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Abstract

Low-volume high-intensity interval training (HIT) is emerging as a time-efficient exercise
strategy for improving health and fitness. This form of exercise has not been tested in
type 2 diabetes and thus we examined the effects of low-volume HIT on glucose
regulation and skeletal muscle metabolic capacity in patients with type 2 diabetes. Eight
patients with type 2 diabetes (63+8 yr, BMI 32+6 kg/m?, HbA1C 6.9+0.7%) volunteered
to participate in this study. Participants performed six sessions of HIT (10 x 60 s cycling
bouts eliciting ~90% maximal heart rate, interspersed with 60 s rest) over 2 wk. Before
training and from ~48-72 h after the last training bout, glucose regulation was assessed
using 24-h continuous glucose monitoring under standardized dietary conditions.
Markers of skeletal muscle metabolic capacity were measured in biopsy samples
(vastus lateralis) before and after (72 h) training. Average 24-h blood glucose
concentration was reduced after training (7.6£1.0 vs 6.6+0.7 mmol/L) as were the sum
of the 3-h postprandial areas under the glucose curve for breakfast, lunch and dinner
(both p<0.05). Training increased muscle mitochondrial capacity as evidenced by higher
citrate synthase maximal activity (~20%) and protein content of Complex Il 70 kDa
subunit (~37%), Complex Il Core 2 protein (~51%), and Complex IV subunit IV (~68%,
all p<0.05). Mitofusin 2 (~71%) and GLUT4 (~369%) protein content were also higher
after training (both p<0.05). Our findings indicate that low-volume HIT can rapidly
improve glucose control and induce adaptations in skeletal muscle that are linked to
improved metabolic health in patients with type 2 diabetes.
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Introduction

Regular exercise is an effective strategy for the prevention and treatment of type 2
diabetes (T2D) (6). Most studies examining the therapeutic effects of exercise in T2D
involve continuous, low- to moderate-intensity exercise such as walking, jogging or
cycling for 230 minutes per session [reviewed in (6)]. Although the optimal strategy has
not been established, higher intensity exercise may be more effective for improving
glycemic control in patients with T2D (2, 25). Recently revised guidelines from the ADA
advocate at least 150 minutes of moderate to vigorous exercise per week (6). High-
intensity interval training (HIT), which involves repeated bursts of vigorous exercise
interspersed with periods of rest, may be an attractive option to implement higher
intensity exercise training in T2D. The utility of HIT for improving disease outcomes has
been demonstrated in patients with metabolic syndrome, heart failure, and chronic
obstructive pulmonary disease [reviewed in (7)]. However, the potential benefits of HIT
on disease parameters in T2D have yet to be established.

We (8, 14, 16) and others (1, 21) have shown that HIT elicits physiological
remodeling comparable to moderate-intensity continuous training in healthy adults,
despite a substantially lower time commitment and reduced total exercise volume. As
little as 6 sessions of low-volume HIT over 2 wk increases skeletal muscle mitochondrial
capacity (8), which may be of clinical relevance for T2D given that reduced content (22)
or biogenesis (18) of mitochondria have been implicated in insulin resistance and T2D.
Two weeks of low-volume HIT has also been shown to improve glucose tolerance (1)
and enhance insulin sensitivity (21) in healthy adults. These findings are intriguing

because they suggest that low-volume HIT may result in many of the same health
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benefits as traditional exercise training with substantially reduced exercise volume and
time commitment. Low-volume HIT may therefore represent a potent, time-efficient
exercise strategy to improve skeletal muscle metabolic control and glycemic regulation
in patients with T2D.

The primary purpose of this pilot investigation was to examine the effects of low-
volume HIT on glucose regulation and skeletal muscle metabolic capacity in individuals
with T2D. Based on accumulating evidence indicating that postprandial hyperglycemia
plays a predominant contributing role in diabetic complications (5), we utilized
continuous glucose monitoring (CGM) to examine the effects of HIT on overall glycemic
exposure and postprandial glucose fluctuations. We hypothesized that 2 wk of low-
volume HIT would reduce hyperglycemia and increase mitochondrial capacity and

GLUT4 content measured in skeletal muscle biopsy samples.

Methods

Participants

Participants were recruited through local diabetes clinics, community diabetes
information sessions and poster advertisement. All participants were diagnosed with
T2D at least 3 months prior by a clinician according to standard criteria, including a
fasting glucose =27.0 mmol/l and/or 2-hr OGTT blood glucose concentration 211.1
mmol/l, were not taking insulin and had no history of end-stage liver or kidney disease,
neuropathy, retinopathy, hypertension that could not be controlled by standard
medication, cardiovascular disease or other contraindication to exercise. Eight

individuals (mean age 62.5+7.6 yr, BMI 31.7+5.8 kg/m? hemoglobin A1C [Hbac]
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6.91£0.7% [range 6.4-8.5%]) volunteered to participate in this study. Six participants
were sedentary, which was defined as <2 exercise sessions of 30 minutes per week.
Two participants reported engaging in ~30 minutes of low-intensity walking exercise on
3-5 days per week, in accordance with guidelines provided from their diabetes care
team. Six subjects were taking blood glucose lowering medications but had Hba1c
values <8.5% and were not on exogenous insulin therapy. Four patients were treated
with metformin only, one patient with gliclazide only, and one patient with a combination
of metformin, pioglitazone, sitagliptin and repaglinide. Due to the short duration of the
intervention, participants did not adjust their medications and were instructed to
maintain their typical dietary and activity patterns throughout. All participants provided
written informed consent. The study protocol was approved by the Hamilton Health
Sciences/McMaster University Faculty of Health Sciences Research Ethics Board.

Experimental Design

The experimental design consisted of i) medical clearance and familiarization, ii)
baseline testing, iii) a 2 wk training intervention, and iv) post-testing.

Medical clearance and familiarization. Height and weight were recorded and a
maximal exercise test on a recumbent cycle ergometer (Corival, Lode BV, Groningen,
The Netherlands) was performed with pre- and post-exercise 12-lead electrocardiogram
(ECG) collection to confirm the absence of any underlying contraindications to vigorous
exercise participation. The test started at 30 W and increased by 15 W/min until
volitional exhaustion. Peak power output (Wmax) and maximal heart rate (HRmax) were

recorded. Following ECG clearance by a study physician, participants completed 1-2
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familiarization sessions to become acquainted with low-volume HIT. These sessions
were also used to determine the interval power output that elicited ~90% HRmax.

Baseline testing. Prior to training, participants performed a 15-min walking test to
examine the cardiovascular response and ratings of perceived exertion (RPE) during
exercise. Speed was self-selected by each participant during an initial 5-min warm-up.
Heart rate was measured by telemetry (Polar) and RPE was measured using the 0-10
continuous/interval scale.

At least 2 d following the walk test, participants reported to the laboratory for
CGM device insertion (CGMS® iPro™, Medtronic, Northridge, CA, USA). Participants
were given a glucose meter (OneTouch® UltraMini®, Lifescan, Inc., Milpitas, CA, USA)
with instructions for both calibration capillary blood sampling and individualized control
diets. The following day served as a dietary control day for 24-h CGM data collection.
Subjects returned to the laboratory 2 d later for removal of the CGM device and
collection of a resting skeletal muscle biopsy sample as we have previously described
(8). Briefly, muscle samples were obtained under local anesthesia (1% Lidocaine) from
the vastus lateralis using a Bergstrom needle adapted with suction. Muscle samples
were quickly blotted to remove excess blood, sectioned into several pieces, and placed
in separate vials before snap freezing in liquid nitrogen for subsequent analyses.

Training. Approximately 5 d following the muscle biopsy procedure, subjects
commenced training. The HIT protocol involved a total of 6 supervised sessions over 2
wk (Monday, Wednesday, Friday each week). Each session consisted of 10 x 60 s
cycling intervals interspersed with 60 s of recovery based on our recent work (14).

Training was performed on a cycle ergometer (LifeCycle C1 or R1, Life Fitness, Schiller
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Park, IL, USA) set in constant watt mode at a pedal cadence of 80-100 revolutions per
minute. Individual workloads were selected to elicit a heart rate of ~90% HRmax during
the intervals. During recovery, participants were allowed to rest or pedal slowly against
a resistance of 50 W. Each training session included a 3-min warm-up and 2-min cool-
down at 50 W, for a total of 25 min. Therefore, the training protocol involved a total of 30
min of high-intensity exercise within a total time commitment of 75 min per week,
including warm-up, cool-down and the recovery interval between high-intensity efforts.

