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Abstract

Background: Long duration aerobic exercise reduces cardiovascular and
metabolic disease risk but involves a substantial time commitment. Extremely low
volume high-intensity training (HIT) induces similar improvements to aerobic
performance, but it has not been established whether HIT has the capacity to improve
glycemic control.

Methods: 25 young men (21+£5 y) were randomly assigned to control (n=9) or
HIT (n=16) groups. Subjects underwent an oral glucose tolerance test (OGTT) and a
VOopeak test. The control group adhered to their normal routine for 2 weeks prior to a
second OGTT. HIT comprised of 15 min exercise over 2 weeks, consisting of 4-6 x
30-second cycle-sprints per session. At 48 or 72 hr post training, subjects underwent a
second OGTT and time trial.

Results: Following 2 weeks of HIT, the area under the plasma glucose, insulin
and NEFA concentration-time curves were all reduced (12%, 37%, 26% respectively,
all P<0001). Fasting plasma NEFA concentration was also reduced (pre: 350 + 36 v
post: 290 + 39 umol-I"!, P<0'05) while fasting plasma insulin and glucose
concentrations remained unchanged. Insulin sensitivity as measured by the Cederholm
index was improved by 22.5% (p<0.01). There were no changes in the control group.

Conclusions: The efficacy of HIT to rapidly improve insulin action is
remarkable, indicating that this time-efficient training paradigm could be used as a
novel strategy to improve insulin action in sedentary populations who otherwise

would not adhere to a classic high volume, time consuming exercise regime.



Introduction

In 2007 the rapidly rising prevalence of type 2 diabetes (T2D) in the United States
reached 17.5 million people [1]. Aside from the associated reduction in quality-of-life
and the increase in morbidity and mortality for the affected individuals, the economic
burden was estimated at $116 billion in excess medical expenditures and $58 billion
in reduced productivity [1]. Similarly, the estimated direct and indirect economic
costs of cardiovascular disease (CVD) in the US for 2008 are estimated at $287
billion [2]. The risk of developing CVD and T2D can be modified by regular physical
activity [3]. However, there is no consensus on the nature of exercise therapy required
to provide adequate health benefits particularly with regard to the volume-intensity
relationship. Furthermore, as we do not understand the precise mechanisms which
link physical activity and a reduced risk of developing CVD or T2D the scientific
basis for current health guides can be challenged[4] . For exercise guidelines to yield
a positive economic benefit for society, as well as a health benefit for the individual,
not only should the regime reliably modify key disease risk factors, it must also be

plausible to implement.

Metabolic adaptations associated with traditional aerobic exercise training correlate
with improved insulin action and glycemic control [5, 6]. These effects appear to be
independent of changes in body composition [7] and more importantly aerobic
training of higher intensity elicits greater improvements in insulin sensitivity than
moderate intensity training [7-9]. Current recommendations for improving glycemic
control involve performing moderate to vigorous intensity aerobic and resistance

exercise for several hours per week [10, 11]. However, the general population fails to



follow such regimes due to lack of time, motivation and adherence [12]. This suggests
that the current focus on time-consuming moderate intensity physical activity aimed
at increasing total energy expenditure may not be optimal for reducing the risk of
developing T2D. Recently an extremely low volume high-intensity training paradigm
(HIT), consisting of no more than 7.5 minutes of exercise per week, has been
proposed as a novel, time-efficient exercise regime for improving aerobic fitness [4,
13]. We speculated that it should be possible to substantially improve insulin action
using HIT since despite a negligible contribution to total energy expenditure, this
training model would acutely and rapidly deplete muscle glycogen stores. Compared
to traditional strategies for reduction of risk factors of CVD and T2D, the extremely
low volume of exercise required with HIT may promote adherence and thus represent

a genuinely preventative public health strategy.

Methods

Subjects

Twenty-five young healthy sedentary or recreationally active men were recruited to
participate in this study, with none engaged in a structured endurance training
program. Subjects were randomly allocated to either a training group performing two
weeks of HIT (n=16), or a control group asked to continue with their regular daily
activities (n=9). There were no significant differences in baseline characteristics
between the two groups (Table 1). The subjects were informed of the experimental
protocol both verbally and in writing before giving informed consent. The study
protocol was approved by the institutional Ethics Committee and conducted in

accordance with the Helsinki Declaration.



Experimental procedures
Baseline aerobic performance and health parameters were determined over a 2-week

period prior to commencement of the training program.

Oral glucose tolerance test (OGTT). