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Abstract
Prediabetes is associated with impaired oxidative capacity and altered substrate utilization during exercise. The effects of continuous (CONT) versus interval (INT) exercise training on fat oxidation during an acute exercise bout at the same absolute and relative intensities are unknown in this population. Obese females/males (n = 17, n = 5) with prediabetes (BMI 32.2 ± 1.2
kgꞏm-2; age 62.8 ± 1.6 y; fasting glucose 103.4 ± 1.6 mgꞏdL-1; 2hour glucose 153.7 ± 7.1 mgꞏdL-1; VO2peak 19.9 ± 1.0 mLꞏkg1
ꞏmin-1) were screened with a 75g OGTT. Subjects completed a
peak oxygen consumption test and a submaximal exercise substrate utilization test consisting of 5min stages at absolute (30W)
and relative (70%HRpeak) intensities before and after randomization to 12 sessions (60min each) of CONT (70% HRpeak) or INT
(alternating 3min 90% HRpeak, 3min 50% HRpeak) over a twoweek period. Body mass decreased and VO2peak increased more
after INT than CONT (INT: -0.6 ± 0.2 kg, CONT: -0.1 ± 0.2 kg;
p = 0.04; INT: 1.9 ± 0.6 mL/kg/min, CONT: 0.1 ± 0.6 mLꞏkg1ꞏmin-1; p = 0.04). Training increased fat oxidation by 0.7 ± 0.2
mLꞏkg-1ꞏmin-1 during the absolute intensity test (p < 0.001), independent of intensity. During the relative intensity test, fat oxidation increased more after INT than CONT (INT: 1.3 ± 0.4 mLꞏkg1
ꞏmin-1, CONT: 0.3 ± 0.3 mLꞏkg-1ꞏmin-1; p = 0.03), with no difference in exercise energy expenditure between groups. Enhanced fat oxidation during the relative test was correlated with
increased VO2peak (r = 0.53 p = 0.01). High intensity INT training enhances fat oxidation during the same relative intensity exercise in people with prediabetes.
Key words: Exercise training, oxidative metabolism, substrate
utilization, exercise intensity, hyperglycemia.

Introduction
Prediabetes is characterized by elevated blood glucose levels that do not meet criteria for type 2 diabetes (T2D)
(American Diabetes Association, 2015). It is estimated that
over 318 million adults in the world have prediabetes, and
that figure is projected to rise to 481 million by 2040
(Ogurtsova et al., 2017). This is concerning because prediabetes increases risk for T2D, cardiovascular disease and
all-cause mortality (Huang et al., 2016). Although prediabetes is likely the result of multiple factors, impaired mitochondrial function is a leading candidate that contributes to
the etiology of insulin resistance, a hallmark of the disease
(Fabbri et al., 2016). Interventions designed to increase oxidative capacity in adults with prediabetes therefore may

alleviate insulin resistance and improve glucose tolerance.
Aerobic exercise training ranging from 12–16
weeks increases fat oxidation during rest and/or exercise in
obese adults with prediabetes or T2D (Goodpaster et al.,
2003; Solomon et al., 2008; Meex et al., 2010; Malin and
Braun, 2013; Arad et al., 2015). However, some of these
studies also report clinically meaningful weight and fat loss
(Goodpaster, Katsariaras and Kelley, 2003; Solomon et al.,
2008), making it difficult to isolate the independent effects
of exercise on fat oxidation. Most (Talanian et al., 2006;
Venables and Jeukendrup, 2008; Hood et al., 2011; Lanzi
et al., 2015), but not all (Skleryk et al., 2013) 2–4 week
moderate to high intensity exercise training studies report
increased fat oxidation at rest or during exercise at the same
absolute workload in normal weight or overweight/obese
subjects, independent of weight loss. Additionally, high intensity interval training may augment oxidative capacity
when compared to continuous training in healthy individuals (Daussin et al., 2008), suggesting that fat oxidation
changes may be intensity-dependent. In contrast, others report that short-term continuous, but not interval exercise
training increases fat oxidation during exercise in obese individuals (Venables and Jeukendrup, 2008). This later observation is clinically relevant as exercise fat oxidation was
directly related to insulin sensitivity. Interestingly, our
group recently reported that interval and continuous exercise training resulted in comparable reductions in insulin
resistance (Gilbertson et al., 2018). While this improvement was partly attributable to post-prandial carbohydrate
oxidation, it is worth acknowledging that bio-active lipids
such as ceramides and diacylglycerols interfere with insulin signaling (Fabbri et al., 2016). Thus, it remains possible
that the increased oxidation of lipids during exercise could
contribute to reductions in insulin resistance. However,
whether exercise training intensity impacts fuel selection
during exercise at the same absolute and/or relative workload is unclear in obese adults with prediabetes, and how
this change in exercise fuel selection relates to insulin sensitivity independent of clinically meaningful weight loss
has yet to be systematically determined. Therefore, we
tested the hypothesis that high intensity interval training
(INT) would increase fat oxidation during submaximal exercise more than moderate continuous intensity training
(CONT) at the same absolute and relative intensities in
obese adults with prediabetes. We also hypothesized that
enhanced fat oxidation would correlate with improved clinical health and aerobic fitness.
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Methods
Subjects
Twenty-two (female n = 17; male n = 5) obese (BMI = 32.2
± 1.2 kgꞏm-2) adults (age = 62.8 ± 1.6 y, range 43 – 74 y)
were enrolled in this block-randomized two-week exercise
intervention. Prediabetes was screened for using a standard
2-hour 75 g oral glucose tolerance test (OGTT) and/or
HbA1c after a 10-12 hour overnight fast according to American Diabetes Association criteria (American Diabetes
Association, 2015). Subjects were characterized as having
impaired fasting glucose (IFG), impaired glucose tolerance
(IGT), or IFG+IGT. There were a similar number of individuals with IFG, IGT, and IFG+IGT in CONT (4, 3, and
4, respectively) and INT (2, 3, and 6, respectively) by design. Subjects were sedentary (i.e. < 60 min/wk of structured exercise), non-smoking, and free of cardiovascular
disease, cancer (within the last 5 years), respiratory complications, or known metabolic disease (e.g. T2D, non-alcoholic fatty liver disease, etc.). Subjects were excluded if
they took medication affecting substrate metabolism, blood
flow, or insulin sensitivity (e.g. metformin, ACE inhibitors, angiotensin II receptor blockers). Females were all
postmenopausal. All subjects underwent a resting electrocardiogram, clinical biochemistries, and a physical exam
by a study physician to ensure subject safety during the intervention. All subjects consumed a mixed diet and were
instructed to not change their diet or habitual physical activity throughout the study. Subjects gave verbal and written informed consent before participating and the study
was approved by our Institutional Review Board.
Metabolic control
Subjects were instructed to refrain from strenuous non-exercise physical activity 48 hours prior to the OGTT. Subjects were also instructed to refrain from caffeine, alcohol,
medications and dietary supplements 24 hours prior to the
OGTT. On the day prior to OGTTs, subjects were instructed to record their diets and consume approximately
250 g of carbohydrate (CHO) to minimize the influence of
muscle glycogen on insulin sensitivity. Food intake was assessed using 24-hour food logs before and after training,
and data were processed using ESHA (Version 11.1, Salem, OR). The last exercise training bout was performed
approximately 24 hours before the OGTT.
Peak aerobic fitness
Subjects performed an incremental peak oxygen consumption (VO2peak) test on a cycle ergometer (Lode Corival,
Groningen, Netherlands). Subjects began cycling at 0W,
and power output was increased by 25W every 2 min until
volitional exhaustion. VO2peak was confirmed by a respiratory exchange ratio (RER) > 1.1 and volitional fatigue.
Respiratory gases (i.e. VO2 and VCO2) were collected
throughout the test using indirect calorimetry (Vmax Encore, CareFusion, Yorba Linda, CA). HR via electrocardiogram and rating of perceived exertion (RPE) were recorded during the last 30 sec of each stage. VO2peak was
determined as the highest VO2 value achieved during the
incremental test.

Anthropometrics and body composition
Body mass was measured on an electronic scale (HealthO-Meter, Neosho, MO). Waist circumference was measured in duplicate 2 cm above the umbilicus using a standard
tape measure. Values within 0.5 cm were averaged. If a
value was not within 0.5 cm, a third measure was recorded.
Body fat and fat-free mass (FFM) were measured using bioelectrical impedance (InBody 770 Body Composition Analyzer, InBody, Cerritos, CA).
Oral glucose tolerance test
After an approximate 10 hour overnight fast, subjects reported to the Clinical Research Unit in the morning and an
intravenous catheter was placed in an antecubital vein as
previously described by our group. Blood samples were
drawn before and during a 75 g OGTT. Circulating glucose, FFA, and insulin were determined at fasting and
every 30 minutes up to 120 minutes and then at 180
minutes to assess glucose tolerance and insulin resistance.
Glucose tolerance was defined as the glucose total area under the curve (tAUC) at 180 minutes using the trapezoidal
model. Whole-body and adipose insulin resistance were
calculated as previously described (Gilbertson et al.,
2018), and we estimated liver insulin resistance by
HOMA-IR (fasting insulin multiplied glucose divided by
405).
Resting and submaximal exercise substrate metabolism
On the first and last days of exercise training (see below),
subjects reported to the Applied Metabolism & Physiology
Laboratory between 07:00–09:30 after a 10–12 hour fast.
Subjects rested on a cycle ergometer for 5 min, then cycled
for 5 min at 30W (absolute), and finally for 5 min at 70%
HRpeak (relative) (based on pre-training HRpeak). Respiratory gases were collected using indirect calorimetry during
each 5 min stage (resting, absolute, and relative intensities). During the last 30 sec of each stage, HR via telemetry
(Polar Electro, Kempele, Finland) and RPE were recorded.
VO2 and VCO2 were averaged over the last 2 min of each
stage for determination of fuel selection. Fat and CHO oxidation rates (Peronnet and Massicotte, 1991) and energy
expenditure (Kuo et al., 2005) were calculated from these
respiratory gases as:
𝐹𝑎𝑡 𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛
𝐶𝐻𝑂 𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛

1.695
4.585

1

𝑉𝑂

1.701 𝑉𝐶𝑂

𝑉𝑂
%

𝐸𝑛𝑒𝑟𝑔𝑦 𝑒𝑥𝑝𝑒𝑛𝑑𝑖𝑡𝑢𝑟𝑒
%

𝑉𝑂

3.226 𝑉𝐶𝑂
𝑉𝑂

5.05

4.7

Exercise training
In order to isolate the effect of training intensity on our outcomes, we designed our exercise sessions to have the same
the average HR to equate energy expenditure. Subjects
were randomized to 12 days of fully supervised isocaloric
CONT or INT exercise training on a cycle ergometer over
a 13-day period. INT consisted of alternating intervals of 3
min at 90% HRpeak and 3 min at 50% HRpeak for 60 min.
CONT consisted of 70% HRpeak for the entire 60 min. Days
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one and two consisted of 30 min and 45 min training sessions, respectively, to allow acclimation and promote adherence to training. HR via telemetry and RPE were recorded throughout each training session to ensure the appropriate intensities were performed.
Biochemical analysis
Plasma glucose samples were analyzed immediately using
the YSI 2300 StatPlus Glucose Analyzer system (Yellow
Springs, OH). All other samples were centrifuged for 10
minutes at 4C and 3000 rpm, aliquoted, and stored at 80C until later analysis. All measurements pre- and posttraining were analyzed on the same plate to minimize interassay variability. Plasma insulin and FFA was placed in
vacutainers containing EDTA and the protease inhibitor
aprotonin. Insulin was analyzed using an enzyme-link immunosorbent assay kit (Millipore, Billerica, MA) and circulating FFAs were analyzed using an enzymatic colorimetric assay (Wako Diagnostics, Richmond, VA).
Statistical analysis
Data were analyzed using SPSS (Version 24, IBM, Armonk, NY). Unpaired two-tailed t-tests were used to analyze baseline differences between group characteristics. A
2-way analysis of variance with repeated measures (group
x test) was used to analyze main outcomes. Pearson correlation was used to determine associations. Data are mean ±
SEM, and significance was determined as P < 0.05.

Results
Subject characteristics
There were no significant differences at baseline between
CONT and INT in key demographics (Table 1). Both
groups experienced a non-clinically significant loss of
body mass (INT: 89.2 ± 4.6 kg vs 88.6 ± 4.6 kg; CONT:
89.1 ± 5.1 kg vs 89.0 ± 5.1 kg) and statistically, the decrease after INT was more than after CONT exercise
(group x test interaction; p = 0.04) but there was no significant change in waist circumference. Among both groups,
body fat was unchanged and fat-free mass decreased (p <
0.01; Table 1). VO2peak increased after INT significantly
more than after CONT (group x test interaction; P=0.04).
Although there was no change in fasting glucose, 2-hour
glucose decreased after training (20.9 ± 6.5 mgꞏdL-1)

among all subjects (main effect of test; p = 0.005) (Table
1). There were no differences in CHO intake in the days
prior to the OGTTs before the intervention (INT: 287.6 ±
19.6 g; CONT: 273.3 ± 20.1 g; p = 0.62) or after (INT:
280.3 ± 20.5; CONT: 304.3 ± 17.1; p = 0.38) and no group
x test interaction (p = 0.29).
Submaximal exercise characteristics
HR, RPE, oxygen consumption, RER, and energy expenditure were not statistically different during resting, absolute,
or relative tests before or after training, with the exception
of an increase in oxygen consumption at rest after training
(main effect of test; p = 0.04) and a decrease in RER after
training during absolute and relative intensity tests (main
effect of test; p < 0.001, p < 0.05, respectively). During the
absolute intensity test, the percentage of HRpeak attained by
subjects was 62.8 ± 2.1% (range: 42.5 – 79.8%) pre-intervention and 62.5 ± 2.0% (range: 46.4 – 79.0%) post-intervention and was not different between groups at either
timepoint (p = 0.82, p = 0.65, respectively). During the relative intensity test, the percentage of HRpeak attained by
subjects was 72.0 ± 1.0% (range: 64.1 – 87.1%) pre-intervention and 72.3 ± 1.0% (range: 66.9 – 82.8%) post-intervention and was not statistically different between groups
at either timepoint (p = 0.55, p = 0.39, respectively). RPE
was not different between groups at rest, absolute, or relative conditions (p = 0.56, p = 0.59, p = 0.35, respectively)
(Table 2).
Resting substrate oxidation
Resting fat oxidation prior to training was lower in CONT
than INT (0.7 ± 0.1 vs. 1.1 ± 0.1 mg/kg/min; p = 0.002).
However, resting fat oxidation increased after CONT and
INT exercise comparably (CONT: 0.9 ± 0.1 mg/kg/min;
INT: 1.2 ± 0.1 mgꞏkg-1ꞏmin-1; p = 0.02) and was not significantly different after training (p = 0.09).
Submaximal exercise substrate oxidation
CONT and INT groups increased fat oxidation during the
absolute (main effect of test; p < 0.001) and relative (main
effect of test; p = 0.003) intensity tests. INT increased fat
oxidation more than CONT during the relative intensity
test (group x test interaction; p = 0.03; Figure 1). Carbohydrate oxidation decreased reciprocally during the absolute
intensity test (main effect of test; p = 0.01) and did not
change statistically during the relative test (Figure 1).