Post-testing. CGM data were collected for a 24-h period starting ~48 h following
the final training session. Diet was controlled to be the same as pre-training. Resting
muscle biopsy samples were obtained ~72 h following the final training session.
Approximately 2-4 d following the biopsy, the walk test (performed at the same speed
as pre-training) and maximal exercise test were performed using the same procedures
as baseline testing. Perceived enjoyment of low-volume HIT was assessed by asking
participants how enjoyable they would find engaging in a) a single bout of HIT (10 x 1-
min) and b) HIT at least 3 times per week for the next 4 weeks using a 9-point likert
scale ranging from 1 (not enjoyable at all) to 9 (very enjoyable).

Continuous Glucose Monitoring

Average blood glucose concentration and area under the glucose curve were
calculated from CGM data for a 24-h period before and after training. CGM data were
also used to analyze the 3 h postprandial areas under the glucose curve for breakfast,
lunch and dinner. On CGM data collection days, participants consumed their habitual
breakfast but were provided with standardized snacks (e.g., almonds, fruit, vegetables)

based on their personal preferences and habits. Lunch and dinner were standardized
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for all participants by providing vouchers to a local sandwich restaurant. Subjects
completed detailed dietary logs to record the timing and quantity of all food consumed
during the pre-training day. For post-testing, these dietary logs, along with all snacks
and vouchers for lunch and dinner were provided with instructions for diet replication
under free-living conditions over the 24-h CGM data collection period. As per
manufacturer’'s recommendations, capillary blood glucose samples were obtained at 4
points during the day at a time when blood glucose would be expected to be stable (i.e.,
upon awakening, before lunch, before dinner, and before bed) and were automatically
stored in the glucose meters provided to participants. These 4 values were used during
CGM downloading to construct 24-h blood glucose curves based on interstitial glucose
recordings averaged every 5 minutes by the CGM device using the associated software
algorithm (Solutions Software, Medtronic, Northridge, CA). CGM data were exported
and analyzed using SigmaPlot (Statsoft, Chicago, IL, USA). Reproducibility of the CGM
device in our lab was verified in 5 volunteers who wore the monitor on 2 occasions
separated by 1 week under identical dietary conditions. The CV for the 24 h blood
glucose measurements was 2.8% (data not shown).

Muscle Analyses

Citrate synthase enzyme activity. One piece of muscle (~20 mg) was
homogenized using a glass tissue grinder (Kimble/Kontes 885300-0002) in 10 volumes
of buffer containing 70 mM sucrose, 220 mM mannitol, 10mM HEPES (pH 7.4)
supplemented with protease inhibitors (Complete Mini®, Roche Applied Science, Laval,
PQ, Canada) and used to determine the maximal activity of citrate synthase (CS) as we

have previously described (8, 16). Protein concentration of homogenates was
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determined using a commercial assay (BCA Protein Assay, Pierce, Rockford, IL, USA)
and enzyme activity is expressed as mmol-kg of protein™-hr" wet weight (w.w.).
Western blotting. A second piece of muscle (~30 mg) was homogenized in RIPA
buffer for Western blot analyses using techniques described previously (8, 16). Briefly,
protein concentration of homogenates were determined as above and equal amounts of
protein (5-20 pg) were prepared in 4X Laemmli’s buffer and heated to 95°C before
being separated by 10-12.5% SDS-PAGE and electrotransferred to nitrocellulose
membranes. Ponceau S staining was performed following transfer to visualize equal
loading and transfer. Following 1 h blocking in 5% fat-free milk Tris-buffered saline 0.1%
Tween® 20 (TBS-T), membranes were incubated in primary antibodies overnight at 4°C
or at room temperature (RT) for 2 h in 3% fat-free milk TBS-T or 3% BSA TBS-T
depending on previously determined optimization conditions. After 3 X 5-min washes in
TBS-T, membranes were incubated in the appropriate species-specific secondary
antibody diluted (1:10000) in 3% fat-free milk TBS-T for 1 hr at RT, washed in TBS-T for
3 X 15-min, and visualized by chemiluminescence (SuperSignal West Dura, Pierce)
using a FluorChem® SP Imaging System (Alpha Innotech Corporation, San Leandro,
CA, USA). Imaged software (NIH) was used to quantify the optical density of protein
bands. Alpha-tubulin (Cell Signaling Technology, #2125), which did not change
following training (p=0.91), was used as a loading control. Primary antibodies for the
following proteins of interest were used: NDUFA9 (Mitosciences, MS111), Complex Il
70 kDa subunit (Mitosciences, MS204), Complex Ill Core 2 protein (Mitosciences,
MS304), cytochrome c¢ oxidase (COX) subunit Il (MitoSciences, MS405), COX subunit

