–c). SGLT2i
SED and SGLT2i EX had similar indices of glycemic regulation during
fasting conditions. EX lowered proinsulin concentrations (p b 0.01
VEH SED vs VEH EX). Interestingly, EX only had a lowering effect on
proinsulin in VEH treated animals (interaction, 0 b 0.01). Hepatic
pAMPK (Thr 172)/AMPK was increased with SGLT2i (p b 0.01 vs VEH;
Fig. 1d), while there were no effects of either SGLT2i or EX in the
gastrocnemius-plantaris complex (Fig. 1f). Conversely, no differences
were observed between groups for pAKT (Ser 473)/AKT in the liver



Table 1
The effects of co-therapy of SGLT2i and EX on animal characteristics, aerobic capacity, and urinary glucose excretion.

VEH
CHOW

VEH
SED

VEH
EX

SGLT2i
SED

SGLT2i
EX

Weight-
matched

Pair-wise comparisons

Body weight (g) 588 ± 15 733 ± 26 692 ± 21 716 ± 25⁎ 627 ± 25⁎ 640 ± 10 VEH SED vs SGLT2i EX, p b 0.01
SGLT2i SED vs SGLT2i EX, p b 0.05

Change in body weight (g) 80.1 ± 6.8 135.0 ± 6.0 55.6 ± 9.0††† 86.7 ± 15.9⁎⁎ 31.4 ± 13.5⁎⁎, ††† 16.0 ± 11.0 VEH SED vs VEH EX, p b 0.0001 VEH
SED vs SGLT2i SED, p b 0.01 VEH SED
vs SGLT2i EX, p b 0.0001 SGLT2i SED

vs SGLT2i EX, p b 0.01
Mean relative food intake
(kcal/kgBW/wk)

1390 ± 27 1079 ± 25 1073 ± 35 1250 ± 23⁎⁎⁎⁎ 1269 ± 26⁎⁎⁎⁎ 941 ± 22 VEH SED vs SGLT2i SED, p b 0.001
VEH SED vs SGLT2i EX, p b 0.0001

VEH EX vs SGLT2i SED, p b 0.001 VEH
EX vs SGLT2i EX, p b 0.0001

% body fat 17.6 ± 0.9 25.3 ± 1.2 20.8 ± 1.5†† 26.3 ± 1.6 20.0 ± 1.9†† 16.8 ± 1.2 VEH SED vs VEH EX, p b 0.05 VEH SED
vs SGLT2i EX, p b 0.05 VEH EX vs

SGLT2i SED, p b 0.05 SGLT2i SED vs
SGLT2i EX, p b 0.01

Δ fat mass (g) 33.4 ± 4.1 70.9 ± 7.5 6.5 ± 5.9††† 33.9 ± 6.2⁎⁎ −5.4 ± 10.1⁎⁎,††† −25.7 ± 7.3 VEH SEDvs VEH EX, p b 0.0001 VEH
SED vs SGLT2i SED, p b 0.001 VEH SED
vs SGLT2i EX, p b 0.0001 VEH EX vs
SGLT2i SED, p b 0.05 SGLT2i SED vs

SGLT2i EX, p b 0.01
% lean mass 68.6 ± 1.0 60 ± 0.6 63.7 ± 1.0⁎ 60.4 ± 1.4 63.7 ± 2.2⁎ 67.3 ± 1.2
Δ lean mass (g) 14.7 ± 3.0 24.2 ± 4.8 23.0 ± 6.5 10.7 ± 7.7⁎⁎ −3.5 ± 7.5⁎⁎ −9.8 ± 4.9 VEH SED vs SGLT2i EX, p b 0.01 VEH

EX vs SGLT2i EX, p b 0.05
VO2 peak (ml/kg/h) 3535 ± 64 3077 ± 177 3446 ± 100⁎ 3303 ± 152 3588 ± 144⁎ 3499 ± 86 VEH SED vs SGLT2i EX, p b 0.05
Plasma triglyceride (mmol/L) 0.57 ± 0.06 0.57 ± 0.05 0.68 ± 0.07 0.59 ± 0.05 0.54 ± 0.06 1.05 ± 0.19
Plasma total cholesterol (mmol/L) 73.1 ± 3.9 79.3 ± 6.7 65.1 ± 4.3 83.9 ± 7.6 72.6 ± 10.1 78.6 ± 5.1
NEFA (mmol/L) 0.52 ± 0.03 0.47 ± 0.04 0.51 ± 0.03 0.61 ± 0.03⁎ 0.55 ± 0.04⁎ 0.48 ± 0.04 VEH SED vs SGLT2i SED, p b 0.01
24 h urine volume (ml) 17.1 ± 2.3 15.7 ± 1.6 13.9 ± 1.9 51.7 ± 4.6⁎⁎⁎⁎ 46.6 ± 4.1⁎⁎⁎⁎ 23.9 ± 4.8 VEH SED vs SGLT2i SED, p b 0.0001

VEH SED vs SGLT2i EX, p b 0.0001
VEH EX vs SGLT2i SED, p b 0.0001
VEH EX vs SGLT2i EX, p b 0.0001

Urine glucose (mmol/L) 1.5 ± 0.2 1.8 ± 0.5 2.9 ± 1.0 629.0 ± 64.9⁎⁎⁎⁎ 597.0 ± 33.1⁎⁎⁎⁎ 1.4 ± 0.6 VEH SED vs SGLT2i SED, p b 0.001
VEH SED vs SGLT2i EX, p b 0.0001
VEH EX vs SGLT2i SED, p b 0.0001
VEH EX vs SGLT2i EX, p b 0.0001

Urine glucose (g/24 h) 0.00 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 5.06 ± 0.24⁎⁎⁎⁎ 4.84 ± 0.43⁎⁎⁎⁎ 0.00 ± 0.00 VEH SED vs SGLT2i SED, p b 0.001
VEH SED vs SGLT2i EX, p b 0.0001
VEH EX vs SGLT2i SED, p b 0.0001
VEH EX vs SGLT2i EX, p b 0.0001

Values are mean ± SEM. N = 7–10/group for most measures. N = 4–7/group for VO2 peak measures and N = 5–10/group for urine glucose measures.
⁎ p b 0.05 main effect of SGLT2i treatment.
⁎⁎ p b 0.01 main effect of SGLT2i treatment.