Table 1. Subject characteristics.
CONT
N (male/female)
Age (years)
Height (cm)
Waist Circumference (cm)
Body Mass (kg)
BMI (kgꞏm-2)
Fat-free Mass (kg)
Fat Mass (kg)
FPG (mgꞏdL-1)
2-hr Glucose (mgꞏdL-1)
VO2peak (mLꞏkg-1ꞏmin-1)

PRE
11 (3/8)
65.6 ± 1.9
164.5 ± 2.2
104.2 ± 3.7
89.1 ± 5.1
31.8 ± 1.8
53.3 ± 3.2
29.0 ± 2.2
105.9 ± 2.5
152.3 ± 10.3
19.4 ± 1.6

INT
POST
104.2 ± 3.7
89.0 ± 5.1*
31.7 ± 1.8*
52.6 ± 3.2*
28.8 ± 2.3*
103.1 ± 3.1
131.8 ± 10.0*
19.4 ± 1.8*

PRE
11 (2/9)
60.1 ± 2.3
166.1 ± 3.0
106.2 ± 4.4
89.2 ± 4.6
32.7 ± 1.6
51.2 ± 3.0
26.7 ± 2.4
100.9 ± 1.7
155.0 ± 10.4
20.3 ± 1.2

POST
105.4 ± 4.3
88.6 ± 4.6*†
32.4 ± 1.6*
50.4 ± 3.0*
28.0 ± 2.3*
103.3 ± 2.4
133.8 ± 12.1*
22.3 ± 1.3*†

BMI, body mass index; FPG, fasting plasma glucose. 18 mgꞏdl-1 = 1 mM of glucose. Data are mean ± SEM. *Significant main effect
of test, p < 0.01; †Significant group x test interaction, p < 0.05.
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Table 2. Submaximal exercise characteristics.
CONT
HR (bpm)
RPE (AU)
VO2 (mLꞏkg-1ꞏmin-1)
RER (AU)
EE (kcalꞏmin-1)

Rest
30W
70% HRpeak
Rest
30W
70% HRpeak
Rest
30W
70% HRpeak
Rest
30W
70% HRpeak
Rest
30W
70% HRpeak

PRE
76.8 ± 2.0
93.2 ± 2.8
107.9 ± 3.7
6.1 ± 0.1
9.6 ± 0.7
13.1 ± 1.2
2.4 ± 0.2
7.4 ± 0.5
11.4 ± 1.5
0.85 ± 0.02
0.87 ± 0.03
0.93 ± 0.02
1.2 ± 0.1
3.6 ± 0.3
5.7 ± 0.7

INT
POST
74.6 ± 2.3
95.3 ± 3.7
109.1 ± 3.7
6.2 ± 0.1
9.5 ± 0.5
11.5 ± 0.5
2.6 ± 0.2‡
8.2 ± 0.7
11.8 ± 1.6
0.81 ± 0.02
0.84 ± 0.02
0.93 ± 0.03
1.2 ± 0.1
4.0 ± 0.3
5.8 ± 0.8

PRE
74.5 ± 3.0
95.9 ± 4.1
110.6 ± 2.8
6.2 ± 0.1
9.2 ± 0.4
11.9 ± 0.4
3.0 ± 0.1
9.8 ± 0.4
12.7 ± 0.8
0.79 ± 0.01
0.85 ± 0.02
0.92 ± 0.02
1.3 ± 0.1
4.2 ± 0.2
5.6 ± 0.4

POST
74.1 ± 3.0
93.2 ± 3.1
109.5 ± 3.7
6.0 ± 0.0
9.3 ± 0.6
11.3 ± 0.5
3.2 ± 0.1‡
9.7 ± 0.4
13.7 ± 1.3
0.79 ± 0.02
0.79 ± 0.02
0.87 ± 0.02
1.3 ± 0.1
4.1 ± 0.3
5.8 ± 0.5

HR, heart rate; RPE, rating of perceived exertion; EE, energy expenditure. 1 kcal = 4.184 kJ. Data are mean ± SEM. ‡ Significant
main effect of test, p < 0.05.

Figure 1. Substrate utilization during submaximal exercise. Substrate utilization during exercise. Fat oxidation during 30W (a)
and 70%HRpeak (b), and carbohydrate oxidation during 30W (c) and 70%HRpeak (d). Data are mean ± SEM. **Significant main effect
of test, P < 0.01; ***Significant main effect of test, p < 0.001; †Significant group x test interaction, p < 0.05.

Correlations
There were no significant correlations between resting fat
oxidation and exercise fat oxidation during pre-intervention (absolute; r = 0.11, p = 0.61 and relative; r = 0.03, p =
0.89) or following training (absolute; r = 0.17, p = 0.44 and
relative; r = 0.28, p = 0.21). There were also no significant
correlations between the change in dietary CHO intake and
fat oxidation during rest (r = 0.30, p = 0.18) or exercise
(absolute r = -0.25, p = 0.27; relative r = –0.16, p = 0.46).

There were no significant correlations between fat oxidation during the relative test for any outcomes. Increased fat
oxidation during the relative test correlated with elevated
VO2peak (Figure 2; r = 0.53, p = 0.01), but did not relate
significantly with weight loss (r = −0.22, p = 0.32). Enhanced fat oxidation during the relative intensity test also
did not relate to improved glucose tolerance or reductions
in insulin resistance after treatment (Figure 3).
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Figure 3. Correlations between changes in fat oxidation during 70%HRpeak and glucose regulation. Glucose tolerance, 180min
OGTT glucose AUC (a); peripheral insulin resistance, 180min OGTT glucose AUC x insulin AUC (b); HOMA-IR (c); adipose
IR, 180min OGTT insulin AUC x FFA AUC (d).

Figure 2. Correlation between changes in fat oxidation during
70%HRpeak and VO2peak.