IV (Mitosciences, MS408), ATP synthase a subunit (Mitosciences, MS507), CS (kind gift
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from Dr. Brian Robinson, The Hospital for Sick Children, Toronto, CANADA), mitofusin
(Mfn) 2 (Sigma, M6319), and GLUT4 (Millipore, AB1345).

Statistical analyses

All data were analyzed using paired Student’s t tests with significance set at

p<0.05 (Sigma Stat v3.10). Values are meanstSD in the text and on figures.

Results

Descriptive characteristics of training

All participants completed all prescribed intervals during training with no
complications. Interval intensity averaged across all intervals for all subjects
corresponded to 95£14% of Wy, elicited 88+3% HRmax, and RPE was 6.4+£1.3 (0-10
scale). The response to each interval averaged across all 6 training sessions for all
subjects is depicted in Figure 1. Training had no effect on body mass (pre: 93£19 kg vs.
post: 92+18 kg, p=0.28). On average, perceived enjoyment of HIT was rated high by
this group of participants (single session, 8.1+1.0; three times per wk, 7.9£1.0)

Continuous Glucose Monitoring

Average blood glucose concentration over 24-h was reduced from 7.6+1.0 to
6.6£0.7 mmol/L following training (Figure 2A, p=0.01). Area under the 24-h blood
glucose curve was also lower following HIT (pre: 11066+1703 vs. post: 95721995
mmol/L-day, p=0.02). The sum of the 3-h postprandial area under the glucose curves
for breakfast, lunch and dinner was significantly lower post-training (pre: 965+483 vs.
post: 679+437 mmol/L-9 h, p=0.01). Pre- and post-training 24-h blood glucose curves

for a representative subject are shown in Figure 2B.
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Adaptations in skeletal muscle

The maximal activity of CS was elevated following training (Figure 3A, p=0.04).
Training also increased skeletal muscle mitochondrial protein content as evidenced by
changes in Complex Il 70 kDa subunit (p=0.03), Complex Ill Core 2 protein (p=0.04),
and COX subunit IV (p=0.02) measured by Western blotting (Figure 3B). The protein
content of CS (~57%, data not shown), NDUFA9, COX subunit Il (~53%, data not
shown), and ATP synthase a subunit also increased, but did not reach statistical
significance (p=0.06-0.12, Figure 3B). The protein content of Mfn2 was elevated
following training (~71%, p=0.02, Figure 4), as was total GLUT4 protein (~369%,
p=0.003, Figure 5).

Functional Exercise Performance

Maximal workload achieved on the ramp cycling test was increased by ~10%
following training (pre: 111+36 vs. post: 124137 W, p=0.03). Training reduced heart rate
(pre: 73+7 vs. post: 6616 %HRmax, p<0.001) and RPE (pre: 2.4+0.7 vs. post: 1.3+1.2,

p=0.01) during the walk test.

Discussion

The present study demonstrates that low-volume HIT can rapidly reduce
hyperglycemia and increase skeletal muscle oxidative capacity in patients with T2D.
These improvements were realized despite a small total volume of exercise that
consisted of 6 training sessions over 2 wk. The training protocol involved a total of only
30 min of high-intensity exercise and a total time commitment of only 75 min per week.

This is much lower than current physical activity guidelines for T2D that recommend a

11
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total of 150 min of moderate to vigorous intensity exercise each week (6). Given that the
majority of individuals with and without T2D do not accumulate sufficient exercise to
achieve health benefits (6) and the most common cited barrier to regular exercise is
lack of time (26), our results suggest that low-volume HIT may be a viable, time-efficient
strategy to improve health in patients with T2D.