⁎⁎⁎⁎ p b 0.001 main effect of SGLT2i treatment.
†† p b 0.01 main effect of exercise.
††† p b 0.001 main effect of exercise.

71M.A. Linden et al. / Metabolism Clinical and Experimental 97 (2019) 68–80
(Fig. 1e), but pAKT/AKT in the gastrocnemius-plantaris complex was
lower with SGLT2i treatment (p = 0.01), with no differences between
SGLT2i SED and SGLT2i EX (Fig. 1g).

Low dose STZ and high-fat diet caused VEH SED to become glucose
intolerant while maintaining some insulin response. SGLT2i and EX in-
dependently improved glucose AUC compared to VEH SED (p b 0.05
and p b 0.001, respectively; Fig. 2a–b) and SGLT2i lowered insulin
AUC (p b 0.001; Fig. 2c–d). SGLT2i EX further reduced glucose AUC
compared to SGLT2i SED (p b 0.05) and insulin AUC compared to VEH
EX (p b 0.05).When taken together, SGLT2i EXmay be more efficacious
than SGLT2i or EX alone during a glucose challenge.

3.6. Measures associated with endogenous glucose production

Plasma glucagon did not differ amongst groups (Fig. 3a)
but SGLT2i and EX independently lowered insulin: glucagon
(p b 0.0001 and p b 0.05, respectively; Fig. 3b). The combination of
SGLT2i EX resulted in lower insulin: glucagon than VEH EX (p b 0.01),
but was similar to SGLT2i SED. Lowering of insulin: glucagon could
promote glycogenolysis and gluconeogenesis. Although there were
no differences in phospho-cAMP response element-binding protein
(CREB)/CREB (Fig. 3c) protein content in the liver, SGLT2i and EX
treatments independently affected hepatic content of key proteins
in gluconeogenesis. EX had higher hepatic phosphoenolpyruvate
carboxykinase 1 (PCK1, p b 0.01; Fig. 3d), while SGLT2i treatment
had higher hepatic glucose 6 phosphatase (G-6-Pase, p b 0.001; Fig.
3e).

3.7. Substrate utilization during cage conditions

EX increased energy expenditure in both the dark (p b 0.01) and
light cycles (p b 0.05), while SGLT2i increased energy expenditure
during the light cycle (p b 0.01; Fig. 4a–b). The combination of SGLT2i
EX resulted in greater energy expenditure during the light cycle
than EX alone (p b 0.05 vs VEH EX). Weekly energy expenditure (non-
exercise +exercise energy expenditure) was increased with EX and
SGLT2i independently (p b 0.001 and p b 0.05, respectively; Fig. 4c).
Importantly, SGLT2i treatment induced an ~6% increase in energy ex-
penditure (within respective exercise condition) and exercise training
induced an ~10% increase in energy expenditure (within the respective
drug treatment group), but the combination of SGLT2i EX seemed to
have additive effects on energy expenditure, as SGLT2i EX had ~25%
higher weekly energy expenditure than VEH SED.

Differences in energy expenditure occurred independently of spon-
taneous cage activity, as EX actually had lower spontaneous activity
during both the light and dark cycles (p b 0.05; Fig. 4d–e). Only VEH



Fig. 1. SGLT2i treatment improves indices of glycemic control under fasting conditions. Fasting glucose (a), fasting proinsulin (b), fasting insulin (c), phospho- AMPK (Thr 172)/total AMPK
in liver (d), phospho- AKT (ser473)/total AKT in liver (e), phospho- AMPK (Thr 172)/total AMPK in gastrocnemius-plantaris complex (g), and phospho- AKT (ser473)/total AKT
in gastrocnemius-plantaris (h), and representative Western blot images (f). n = 5–10 animals/group. Values are mean ± SEM. ‡‡p b 0.01 significant interaction. *p b 0.05, **p b 0.01,
***p b 0.001, ****p b 0.0001 significant difference between groups.
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Fig. 2. SGLT2i EX further improves responses to a glucose challenge than either EX or SGLT2i alone. Glucose response curves (a), glucose area under the curve (b), insulin response curves
(c), and insulin area under the curve (d). n = 7–10 animals/ group. Values are mean ± SEM. *p b 0.05, **p b 0.01, ***p b 0.001, ****p b 0.0001 significant difference between groups.
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EX were less active than VEH SED (p b 0.01 light and p b 0.05 dark). EX
increased RER during the light cycle (p b 0.05; Fig. 4f–g). SGLT2i caused
a greater reliance on fat for energy, as indicated by lowered RER in both
the light (p b 0.05) and dark cycles (p b 0.01); however, SGLT2i EX had a
higher RER than SGLT2i SED during the light cycle (p b 0.05).

3.8. Tissue glycogen content

Glycogen content, glycogen synthase (GS) protein expression, and
phospho-GS/GS in the gastrocnemius-plantaris did not differwith treat-
ment (Fig. 5a–d). Liver glycogen content was lowered with SGLT2i
treatment (p b 0.0001; Fig. 5e), but did not differ between SGLT2i SED
and SGLT2i EX. This is consistentwith lower insulin: glucagon. Although
SGLT2i increased total hepatic GS (p b 0.0001), the phosphorylation
status of GS was lower with SGLT2i treatment (p b 0.001), with no
differences between SGLT2i SED and SGLT2i EX (Fig. 5f–h).

3.9. Measures associated with nutrient metabolism and ketones

SGLT2i administration resulted in lower lactate concentrations
(p b 0.01; Fig. 6a) and higher β-hydroxybutyrate (p b 0.0001; Fig. 6b)
than VEH treatment, with no differences between SGLT2i SED and
SGLT2i EX. No differences were observed amongst any of the treat-
ment groups in hepatic 3 hydroxy 3 methylglutaryl-CoA synthase
(HMGCS) 1 or HMGCS2, proteins associated with ketone body
production (Fig. 6c–d). SGLT2i administration resulted in higher
24 h urinary excretion of β hydroxybutyrate (p b 0.01; Fig. 6e).
SGLT2i administration resulted in higher 3 oxoacid CoA-transferase
1 (OXCT1), a protein associated with ketolysis, in the
gastrocnemius-plantaris compared to VEH (p b 0.05; Fig. 6f). On
the other hand, EX lowered OXCT1 content compared to SED (p b

0.001), resulting in significantly lower OXCT1 in SGLT2i EX com-
pared to SGLT2i SED (p b 0.01).

Although SGLT2i resulted in whole body substrate utilization that
indicated a greater reliance on fat (lower RER), no differences were
observed for protein content of CPT-1m or LCAD in skeletal muscle
(data not shown).

3.10. Substrate utilization during exercise and submaximal exercise capacity

During submaximal exercise, VEH EX and SGLT2i EX had similar
oxygen consumption (Fig. 7a-b); however, SGLT2i EX relied more
on fat as a substrate for energy production during submaximal exer-
cise (~60% energy from fat in SGLT2i EX vs ~50% energy from fat in
VEH EX; p b 0.01; Fig. 7c–d). During the submaximal exercise bout,
SGLT2i EX ran approximately twice as far as VEH EX (p b 0.05;
Fig. 7e).

4. Discussion

This report is one of the first to assess the effectiveness of co-
treatment with an SGLT2i, and exercise training in the management of
type 2 diabetes. We found that SGLT2i EX suppressed body weight
gain and lowered adiposity despite increased food consumption.



Fig. 3. SGLT2i alters indices of endogenous glucose production. Fasting glucagon (a), insulin to glucagon ratio (b), hepatic phospho-CREB (Ser133)/ total CREB (c), hepatic PCK1 (d), hepatic
G-6-Pase (e), and representative Western blot images (f). n = 5–10 animals/group. Values are mean ± SEM. *p b 0.05, **p b 0.01, ****p b 0.0001 significant difference between groups.
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As anticipated, EX and SGLT2i individually improved measures of
glycemic control, but during an OGTT, SGLT2i EX had an additive effect
compared to VEH EX or SGLT2i SED. SGLT2i increased fat utilization at
rest and during exercise and increased ketone concentrations. Although
VEH EX had higher energy expenditure than VEH SED over 24 h, SGLT2i
EX further increased energy expenditure compared to VEH EX during
the light cycle. EX increased VO2peak similarly in VEH EX and SGLT2i
EX, but interestingly, SGLT2i EX may actually improve submaximal ex-
ercise endurance when compared to exercise training alone. Therefore,
we demonstrate that in contrast to the combination of metformin and
exercise training, SGLT2i EX may augment the effect of exercise on gly-
cemic control and exercise capacity in a rodentmodel of type 2 diabetes.

In addition to pharmacotherapies, regular exercise is recommended
for individuals with type 2 diabetes. However, recent evidence suggests
that in some instances the combination ofmetforminwith regular exer-
cise may not further improve glycemia [11,12,36] and may even blunt
exercise-induced improvements in glycemic control [8–13,15]. Because
of this, we assessed the effects of co-treatment with SGLT2i and EX, as
SGLT2i lowers circulating glucose butmay also improve insulin sensitiv-
ity [37]. To our knowledge, this is the first report to assess co-therapy of



Fig. 4. SGLT2i alters substrate utilization and the combination of SGLT2i and EX increase energy expenditure throughout the day. Energy expenditure, ambient activity, and RER were
assessed for 24 h using calorimetry cages and means for the dark and light cycles were calculated for energy expenditure, and RER. Total ambient activity counts were calculated for
the dark and light cycles. 24 h Energy expenditure (a), mean energy expenditure in the dark and light cycles (b), weekly energy expenditure (c), 24 h ambient activity (d), mean
activity in the dark and light cycles (e), 24 h RER (f), and mean RER in the dark and light cycles (g). n = 7–10 animals/group. Values are mean ± SEM. *p b 0.05 and **p b 0.01
significant difference between groups.
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SGLT2i and exercise training in amodel of type 2 diabetes. To date, there
has only been one other published report looking at the interaction
between SGLT2i and exercise training in insulin sensitive, overweight-
obese adults [38]. In the previous report, neither EX alone or in combi-
nation with the SGLT2i, dapagliflozin, improved glucose responses
during a glucose tolerance test following 12 weeks of intervention
[38]. In contrast, we demonstrate, when using a rodent model of type
2 diabetes, that EX and SGLT2i independently improve indices of glyce-
mic control, including fasting glucose, proinsulin, insulin, and responses
to an OGTT. During an OGTT, SGLT2i EX better maintained glucose con-
centration than SGLT2i alone and lowered insulin responses compared
Fig. 5. SGLT2i lowers hepatic glycogen content but does not affect glycogen within the gastr
glycogen synthesis (GS;b), gastrocnemius-plantaris phospho- GS (Ser 641) (c), gastrocne
phospho- GS (Ser 641) (g), and hepatic phospho-GS/total GS (h). n = 5–10 animals/group
difference between groups.
to VEH EX. These improvements in indices of glycemic control contrast
some observations with the combination of metformin and exercise
training [8–13,36], and could be important for altering clinical standard
of practice if the findings translate to humans with type 2 diabetes.