Discussion
The major finding of this study is that two weeks of INT
exercise training results in enhanced fat oxidation at the
same relative intensity after training compared with work-

matched CONT in obese adults with prediabetes. Additionally, both CONT and INT exercise training increased fat
oxidation during exercise at the same absolute intensity.
Various studies ranging from 2–16 weeks of sprint interval
(e.g. 30 – 60 sec, “all out”), high intensity interval (e.g. 60
sec, 90%HRpeak), moderate intensity interval (e.g. 5 min,
65% VO2peak), and/or continuous moderate intensity (30
– 60 min, 60 – 95% HRpeak) have reported increased fat oxidation during exercise at the same absolute workload in
overweight and obese adults after exercise training (Van
Aggel-Leijssen et al., 2002; Crampes et al., 2003; Pruchnic
et al., 2004; Alkahtani et al., 2013; Astorino et al., 2013;
Arad et al., 2015; Lanzi et al., 2015). However, few studies
have examined the effects of exercise training on fuel selection at the same relative intensity, when greater reliance
on CHO might be expected due to an increase in absolute
workload. Prior work has shown that increasing the ability
to use fat for energy during exercise may be clinically relevant, as it was associated with greater insulin sensitivity
in obese, but healthy, males (Venables and Jeukendrup,
2008). Herein, we report that training-induced increases in
fat oxidation did not correlate with reductions in insulin resistance or improved glucose tolerance. Our results suggest
that exercise fat oxidation may not be a primary mecha-
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nism for improved glucose regulation. The reason for conflicting results between Venables and Jeukendrup’s work
and the current study is not entirely clear but may be due
to differences in study design. Their study recruited only
obese but otherwise healthy males who trained for 4 weeks
while ours included mostly females that exercised for 2
weeks. Furthermore, our study population was specifically
characterized as having prediabetes which may alter substrate utilization (Braun et al., 2004; Malin et al., 2013).
Nonetheless, the present findings are consistent with prior
work showing increased whole-body fat oxidation during
the same absolute exercise workload after 10 weeks of exercise training in people with prediabetes does not correlate
with clamp-derived measures of insulin sensitivity (Malin
and Braun, 2013). Taken together, the present data in combination with our prior report (Gilbertson et al., 2018), suggest that enhancing metabolic flexibility during feeding
may be more important for glucose regulation than exercise-stimulated substrate utilization despite training inducing exercise fat oxidation adaptation in just two weeks.
Since exercise training had no effect on RPE, oxygen consumption, or energy expenditure during the submaximal exercise test, it is unlikely that differences in
workload between interventions during testing explain the
rise in fat oxidation. Moreover, although individuals in the
INT treatment oxidized more fat than CONT at rest prior
to the intervention, resting fat oxidation did not improve to
a greater extent after CONT exercise than INT, nor was
resting fat oxidation correlated to exercise fat oxidation
during absolute or relative tests prior to or following treatment. Together, these findings suggest that the baseline
group differences in resting fat oxidation did not impact
training-induced exercise fat oxidation adaptation. There
are, however, several potential mechanisms by which INT
training could have accentuated fat metabolism compared
to CONT exercise. It is possible that INT increased fat oxidation directly by improving oxidative capacity, or indirectly by increasing fat availability. While we did not
measure circulating free fatty acids during exercise in this
study, it seems unlikely that circulating fat availability
would have a major role; the substrate metabolism tests
were performed for 5 minutes at each exercise intensity and
within this timeframe, lipid mobilization from adipose tissue was likely limited (Bülow et al., 2006). It remains possible that training reduced hepatic glucose production. This
would limit plasma glucose availability and prompt a compensatory rise in skeletal muscle fat oxidation (Friedlander
et al., 1997). Nonetheless, our data show that during the
same relative intensity (i.e. higher absolute workload after
training), CHO oxidation rate remained constant (Figure
1d), so it is unlikely that plasma glucose was a limiting factor. However, high intensity interval and sprint interval
training increase markers of mitochondrial biogenesis,
function, and enzyme activity after only 1–6 sessions in
healthy and hyperglycemic adults (Burgomaster et al.,
2008; Little et al., 2010, 2011), thereby promoting a rise in
oxidative capacity and intramuscular triglyceride use.
While we did not obtain direct mitochondrial or intramuscular measures, our results show improved aerobic capacity. In fact, VO2peak improved 9.5% in INT, while remaining essentially unchanged in CONT (0.3%). Furthermore,
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enhanced fat oxidation during exercise at the same relative
intensity was correlated with increased VO2peak (Figure
2), suggesting that increased oxidative capacity contributed
to enhanced fat metabolism.
Since others have shown that weight loss contributes to increases in fat oxidation (Corpeleijn et al., 2008;
Tsujimoto et al., 2012), we scaled fat oxidation to body
mass to isolate the effects of exercise. Our results demonstrate that increased fat oxidation following CONT and
INT was independent of clinically meaningful weight
change (~0.1 and ~0.6kg for CONT and INT, respectively).
While we did not observe a significant correlation between
enhanced fat oxidation during exercise and reduced body
weight, recent work suggests energy expenditure, not intensity, is key for body fat reduction (Cowan et al., 2018).
In line with this, exercise intensity has no effect on 24-hour
fat metabolism (Saris and Schrauwen, 2004) and oxygen
consumption (Hazell et al., 2012). Thus, it would seem exercise fat oxidation is not critical for explaining weight loss
after the intervention. Additional work is warranted to determine the mechanism by which exercise intensity promotes fat utilization and whether this enhanced fat oxidation is clinically relevant in the long-term glycemic control
in adults with prediabetes.
Exercise at the same absolute workload would be
expected to induce less metabolic stress after exercise
training as a result of aerobic fitness adaptation and reduced sympathetic nervous system activity. Consistent
with this hypothesis, CONT and INT increased fat oxidation and decreased reliance on carbohydrate to a similar degree during the absolute intensity condition. However, HR
and RPE were unchanged after training during the absolute
intensity test (Table 2). This suggests that our results may
be independent of sympathetic nervous system adaptation
and downstream effects on fat mobilization, hepatic glucose production, and glucose metabolism (Friedlander et
al., 1998; Friedlander et al., 1998). We chose a workload
of 30W for the absolute intensity test because this workload constituted a light to moderate intensity for our participants that would not elicit a heart rate over 70%HRpeak.
This study has some limitations and strengths to
consider. The majority of subjects tested were post-menopausal females, limiting the generalizability of our findings. We were not able to test for differences between
males and females with adequate statistical power. Therefore, additional work is required to understand how sex affects metabolic adaptations to improve precision exercise
therapy. Although substrate utilization testing was performed in a fasted state, we did not standardize meal intake
in days prior to these tests. Differences in carbohydrate intake could influence glycogen concentrations and impact
fuel selection during exercise. However, based on health
history questionnaires, all subjects consumed a mixed diet
and food intake analysis indicates that subjects consumed
over 250g of carbohydrate in CONT and INT pre- and posttraining. Moreover, there was no relation between changes
in carbohydrate intake pre and post-intervention with fat
oxidation. Therefore, low glycogen concentrations following exercise training are unlikely to explain the rise in fat
oxidation we observed. Subjects were tested during each
submaximal test stage (absolute 30W, relative 70%HRpeak)
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for only 5 min. While this was sufficient to reach steady
state oxygen consumption, fat oxidation may change with
increasing duration of constant load exercise (Alkahtani et
al., 2013). The slight reduction in FFM should be interpreted with caution, as we used multifrequency bioelectrical impedance to assess body composition and this is susceptible to changes in hydration status. Nonetheless, a
strength of our study design is that participants in both
groups were similar in age, sex, BMI, fitness, and glycemic
status, suggesting that alterations in fat oxidation following
CONT and INT training were not confounded by these factors.

Conclusion
In conclusion, two weeks of INT exercise training augments fat oxidation at the same relative intensity compared
to CONT in obese adults with prediabetes. Furthermore,
CONT and INT increase fat oxidation during exercise at
the same absolute intensity. The shift in reliance on fat metabolism was related to increased aerobic fitness, but not
insulin sensitivity. These findings suggest that training-induced increases in oxidative capacity may contribute to
cardio-metabolic risk reduction, and support use of INT as
an effective therapy to prevent and/or delay the onset of
T2D and cardiovascular disease.
Acknowledgements
Authors contributed to either conceptualization, implementation of experiments, data collection, and/or analysis and interpretation. All authors
contributed to writing/editing of the manuscript. We thank Dr. Eugene J.
Barrett for providing medical oversight. We also thank the members of
the Applied Metabolism & Physiology lab for helpful discussion on the
manuscript and assistance conducting the study. We thank the Clinical
Research Unit nursing staff, the Exercise Physiology Core Lab staff, and
the participants for their dedication to the study. This work was supported
by the University of Virginia Curry School of Education and Launchpad
Award to S.K.M. This study complied with the laws of the country of the
authors’ affiliation. The authors have no conflicts of interests to declare.

References
Alkahtani, S.A., King, N.A., Hills, A.P. and Byrne, N.M. (2013) Effect of
interval training intensity on fat oxidation, blood lactate and the
rate of perceived exertion in obese men. SpringerPlus 2(1), 532.
American Diabetes Association. (2015) Classification and Diagnosis of
Diabetes. Diabetes Care 38(Supp. 1), S8–S16.
Arad, A.D., DiMenna, F.J., Thomas, N., Tamis-Holland, J., Weil, R.,
Geliebter, A. and Albu, J.B. (2015) High-intensity interval training without weight loss improves exercise but not basal or insulin-induced metabolism in overweight/obese African American
women. Journal of Applied Physiology 119(4), 352–362.
Astorino, T.A., Schubert, M.M., Palumbo, E., Stirling, D. and McMillan,
D.W. (2013) Effect of two doses of interval training on maximal
fat oxidation in sedentary women. Medicine & Science in Sports
& Exercise 45(10), 1878–1886.
Bouchard, C., Church, T.S., Earnest, J.M., Häkkinen, K., Jenkins, N.T.,
Karavirta, L., Kraus, W.E., Leon, A.S., Rao, D.C., Sarzynski,
M.A., Skinner, J.S., Slentz, C.A., Rankinen, T. and Li, S. (2012)
Adverse metabolic response to regular exercise: is it a rare or
common occurrence? PLoS ONE 7(5), e37887.
Braun, B., Sharoff, C., Chipkin, S.R. and Beaudoin, F. (2004) Effects of
insulin resistance on substrate utilization during exercise in overweight women. Journal of Applied Physiology 97(3), 991–997.
Bülow, J., Gjeraa, K., Enevoldsen, L.H. and Simonsen, L. (2006) Lipid
mobilization from human abdominal, subcutaneous adipose tissue is independent of sex during steady‐state exercise. Clinical
Physiology and Functional Imaging 26(4), 205–211.
Burgomaster, K.A., Howarth, K.R., Phillips, S.M., Rakobowchuk, M.,
MacDonald, M.J., McGee, S.L. and Gibala, M.J. (2008) Similar