Low-volume HIT and glycemic control

Glycemic control is an important aspect of T2D treatment and is an independent
risk factor for the development of diabetic complications (24, 27). We utilized CGM to
assess the effects of short-term low-volume HIT on overall glycemic exposure and
postprandial glucose responses. CGM provides information about direction, magnitude,
and frequency of blood glucose excursions and may provide a sensitive means to
detect acute changes in blood glucose throughout the day (15). Although exercise is
regarded as an effective strategy to improve glycemic control (2, 6, 25), there are limited
data regarding the effect of exercise training on glucose control using CGM. Studies
using CGM technology in patients with T2D have reported that acute resistance
exercise reduces the prevalence of hyperglycemia (19) and acute endurance exercise
reduces 24-h average blood glucose concentration (17). In the only training study
conducted to date, Cauza et al. (4) reported a greater reduction in 24-h average blood
glucose concentration following 4 months of resistance training compared to endurance-
type training in individuals with type 2 diabetes, but interpretations on the effects of
exercise are potentially limited by significant changes in body composition and an

apparent lack of dietary control.
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To our knowledge, this is the first study to examine the effects of HIT on glycemic
regulation using CGM. Average blood glucose concentration and area under the
glucose curve measured under standardized dietary conditions from ~48-72 h following
the final training session were significantly lower than pre-training, indicating that short-
term, low-volume HIT improved glycemic control, particularly glycemic excursions after
meals. Although reducing fasting hyperglycemia is a significant aspect of T2D
treatment, increasing evidence suggests lowering postprandial hyperglycemia is as
important, if not more important, for achieving targeted Hba1c levels (27). Additionally,
elevated post-meal blood glucose excursions have been implicated in the development
and progression of T2D related co-morbidities such as cardiovascular disease (5, 27).
Following HIT, the sum of the postprandial areas under the glucose curve for breakfast,
lunch and dinner was significantly lower than pre-training, highlighting the potency of
HIT to lower post-meal glucose excursions. These findings demonstrate that low-
volume HIT may be an effective strategy for improving glycemic regulation in individuals
with T2D and suggest that CGM may be a sensitive technique to measure the effects of
exercise on glucose control.

The mechanisms mediating the improvement in glycemic control following HIT
remain to be determined. Training had no effect on body mass and while not assessed
directly, it is unlikely that such a short exercise intervention would lead to any
substantial changes in body composition. Therefore, it is tempting to speculate that
adaptations in skeletal muscle were involved. Since reduced mitochondrial capacity in
skeletal muscle has been reported in insulin resistance and T2D (22) and muscle

oxidative capacity has been shown to be a significant predictor of insulin sensitivity (3),
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it is possible that the rapid increase in skeletal muscle mitochondrial content following
low-volume HIT may be a contributing factor related to reduced insulin resistance and
improved glycemic control. However, the notion that mitochondrial deficiency mediates
insulin resistance has been questioned recently (12), indicating that other adaptations in
skeletal muscle may be more important. The training-induced increase in GLUT4
protein content likely plays a role in improving glucose regulation. Studies in rodents
indicate that the exercise-induced increase in GLUT4 protein is directly related to the
increase in muscle glucose uptake at any given insulin concentration (20). Thus, even in
the face of insulin resistance, an increase in skeletal muscle GLUT4 could facilitate
greater muscle glucose uptake and contribute to improved glycemic regulation. In
addition to skeletal muscle adaptations, training-induced alterations in hepatic glucose
output cannot be ruled out. The effect of exercise training on hepatic insulin resistance
in T2D has not been directly assessed in humans although there is evidence to suggest
that endurance exercise training improves hepatic insulin signaling and glycemic control
in rodents (10).

We did not directly assess the effects of training on insulin sensitivity using
hyperinsulinemic-euglycemic clamps and therefore cannot conclude whether low-
volume HIT improves muscle insulin sensitivity. CGM assesses exposure to
hyperglycemia as well as glycemic excursions throughout the day. Exposure to
hyperglycemia over time may be a better indicator of diabetic complications than insulin
sensitivity per se (5) and therefore CGM may provide greater insight into the clinical

benefits of exercise training. Changes in Hbaic are commonly used to assess the
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effectiveness of glucose-lowering interventions in T2D but due to the short duration of
the current study was not measured.