Although SGLT2i are known to improve glycemia, there is a meta-
bolic paradox associated with SGLT2i, as endogenous glucose produc-
tion (EGP) increases in humans during early administration [37]. Our
data suggest that treatment with SGLT2i over 12 weeks may result in
prolonged increases in EGP since insulin: glucagon was lower in
SGLT2i SED and SGLT2i EX. Exercisemay also increase the phosphoryla-
tion of CREB [39], which increases transcription of gluconeogenic
ocnemius-plantaris. Gastrocnemius-plantaris glycogen (a) gastrocnemius-plantaris and
mius-plantaris phospho-GS/total GS (d), hepatic glycogen (e) hepatic GS (f), hepatic
. Values are mean ± SEM. *p b 0.05, **p b 0.01, ***p b 0.001, ****p b 0.0001 significant
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Fig. 6. SGLT2i increases circulating β hydroxybutyrate, urinary β hydroxybutyrate excretion, and the ketolysis protein OXCT1 in the gastrocnemius-plantaris. Plasma lactate (a), plasma
β hydroxybutyrate (b), hepatic HMGCS1 (c), hepatic HMGCS2 (d), urine β hydroxybutyrate (e), and OXCT1 (f). n = 6–10 animals/group for most measures. n = 3–10 animals/group
for urine β hydroxybutyrate. Values are mean ± SEM. **p b 0.01 and ***p b 0.001significant difference between groups.
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genes [40] but there were no differences amongst groups for hepatic
expression of either phospho- or total CREB in the current report.
However, hepatic PCK1, the first committed step to gluconeogenesis
[41], was higher in SGLT2i EX, and glucose-6-phosphatase, the final
step of gluconeogenesis [42], was higher in SGLT2i SED and SGLT2i EX
than VEH SED which may be compensatory to support increased EGP.

SGLT2i treatment in humans may result in modest body weight
losses [17,18] and a greater reliance on fat as a source of energy
[19,20]. Our observations agree with these findings, as SGLT2i-treated
rats had higher energy expenditure and lower RER at rest. Interestingly,
the combination of SGLT2i EX seemed to have additive effects on energy
expwnditure, resulting in a ~25% increase in energy expenditure com-
pared to VEH SED. This increase in energy likely contributed to the ob-
served ~15% lower body weight in SGLT2i EX despite increased food
consumption. Gluconeogenesis is an energy costly process that may be
induced by SGLT2i. SGLT2i-induced caloric loss through urinary glucose



Fig. 7. The combination of SGLT2i and EX resulted in greater reliance on fat as an energy source during exercise and improved exercise capacity. Exercise VO2 (a), mean exercise VO2 (b),
respiratory exchange ratio during exercise (RER; c), mean exercise RER (d) and distance traveled during a submaximal exercise bout (f). n= 5–7 animals/group. Values aremean± SEM.
*p b 0.05 and **p b 0.01 significant difference between groups.
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when combined with increased EGP could contribute to weight loss
associated with medications in this class [17,18] and suppression of
body weight gain in SGLT2i EX. It is important to note that SGLT2i-
treated rats compensated for SGLT2i-induced energy deficits with a
~15–20% increase in food intake, which may explain why SGLT2i SED
and VEH SED had similar body weights. However, body weight gain
was suppressed in SGLT2i EX despite increases in food intake, which
could have positive implications for individuals with type 2 diabetes.

During times of energetic stress, tissue glycogen can be used as
source of energy. Here, neither pAMPK/AMPK, glycogen, nor glycogen
synthase content in skeletal muscle differed amongst treatment groups.
SGLT2i groups did have higher hepatic pAMPK/AMPK, lower liver
glycogen content, and higher GS compared to VEH SED, which may
also support increased EGP.

In addition to changes in substrate utilization, there were changes
in circulating lactate and ketone bodies. SGLT2i SED and SGLT2i EX
had lower lactate concentrations than VEH SED, which could reflect
lower glycolytic activity or increased lactate oxidation. Additionally, cir-
culating β-hydroxybutyrate was ~50–60% higher with SGLT2i, which
corresponds with a previous report in which canagliflozin
administration increased β hydroxybutyrate 78% and total ketone
bodies 73% in patients with type 2 diabetes [43]. Our observed in-
creases in β hydroxybutyrate did not coincide with altered hepatic
protein expression of HMGCS-1 or -2, key proteins in ketone body
production. SGLT2i-treated animals had greater urinary excretion
of β-hydroxybutyrate and higher OXCT1 protein expression in
skeletal muscle, which may be compensatory responses to prevent
further elevations in circulating ketones. Recently, exogenous
ketone administration was shown to improve glycemic responses dur-
ing a glucose tolerance test through improved insulin sensitivity [44].
Increased circulating ketone bodies and increased OXCT1 in skeletal
muscle may promote ketone metabolism in skeletal muscle, but future
studies are needed to better understand if SGLT2i-induced increases in
endogenous ketone production have insulin-sensitizing effects.