Interval exercise enhances fat oxidation

metabolic adaptations during exercise after low volume sprint interval and traditional endurance training in humans: metabolic
adaptations to sprint or endurance training in humans. The Journal of Physiology 586(1), 151–160.
Corpeleijn, E., Mensink, M., Kooi, M.E., Roekaerts, P.M.H.J., Saris,
W.H.M. and Blaak, E.E. (2008) Impaired skeletal muscle substrate oxidation in glucose-intolerant men improves after weight
loss. Obesity 16(5), 1025–1032.
Cowan, T.E., Brennan, A.M., Stotz, P.J., Clarke, J., Lamarche, B. and
Ross, R. (2018) Separate effects of exercise amount and intensity
on adipose tissue and skeletal muscle mass in adults with abdominal obesity. Obesity 26(11), 1696-1703.
Crampes, F., Marion-Latard, F., Zakaroff-Girard, A., de Glisenzinski, I.,
Harant, I., Thalamas, C., Stich, V., Rivière, D., Lafontan, M. and
Berlan, M. (2003) Effects of a longitudinal training program on
responses to exercise in overweight men. Obesity Research
11(2), 247–256.
Daussin, F.N., Zoll, J., Dufour, S.P., Ponsot, E., Lonsdorfer-Wolf, E.,
Doutreleau, S., Mettauer, B., Piquard, F., Geny, B. and Richard,
R. (2008) Effect of interval versus continuous training on cardiorespiratory and mitochondrial functions: relationship to aerobic
performance improvements in sedentary subjects. American
Journal of Physiology: Regulatory, Integrative and Comparative
Physiology 295(1), R264–R272.
Fabbri, E., Chia, C.W., Spencer, R.G., Fishbein, K.W., Reiter, D.A., Cameron, D., Zane, A.C., Moore, Z.A., Gonzalez-Freire, M., Zoli,
M., Studenski, S.A., Kalyani, R.R., Egan, J.M. and Ferrucci, L.
(2016) Insulin resistance is associated with reduced mitochondrial oxidative capacity measured by 31P magnetic resonance
spectroscopy in non-diabetic participants from the Baltimore
Longitudinal Study of Aging. Diabetes 66(1), 170–176.
Friedlander, A.L., Casazza, G.A., Horning, M.A., Huie, M.J. and Brooks,
G.A. (1997) Training-induced alterations of glucose flux in men.
Journal of Applied Physiology 82(4), 1360–1369.
Friedlander, A.L., Casazza, G.A., Horning, M.A., Buddinger, T.F. and
Brooks, G.A. (1998) Effects of exercise intensity and training on
lipid metabolism in young women. American Journal of Physiology: Endocrinology and Metabolism 275(38), E853-863.
Friedlander, A.L., Casazza, G.A., Horning, M.A., Huie, M.J., Piacentini,
M.F., Trimmer, J.K. and Brooks, G.A. (1998) Training-induced
alterations of carbohydrate metabolism in women: women respond differently from men. Journal of Applied Physiology
85(3), 1175–1186.
Gilbertson, N.M., Eichner, N.Z.M., Francois, M., Gaitán, J.M., Heiston,
E.M., Weltman, A. and Malin, S.K. (2018) Glucose tolerance is
linked to post-prandial fuel use independent of exercise dose.
Medicine & Science in Sports & Exercise 50(10), 2058–2066.
Goodpaster, B.H., Katsariaras, A. and Kelley, D.E. (2003) Enhanced fat
oxidation through physical activity is associated with improvements in insulin sensitivity in obesity. Diabetes 52, 2191–2197.
Hazell, T.J., Olver, T.D., Hamilton, C.D. and Lemon, P.W.R. (2012) Two
minutes of sprint-interval exercise elicits 24-hr oxygen consumption similar to that of 30 min of continuous endurance exercise. International Journal of Sport Nutrition and Exercise Metabolism 22(4), 276–283.
Hood, M.S., Little, J.P., Tarnopolsky, M.A., Myslik, F. and Gibala, M.J.
(2011) Low-volume interval training improves muscle oxidative
capacity in sedentary adults. Medicine & Science in Sports & Exercise 43(10), 1849–1856.
Huang, Y., Cai, X., Mai, W., Li, M., and Hu, Y. (2016) Association between prediabetes and risk of cardiovascular disease and all
cause mortality: systematic review and meta-analysis. The British Medical Journal 355, i5953.
Kuo, C.C., Fattor, J.A., Henderson, G.C. and Brooks, G.A. (2005) Lipid
oxidation in fit young adults during postexercise recovery. Journal of Applied Physiology 99(1), 349–356.
Lanzi, S., Codecasa, F., Cornacchia, M., Maestrini, S., Capodaglio, P.,
Brunani, A., Fanari, P., Salvadori, A. and Malatesta, D. (2015)
Short-term HIIT and Fat max training increase aerobic and metabolic fitness in men with class II and III obesity: exercise training
in severe obesity. Obesity 23(10), 1987–1994.
Little, J.P., Safdar, A., Wilkin. G.P., Tarnopolsky, M.A. and Gibala, M.J.
(2010) A practical model of low-volume high-intensity interval
training induces mitochondrial biogenesis in human skeletal
muscle: potential mechanisms. The Journal of Physiology
588(6), 1011–1022.
Little, J.P., Gillen, J.B., Percival, M.E., Safdar, A., Tarnopolsky, M.A.,

643

Gaitán et al.