Low-volume HIT and skeletal muscle mitochondrial adaptations

Individuals with insulin resistance and T2D have been shown to have reduced
mitochondrial content (22), impaired in vivo mitochondrial function (23), and/or reduced
markers of mitochondrial biogenesis (18) in skeletal muscle. These findings have led to
the hypothesis that reduced mitochondrial capacity or impaired regulation of
mitochondrial biogenesis in skeletal muscle may play a role in the pathogenesis of T2D
(18, 22, 23). Although it is currently unclear whether skeletal muscle mitochondrial
impairment causes insulin resistance (12), interventions that increase muscle
mitochondrial content may be effective for the treatment and prevention of T2D (9, 13).
Given the potency of low-volume HIT to induced mitochondrial biogenesis in young,
healthy subjects (8, 16), we hypothesized that HIT might also increase mitochondrial
capacity in skeletal muscle of individuals with T2D. Low-volume HIT was a potent
stimulus to increase mitochondrial capacity in the current study, as evidenced by
increased enzyme activity of CS as well as elevated protein content of several subunits
from complexes in the electron transport chain.

Another novel observation in the present study was that low-volume HIT
increased the protein content of Mfn2. The primary role of Mfn2 is in mitochondrial
fusion, although it also appears to regulate the expression of electron transport chain
subunits and influence mitochondrial bioenergetic capacity (28). Our findings provide
evidence that elevated Mfn2 may be involved in regulating the increase in mitochondrial

capacity following low-volume HIT. A role for Mfn2 in the pathogenesis of T2D is
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supported by studies reporting reduced Mfn2 expression in skeletal muscle of patients
with T2D (11), suggesting that alterations in mitochondrial fusion/fission may contribute
to mitochondrial impairment. Whether a training-induced increase in muscle Mfn2 is
linked to improved metabolic health is unknown. Further studies are needed to clarify
the role of mitochondrial dynamics and examine the effects of exercise and other
interventions on Mfn2 skeletal muscle.
Conclusions

Two weeks of low-volume HIT — involving only 30 min of vigorous exercise
within a total time commitment of 75 min per week — lowered 24-h average blood
glucose concentration, reduced post-meal blood glucose excursions, and increased
markers of skeletal muscle mitochondrial capacity in individuals with T2D. The total
weekly training time commitment in the present study was 50% lower than recently
revised guidelines that call for 150 min of moderate to vigorous exercise per week.
While longer-term comparative studies are clearly warranted, our findings indicate that
low-volume HIT may represent a time-efficient exercise strategy for the treatment of
T2D. Future research is needed to examine the long-term influence of HIT and to
comprehensively examine how this type of training compares to traditional therapeutic

exercise strategies.

16



380

381

382

383

384

385

386

387

388

389

390

391

392

393

Author Contributions

JPL, MJG, JBG, MAT, and ZP designed the study. MAT and ZP oversaw medical
clearance and procedures. JPL, JBG, and MP supervised exercise testing and training
sessions. JPL and JBG conducted continuous glucose monitoring analyses. JPL, AS,
JBG, and MP performed muscle analyses. JPL wrote the manuscript with critical review,

discussion, and interpretation from all authors.

Acknowledgments

The Canadian Diabetes Association and Natural Sciences and Engineering Council
(NSERC) of Canada provided the funding for this project (Principal Investigator: MJG).
JPL was supported by an NSERC doctoral scholarship. AS was supported by a
Canadian Institutes of Health Research doctoral scholarship. We thank Medtronic of

Canada for in-kind contribution of continuous glucose monitors and sensors.

17



394

395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438

References

1. Babraj JA, Vollaard NB, Keast C, Guppy FM, Cottrell G, and Timmons JA.
Extremely short duration high intensity interval training substantially improves insulin
action in young healthy males. BMC Endocr Disord 9: 3, 2009.

2. Boule NG, Haddad E, Kenny GP, Wells GA, and Sigal RJ. Effects of exercise
on glycemic control and body mass in type 2 diabetes mellitus: a meta-analysis of
controlled clinical trials. JAMA 286: 1218-1227, 2001.

3. Bruce CR, Anderson MJ, Carey AL, Newman DG, Bonen A, Kriketos AD,
Cooney GJ, and Hawley JA. Muscle oxidative capacity is a better predictor of insulin
sensitivity than lipid status. J Clin Endocrinol Metab 88: 5444-5451, 2003.

4, Cauza E, Hanusch-Enserer U, Strasser B, Kostner K, Dunky A, and Haber P.
Strength and endurance training lead to different post exercise glucose profiles in
diabetic participants using a continuous subcutaneous glucose monitoring system. Eur J
Clin Invest 35: 745-751, 2005.