Exercise training is recommended to those with type 2 diabetes
because it can improve glycemic control. However, individuals with
type 2 diabetes may derive less benefit in aerobic capacity from regular
exercise and may have more difficulty tolerating exercise than their
healthy counterparts [3,4]. One previous report showed that the combi-
nation of SGLT2i and exercise training had no negative impacts on
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exercise-induced improvements in aerobic capacity in insulin sensitive
adults [38]. Another recent report indicates that treatment with an
SGLTi when combinedwith standard caremay in fact improve cardiore-
spiratory fitness in individuals with type 2 diabetes [45]. We found
similar improvements in VO2peak between VEH EX and SGLT2i EX in
our rodent model of type 2 diabetes. However, our findings build
upon the previous work, as we show that SGLT2i EX ran almost twice
as far before fatigue at submaximal running speeds. Submaximal
exercise capacity is a better indicator of peripheral mitochondrial func-
tion and fuel use [46,47]. Individuals with type 2 diabetes tend to rely
less on lipid oxidation during exercise [48], however we showed
that SGLT2i EX had greater fat utilization during exercise than VEH EX
(Fig. 7c–d), perhaps in part contributing to greater endurance. There is
evidence in both athletes and obese subjects that either exogenous
ketone administration or ketogenic diets may increase reliance on fat
during exercise [49,50] and have some positive effects on endurance
[49]. SGLT2i EX rats did have ketosis, which may have contributed to
improved exercise tolerance. Additional studies are needed to elucidate
if SGLT2i-induced alterations in ketone metabolism may improve
exercise capacity in people with type 2 diabetes.

One limitation of the present report is that type 2 diabetes in this
model was caused by chemical-induced damage to the pancreatic beta
cells. Although this form of type 2 diabetes does not follow the natural
disease progression that occurs in humans, many of the characteristics
observed in this report do mimic those seen in humans (i.e. insulin
response to a glucose challenge) with clinically relevant elevations in
glycemia. This is often not the case with other rodent models of type 2
diabetes. Moreover, we were able to replicate many SGLT2i-induced re-
sponses seen in human populations [17–20,37] in this rodentmodel, in-
cluding lower body weights, a greater reliance on fat as an energy
source, and a greater potential for increased endogenous glucose pro-
duction. A second limitation was the unanticipated unwillingness of
chronically sedentary animals to complete submaximal exercise
testing despite re-acclimatization to treadmill running. Due to the un-
willingness of the sedentary animals to run, wewere only able to assess
submaximal aerobic capacity in the EX animals. Additional studies are
needed to determine if improved submaximal exercise capacity can be
observed in sedentary animals treated with SGLT2i.

EX and SGLT2i administration independently improved indices of gly-
cemic control in this rodentmodel of type 2 diabetes. However, unlike co-
treatment with metformin and exercise [11,12,36], the combination of
SGLT2i and EX did not impair exercise-induced alterations in glycemic
control and actually had additive effects on either glucose or insulin re-
sponses during a glucose challenge when compared to SGLT2i or EX
alone. Additionally, SGLT2i EX further suppressed body weight gain, im-
proved adiposity, and increased energy expenditure when compared to
SGLT2i SED, highlighting the importance of exercise training in combina-
tion with pharmacotherapies for the improvement of disease risk factors.
SGLT2i administration altered substratemetabolism towards a greater re-
liance on lipid metabolism at rest and during submaximal exercise, and
induced ketosis, neither of which were greatly altered in SGLT2i EX com-
pared to SGLT2i alone. Importantly, SGLT2i EX seemed to further improve
exercise endurance compared to EX alone. When taken together, these
findings suggest that the combination of SGLT2i and EX may have addi-
tional benefits on type 2 diabetes and exercise capacity compared to ei-
ther treatment alone. If these findings translate to humans, they may
change current standard of clinical practice for exercise and pharmaco-
therapy co-treatment for type 2 diabetes.

Acknowledgements

The authors would like to thank Tim Rolph (Akero Therapeutics.,
USA) for his interest in and support for projects assessing the interaction
between exercise training and pharmacotherapies for the treatment
type 2 diabetes and for helpful discussions. The authors gratefully ac-
knowledge Russell Miller (Internal Medicine Research Unit, Pfizer Inc.,
USA), Gregory Tsez (Internal Medicine Research Unit, Pfizer Inc., USA),
and Jeff Pfefferkorn (Internal Medicine Research Unit, Pfizer Inc., USA)
for helpful discussions.

Data availability

Data are available from the authors upon reasonable request.

Funding sources

This work was supported by Pfizer Inc.

Declarations of competing interest

Authors TTR, DAB,MFG andWPE are employees and shareholders of
Pfizer. MAL is a former employee of Pfizer. BB has consulted for Pfizer,
Inc. MAL, KLH, BFM, and BB have received research funding from Pfizer,
Inc. Some of the work discussed was conducted at and funded by
Pfizer Inc.

Contributions

Involved in the study concept and design (MAL, TTR, DAB,MFG, KLH,
BFM, BB, WPE); acquisition of data (MAL, TTR, DAB, MFG); analysis and
interpretation of data (MAL, TTR, KLH, BFM, BB, WPE); drafting of the
manuscript (MAL, KLH, BFM, BB, WPE); critical revision of the manu-
script for important intellectual content (MAL, TTR, DAB, MFG, KLH,
BFM, BB, WPE); statistical analysis (MAL, KLH, BFM, BB, WPE), and final
approval for publication (MAL, TTR, DAB, MFG, KLH, BFM, BB, WPE).

References

[1] Van Dijk JW, Manders RJ, Canfora EE, MechelenWV, Hartgens F, Stehouwer CD, et al.
Exercise and 24-h glycemic control: equal effects for all type 2 diabetes patients?
Med Sci Sports Exerc 2013;45:628–35.

[2] Kirwan JP, Solomon TP, Wojta DM, Staten MA, Holloszy JO. Effects of 7 days of
exercise training on insulin sensitivity and responsiveness in type 2 diabetes
mellitus. Am J Physiol Endocrinol Metab 2009;297:E151–6.

[3] De Filippis E, Alvarez G, Berria R, Cusi K, Everman S, Meyer C, et al. Insulin-resistant
muscle is exercise resistant: evidence for reduced response of nuclear-encoded
mitochondrial genes to exercise. Am J Physiol Endocrinol Metab 2008;294:E607–14.

[4] Regensteiner JG, Sippel J, McFarling ET, Wolfel EE, Hiatt WR. Effects of non-insulin-
dependent diabetes on oxygen consumption during treadmill exercise. Med Sci
Sports Exerc 1995;27:661–7.

[5] Owen MR, Doran E, Halestrap AP. Evidence that metformin exerts its anti-diabetic
effects through inhibition of complex 1 of the mitochondrial respiratory chain.
Biochem J 2000;348(Pt 3):607–14.

[6] Mazza A, Fruci B, Garinis GA, Giuliano S, Malaguarnera R, Belfiore A. The role of
metformin in the management of NAFLD. Exp Diabetes Res 2012;2012:716404.

[7] Malin SK, Nightingale J, Choi SE, Chipkin SR, Braun B. Metformin modifies the
exercise training effects on risk factors for cardiovascular disease in impaired
glucose tolerant adults. Obesity (Silver Spring) 2013;21:93–100.

[8] Linden MA, Fletcher JA, Morris EM, Meers GM, Kearney ML, Crissey JM, et al.
Combining metformin and aerobic exercise training in the treatment of type 2 dia-
betes and NAFLD in OLETF rats. Am J Physiol Endocrinol Metab 2014;306:E300–10.

[9] Sharoff CG, Hagobian TA, Malin SK, Chipkin SR, Yu H, HirshmanMF, et al. Combining
short-term metformin treatment and one bout of exercise does not increase insulin
action in insulin-resistant individuals. Am J Physiol Endocrinol Metab 2010;298:
E815–23.

[10] Malin SK, Braun B. Effect of metformin on substrate utilization after exercise training
in adults with impaired glucose tolerance. Appl Physiol NutrMetab 2013;38:427–30.

[11] Clarson CL, Mahmud FH, Baker JE, Clark HE, McKay WM, Schauteet VD, et al.
Metformin in combination with structured lifestyle intervention improved body
mass index in obese adolescents, but did not improve insulin resistance. Endocrine
2009;36:141–6.

[12] Boule NG, Robert C, Bell GJ, Johnson ST, Bell RC, Lewanczuk RZ, et al. Metformin and
exercise in type 2 diabetes: examining treatment modality interactions. Diabetes
Care 2011;34:1469–74.

[13] Boule NG, Kenny GP, Larose J, Khandwala F, Kuzik N, Sigal RJ. Does metformin
modify the effect on glycaemic control of aerobic exercise, resistance exercise or
both? Diabetologia 2013;56:2378–82.

[14] Braun B, Eze P, Stephens BR, Hagobian TA, Sharoff CG, Chipkin SR, et al. Impact of
metformin on peak aerobic capacity. Appl Physiol Nutr Metab 2008;33:61–7.

[15] Konopka AR, Laurin JL, Schoenberg HM, Reid JJ, Castor WM, Wolff CA, et al.
Metformin inhibits mitochondrial adaptations to aerobic exercise training in older
adults. Aging Cell 2019;18:e12880.

http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0005
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0005
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0005
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0010
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0010
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0010
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0015
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0015
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0015
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0020
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0020
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0020
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0025
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0025
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0025
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0030
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0030
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0035
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0035
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0035
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0040
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0040
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0040
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0045
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0045
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0045
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0045
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0050
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0050
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0055
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0055
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0055
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0055
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0060
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0060
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0060
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0065
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0065
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0065
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0070
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0070
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0075
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0075
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0075


80 M.A. Linden et al. / Metabolism Clinical and Experimental 97 (2019) 68–80
[16] Sha S, Devineni D, Ghosh A, Polidori D, Chien S,Wexler D, et al. Canagliflozin, a novel
inhibitor of sodium glucose co-transporter 2, dose dependently reduces calculated
renal threshold for glucose excretion and increases urinary glucose excretion in
healthy subjects. Diabetes Obes Metab 2011;13:669–72.

[17] Cefalu WT, Stenlof K, Leiter LA, Wilding JP, Blonde L, Polidori D, et al. Effects of
canagliflozin on bodyweight and relationship to HbA1c and blood pressure changes
in patients with type 2 diabetes. Diabetologia 2015;58:1183–7.

[18] Yanai H, Hakoshima M, Adachi H, Kawaguchi A, Waragai Y, Harigae T, et al. Effects
of six kinds of sodium-glucose cotransporter 2 inhibitors on metabolic parameters,
and summarized effect and its correlations with baseline data. J Clin Med Res
2017;9:605–12.