Punthakee, Z., Jung, M.E. and Gibala, M.J. (2011) Low-volume
high-intensity interval training reduces hyperglycemia and increases muscle mitochondrial capacity in patients with type 2 diabetes. Journal of Applied Physiology 111(6), 1554–1560.
Malin, S.K., Haus, J.M., Solomon, T.P.J., Blaszczak, A., Kashyap, S.R.,
and Kirwan, J.P. (2013) Insulin sensitivity and metabolic flexibility following exercise training among different obese insulinresistant phenotypes. American Journal of Physiology: Endocrinology and Metabolism 305(10), E1292–E1298.
Malin, S.K., Viskochil, R., Oliver, C. and Braun, B. (2013) Mild fasting
hyperglycemia shifts fuel reliance toward fat during exercise in
adults with impaired glucose tolerance. Journal of Applied Physiology 115(1), 78–83.
Malin, S.K. and Braun, B. (2013) Effect of metformin on substrate utilization after exercise training in adults with impaired glucose tolerance. Applied Physiology, Nutrition, and Metabolism 38(4),
427–430.
Meex, R.C.R., Schrauwen-Hinderling, V.B., Moonen-Kornips, E.,
Schaart, G., Mensink, M., Phielix, E., van de Weijer, T., Sels, JP., Schrauwen, P. and Hesselink, M.K.C. (2010) Restoration of
Muscle Mitochondrial Function and Metabolic Flexibility in
Type 2 Diabetes by Exercise Training Is Paralleled by Increased
Myocellular Fat Storage and Improved Insulin Sensitivity. Diabetes 59(3), 572–579.
Ogurtsova, K., da Rocha, F.J.D., Huang, Y., Linnenkamp, U., Guariguata,
L., Cho, N.H., Cavan, D., Shaw, J.E. and Makaroff, L.E. (2017)
IDF Diabetes Atlas: Global estimates for the prevalence of diabetes for 2015 and 2040. Diabetes Research and Clinical Practice 128, 40–50.
Peronnet, F. and Massicotte, D. (1991) Table of nonprotein respiratory
quotient: an update. Canadian Journal of Sport Sciences 16, 23–
29.
Prior, S.J., Ryan, A.S., Stevenson, T.G. and Goldberg, A.P. (2014) Metabolic inflexibility during submaximal aerobic exercise is associated with glucose intolerance in obese older adults: metabolic inflexibility during exercise in IGT. Obesity 22(2), 451–457.
Pruchnic, R., Katsariaras, A., He, J., Kelley, D.E., Winters, C. and Goodpaster, B.H. (2004) Exercise training increases intramyocellular
lipid and oxidative capacity in older adults. American Journal of
Physiology: Endocrinology and Metabolism 287(5), E857–
E862.
Saris, W.H.M. and Schrauwen, P. (2004) Substrate oxidation differences
between high- and low-intensity exercise are compensated over
24 hours in obese men. International Journal of Obesity 28(6),
759–765.
Skleryk, J.R., Karagounis, L.G., Hawley, J.A., Sharman, M.J., Laursen,
P.B. and Watson, G. (2013) Two weeks of reduced-volume
sprint interval or traditional exercise training does not improve
metabolic functioning in sedentary obese men. Diabetes, Obesity
and Metabolism 15(12), 1146–1153.
Solomon, T.P.J., Sistrun, S.N., Krishnan, R.K., Del Aguila, L.F., Marchetti, C.M., O'Carroll, S.M., O'Leary, V.B. and Kirwan, J.P.
(2008) Exercise and diet enhance fat oxidation and reduce insulin resistance in older obese adults. Journal of Applied Physiology 104(5,) 1313–1319.
Talanian, J.L., Galloway, S.D.R., Heigenhauser, G.J.F, Bonen, A. and
Spriet, L.L. (2006) Two weeks of high-intensity aerobic interval
training increases the capacity for fat oxidation during exercise
in women. Journal of Applied Physiology 102(4), 1439–1447.
Tsujimoto, T., Sasai, H., Miyashita, M., Eto, M., So, R., Ohkubo, H. and
Tanaka, K. (2012) Effect of weight loss on maximal fat oxidation
rate in obese men. Obesity Research & Clinical Practice 6(2),
e111–e119.
Van Aggel-Leijssen, D.P.C., Saris, W.H.M., Wagenmakers, A.J.M.,
Senden, J.M. and Van Baak, M.A. (2002) Effect of exercise
training at different intensities on fat metabolism of obese men.
Journal of Applied Physiology 92(3), 1300–1309.
Venables, M.C. and Jeukendrup, A.E. (2008) Endurance Training and
Obesity: Effect on Substrate Metabolism and Insulin Sensitivity.
Medicine & Science in Sports & Exercise 40(3), 495–502.

Key points
 Interval exercise training augments fat oxidation in
adults with prediabetes
 Elevated exercise fat oxidation correlates with improved aerobic fitness
 Fat oxidation changes were not correlated with glucose regulation
 Enhanced fat oxidation and fitness occur before clinically significant weight loss
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