5. Ceriello A. The possible role of postprandial hyperglycaemia in the pathogenesis
of diabetic complications. Diabetologia 46 Suppl 1: M9-16, 2003.

6. Colberg SR, Sigal RJ, Fernhall B, Regensteiner JG, Blissmer BJ, Rubin RR,
Chasan-Taber L, Albright AL, and Braun B. Exercise and type 2 diabetes: the
American College of Sports Medicine and the American Diabetes Association: joint
position statement. Diabetes Care 33: e147-167, 2010.

7. Earnest CP. The role of exercise interval training in treating cardiovascular
disease risk factors. Current Cardiovascular Risk Reports 3: 296-301, 20009.

8. Gibala MJ, Little JP, van Essen M, Wilkin GP, Burgomaster KA, Safdar A,
Raha S, and Tarnopolsky MA. Short-term sprint interval versus traditional endurance
training: similar initial adaptations in human skeletal muscle and exercise performance.
J Physiol 575: 901-911, 2006.

9. Hawley JA, and Lessard SJ. Mitochondrial function: use it or lose it.
Diabetologia 50: 699-702, 2007 .

10. Heled Y, Shapiro Y, Shani Y, Moran DS, Langzam L, Barash V, Sampson
SR, and Meyerovitch J. Physical exercise enhances hepatic insulin signaling and
inhibits phosphoenolpyruvate carboxykinase activity in diabetes-prone Psammomys
obesus. Metabolism 53: 836-841, 2004.

11. Hernandez-Alvarez MI, Thabit H, Burns N, Shah S, Brema |, Hatunic M,
Finucane F, Liesa M, Chiellini C, Naon D, Zorzano A, and Nolan JJ. Subjects with
early-onset type 2 diabetes show defective activation of the skeletal muscle PGC-
1{alpha}/Mitofusin-2 regulatory pathway in response to physical activity. Diabetes Care
33: 645-651, 2010.

12.  Holloszy JO. Skeletal muscle "mitochondrial deficiency" does not mediate
insulin resistance. Am J Clin Nutr 89: 463S-466S, 2009.

13. Holloway GP, Bonen A, and Spriet LL. Regulation of skeletal muscle
mitochondrial fatty acid metabolism in lean and obese individuals. Am J Clin Nutr 89:
455S-462S, 20009.

14. Hood MS, Little JP, Tarnopolsky MA, Myslik F, and Gibala MJ. Low-Volume
Interval Training Improves Muscle Oxidative Capacity in Sedentary Adults. Med Sci
Sports Exerc (in press).

18



439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483

15.  Klonoff DC. Continuous glucose monitoring: roadmap for 21st century diabetes
therapy. Diabetes Care 28: 1231-1239, 2005.

16. Little JP, Safdar A, Wilkin GP, Tarnopolsky MA, and Gibala MJ. A practical
model of low-volume high-intensity interval training induces mitochondrial biogenesis in
human skeletal muscle: potential mechanisms. J Physiol 588: 1011-1022, 2010.

17. Manders RJ, Van Dijk JW, and van Loon LJ. Low-intensity exercise reduces
the prevalence of hyperglycemia in type 2 diabetes. Med Sci Sports Exerc 42: 219-225,
2010.

18. Mootha VK, Lindgren CM, Eriksson KF, Subramanian A, Sihag S, Lehar J,
Puigserver P, Carlsson E, Ridderstrale M, Laurila E, Houstis N, Daly MJ, Patterson
N, Mesirov JP, Golub TR, Tamayo P, Spiegelman B, Lander ES, Hirschhorn JN,
Altshuler D, and Groop LC. PGC-1alpha-responsive genes involved in oxidative
phosphorylation are coordinately downregulated in human diabetes. Nat Genet 34: 267-
273, 2003.

19. Praet SF, Manders RJ, Lieverse AG, Kuipers H, Stehouwer CD, Keizer HA,
and van Loon LJ. Influence of acute exercise on hyperglycemia in insulin-treated type
2 diabetes. Med Sci Sports Exerc 38: 2037-2044, 2006.

20. Ren JM, Semenkovich CF, Gulve EA, Gao J, and Holloszy JO. Exercise
induces rapid increases in GLUT4 expression, glucose transport capacity, and insulin-
stimulated glycogen storage in muscle. J Biol Chem 269: 14396-14401, 1994.