[19] Ferrannini E, Baldi S, Frascerra S, Astiarraga B, Heise T, Bizzotto R, et al. Shift to fatty
substrate utilization in response to sodium-glucose cotransporter 2 inhibition in sub-
jects without diabetes and patients with type 2 diabetes. Diabetes 2016;65:1190–5.

[20] Yokono M, Takasu T, Hayashizaki Y, Mitsuoka K, Kihara R, Muramatsu Y, et al. SGLT2
selective inhibitor ipragliflozin reduces body fat mass by increasing fatty acid
oxidation in high-fat diet-induced obese rats. Eur J Pharmacol 2014;727:66–74.

[21] Zinman B, Wanner C, Lachin JM, Fitchett D, Bluhmki E, Hantel S, et al. Empagliflozin,
cardiovascular outcomes, and mortality in type 2 diabetes. N Engl J Med 2015;373:
2117–28.

[22] Habibi J, Aroor AR, Sowers JR, Jia G, Hayden MR, Garro M, et al. Sodium glucose
transporter 2 (SGLT2) inhibition with empagliflozin improves cardiac diastolic
function in a female rodent model of diabetes. Cardiovasc Diabetol 2017;16:9.

[23] Ott C, Jumar A, Striepe K, Friedrich S, Karg MV, Bramlage P, et al. A randomised
study of the impact of the SGLT2 inhibitor dapagliflozin on microvascular and
macrovascular circulation. Cardiovasc Diabetol 2017;16:26.

[24] Srinivasan K, Viswanad B, Asrat L, Kaul CL, Ramarao P. Combination of high-fat
diet-fed and low-dose streptozotocin-treated rat: a model for type 2 diabetes and
pharmacological screening. Pharmacol Res 2005;52:313–20.

[25] ZhangM, Lv XY, Li J, Xu ZG, Chen L. The characterization of high-fat diet andmultiple
low-dose streptozotocin induced type 2 diabetes rat model. Exp Diabetes Res 2008;
2008:704045.

[26] Bi Y, Sun WP, Chen X, Li M, Liang H, Cai MY, et al. Effect of early insulin therapy on
nuclear factor kappaB and cytokine gene expressions in the liver and skeletal muscle
of high-fat diet, streptozotocin-treated diabetic rats. Acta Diabetol 2008;45:167–78.

[27] SchaalanM, El-Abhar HS, BarakatM, El-Denshary ES.Westernized-like-diet-fed rats:
effect on glucose homeostasis, lipid profile, and adipocyte hormones and their mod-
ulation by rosiglitazone and glimepiride. J Diabetes Complicat 2009;23:199–208.

[28] Mansor LS, Gonzalez ER, Cole MA, Tyler DJ, Beeson JH, Clarke K, et al. Cardiac
metabolism in a new rat model of type 2 diabetes using high-fat diet with low
dose streptozotocin. Cardiovasc Diabetol 2013;12:136.

[29] Yu T, Sungelo MJ, Goldberg IJ, Wang H, Eckel RH. Streptozotocin-treated high fat fed
mice: a new type 2 diabetes model used to study canagliflozin-induced alterations
in lipids and lipoproteins. Horm Metab Res 2017;49:400–6.

[30] Epp RA, Susser SE, Morissette MP, Kehler DS, Jassal DS, Duhamel TA. Exercise train-
ing prevents the development of cardiac dysfunction in the low-dose streptozotocin
diabetic rats fed a high-fat diet. Can J Physiol Pharmacol 2013;91:80–9.

[31] Toedebusch RG, Ruegsegger GN, Braselton JF, Heese AJ, Hofheins JC, Childs TE, et al.
AMPK agonist AICAR delays the initial decline in lifetime-apex Vo2 peak, while
voluntary wheel running fails to delay its initial decline in female rats. Physiol
Genomics 2016;48:101–15.

[32] Gonzalez NC, Clancy RL, Moue Y, Richalet JP. Increasing maximal heart rate
increases maximal O2 uptake in rats acclimatized to simulated altitude. J Appl Physiol
1998;84:164–8.
[33] Copp SW, Davis RT, Poole DC, Musch TI. Reproducibility of endurance capacity and
VO2peak in male Sprague-Dawley rats. J Appl Physiol 2009;106:1072–8.

[34] Aschenbach WG, Hirshman MF, Fujii N, Sakamoto K, Howlett KF, Goodyear LJ.
Effect of AICAR treatment on glycogen metabolism in skeletal muscle. Diabetes
2002;51:567–73.

[35] Rector RS, Thyfault JP, Morris RT, Laye MJ, Borengasser SJ, Booth FW, et al. Daily
exercise increases hepatic fatty acid oxidation and prevents steatosis in Otsuka
Long-Evans Tokushima fatty rats. Am J Physiol Gastrointest Liver Physiol 2008;
294:G619–26.

[36] Malin SK, Gerber R, Chipkin SR, Braun B. Independent and combined effects of exer-
cise training and metformin on insulin sensitivity in individuals with prediabetes.
Diabetes Care 2012;35:131–6.

[37] Merovci A, Solis-Herrera C, Daniele G, Eldor R, Fiorentino TV, Tripathy D, et al.
Dapagliflozin improves muscle insulin sensitivity but enhances endogenous glucose
production. J Clin Invest 2014;124:509–14.

[38] Newman AA, Grimm NC, Wilburn JR, Schoenberg HM, Trikha SRJ, Luckasen GJ, et al.
Influence of sodium glucose co-transporter 2 inhibition on the physiological adapta-
tion to endurance exercise training. J Clin Endocrinol Metab 2018;104:1953–66.

[39] Fletcher JA, Meers GM, Linden MA, Kearney ML, Morris EM, Thyfault JP, et al. Impact
of various exercise modalities on hepatic mitochondrial function. Med Sci Sports
Exerc 2014;46:1089–97.

[40] Herzig S, Long F, Jhala US, Hedrick S, Quinn R, Bauer A, et al. CREB regulates hepatic
gluconeogenesis through the coactivator PGC-1. Nature 2001;413:179–83.

[41] Gomez-Valades AG, Mendez-Lucas A, Vidal-Alabro A, Blasco FX, Chillon M, Bartrons
R, et al. Pck1 gene silencing in the liver improves glycemia control, insulin sensitiv-
ity, and dyslipidemia in db/db mice. Diabetes 2008;57:2199–210.

[42] HawkinsM, Gabriely I,Wozniak R, Reddy K, Rossetti L, Shamoon H. Glycemic control
determines hepatic and peripheral glucose effectiveness in type 2 diabetic subjects.
Diabetes 2002;51:2179–89.

[43] Polidori D, Iijima H, Goda M, Maruyama N, Inagaki N, Crawford PA. 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 canagliflozin.
Diabetes Obes Metab 2018;20:1321–6.

[44] Myette-Cote E, Neudorf H, Rafiei H, Clarke K, Little JP. Prior ingestion of exogenous
ketone monoester attenuates the glycaemic response to an oral glucose tolerance
test in healthy young individuals. J Physiol 2018;596:1385–95.

[45] Kumar N, Garg A, Bhatt DL, Sabongui S, Gupta N, Chaudhry S, et al. Empagliflozin
improves cardiorespiratory fitness in type 2 diabetes: translational implications.
Can J Physiol Pharmacol 2018;96:1184–7.

[46] Conley KE, Jubrias SA, Cress ME, Esselman PC. Elevated energy coupling and aerobic
capacity improves exercise performance in endurance-trained elderly subjects. Exp
Physiol 2013;98:899–907.

[47] Amati F, Dube JJ, Shay C, Goodpaster BH. Separate and combined effects of exercise
training and weight loss on exercise efficiency and substrate oxidation. J Appl
Physiol 2008;105:825–31.

[48] Ghanassia E, Brun JF, Fedou C, Raynaud E, Mercier J. Substrate oxidation during
exercise: type 2 diabetes is associated with a decrease in lipid oxidation and an
earlier shift towards carbohydrate utilization. Diabetes Metab 2006;32:604–10.

[49] Cox PJ, Kirk T, Ashmore T, Willerton K, Evans R, Smith A, et al. Nutritional ketosis
alters fuel preference and thereby endurance performance in athletes. Cell Metab
2016;24:256–68.

[50] O'Malley T, Myette-Cote E, Durrer C, Little JP. Nutritional ketone salts increase fat
oxidation but impair high-intensity exercise performance in healthy adult males.
Appl Physiol Nutr Metab 2017;42:1031–5.

http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0080
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0080
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0080
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0080
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0085
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0085
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0085
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0090
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0090
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0090
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0090
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0095
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0095
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0095
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0100
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0100
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0100
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0105
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0105
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0105
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0110
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0110
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0110
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0115
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0115
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0115
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0120
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0120
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0120
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0125
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0125
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0125
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0130
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0130
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0130
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0135
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0135
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0135
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0140
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0140
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0140
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0145
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0145
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0145
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0150
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0150
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0150
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0155
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0155
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0155
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0155
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0160
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0160
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0160
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0165
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0165
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0170
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0170
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0170
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0175
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0175
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0175
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0175
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0180
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0180
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0180
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0185
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0185
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0185
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0190
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0190
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0190
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0195
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0195
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0195
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0200
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0200
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0205
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0205
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0205
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0210
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0210
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0210
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0215
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0215
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0215
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0215
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0220
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0220
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0220
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0225
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0225
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0225
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0230
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0230
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0230
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0235
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0235
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0235
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0240
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0240
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0240
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0245
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0245
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0245
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0250
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0250
http://refhub.elsevier.com/S0026-0495(19)30097-6/rf0250

	The combination of exercise training and sodium-�glucose cotransporter-�2 inhibition improves glucose tolerance and exercis...
	1. Introduction
	2. Methods
	2.1. SGLT2i administration
	2.2. Peak aerobic capacity
	2.3. Exercise training
	2.4. Substrate utilization during exercise and submaximal running capacity
	2.5. 24h calorimetry and physical activity
	2.6. Body composition
	2.7. Oral glucose tolerance test (OGTT)
	2.8. Plasma analyses
	2.9. Urine collection and analyses
	2.10. Tissue collection and glycogen content
	2.11. Western blot analyses
	2.12. Statistical Analyses

	3. Results
	3.1. Body weight, body composition, and food intake
	3.2. Aerobic capacity
	3.3. Plasma lipid profile
	3.4. Urine volume and glucose excretion
	3.5. Measures of glycemia
	3.6. Measures associated with endogenous glucose production
	3.7. Substrate utilization during cage conditions
	3.8. Tissue glycogen content
	3.9. Measures associated with nutrient metabolism and ketones
	3.10. Substrate utilization during exercise and submaximal exercise capacity

	4. Discussion
	Acknowledgements
	Data availability
	Funding sources
	Declarations of competing interest
	Contributions
	References