21. Richards JC, Johnson TK, Kuzma JN, Lonac MC, Schweder MM, Voyles
WF, and Bell C. Short-Term Sprint Interval Training Increases Insulin Sensitivity In
Healthy Adults But Does Not Affect The Thermogenic Response to Beta-Adrenergic
Stimulation. J Physiol 588: 2961-2972, 2010.

22. Ritov VB, Menshikova EV, Azuma K, Wood RJ, Toledo FG, Goodpaster BH,
Ruderman NB, and Kelley DE. Deficiency of Electron Transport Chain in Human
Skeletal Muscle Mitochondria in Type 2 Diabetes Mellitus and Obesity. Am J Physiol
Endocrinol Metab 298: E49-E58, 2010.

23. Schrauwen-Hinderling VB, Kooi ME, Hesselink MK, Jeneson JA, Backes
WH, van Echteld CJ, van Engelshoven JM, Mensink M, and Schrauwen P. Impaired
in vivo mitochondrial function but similar intramyocellular lipid content in patients with
type 2 diabetes mellitus and BMI-matched control subjects. Diabetologia 50: 113-120,
2007.

24.  Sheetz MJ, and King GL. Molecular understanding of hyperglycemia's adverse
effects for diabetic complications. JAMA 288: 2579-2588, 2002.

25. Snowling NJ, and Hopkins WG. Effects of different modes of exercise training
on glucose control and risk factors for complications in type 2 diabetic patients: a meta-
analysis. Diabetes Care 29: 2518-2527, 2006.

26. Trost SG, Owen N, Bauman AE, Sallis JF, and Brown W. Correlates of adults'
participation in physical activity: review and update. Med Sci Sports Exerc 34: 1996-
2001, 2002.

27. Woerle HJ, Neumann C, Zschau S, Tenner S, Irsigler A, Schirra J, Gerich
JE, and Goke B. Impact of fasting and postprandial glycemia on overall glycemic
control in type 2 diabetes Importance of postprandial glycemia to achieve target HbA1c
levels. Diabetes Res Clin Pract 77: 280-285, 2007.

19



484 28. Zorzano A. Regulation of mitofusin-2 expression in skeletal muscle. App/ Physiol
485  Nutr Metab 34: 433-439, 2009.

486

487

488

20



489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521

Figure Legends

Figure 1. Characterization of high-intensity interval training protocol. Training
intensity expressed as a percentage of peak workload (bars), peak heart rate (solid
line), and rating of perceived exertion (dashed line) averaged across all 6 sessions for
all subjects. Values are meanstSD (N=8).

Figure 2. Two weeks of high-intensity interval training improves glycemic control.
A, Average blood glucose concentration measured by continuous glucose monitoring
(CGM) over a 24-hr period before (Pre) and after (Post) 2 weeks of training. B, Blood
glucose concentration assessed by CGM over 24 hours before (Pre; solid line) and after
(Post; dashed line) training in a representative subject. Post-training CGM data was
collected from ~48-72 hr following the final training session. Values are means+SD
(N=7). *p<0.05

Figure 3. Summary of metabolic adaptations in skeletal muscle following two
weeks of high-intensity interval training. A, Maximal activity of citrate synthase (CS)
measured in skeletal muscle biopsy samples before (Pre) and after (Post) 2 weeks of
training. B, Protein content of one subunit from each complex of the electron transport
chain measured in skeletal muscle biopsy samples obtained before (Pre) and after
(Post) training. Representative Western blots for each protein for two individual subjects
are also shown. Values are meanstSD (N=7). *p<0.05

Figure 4. Two weeks of high-intensity interval training increases mitofusin 2
(Mfn2) protein content. Mitofusin 2 (Mfn2) protein content measured in skeletal muscle
biopsy samples obtained before (pre) and after (post) training. Representative Western
blots from two subjects are shown. Values are means+SD (N=7). *p=0.02

Figure 5. Two weeks of high-intensity interval training increases GLUT4 protein
content. A, Glucose transporter 4 (GLUT4) protein content measured in skeletal
muscle biopsy samples obtained before (Pre) and after (Post) training. Representative
Western blots from two subjects. Values are means+SD (N=7). *p=0.003
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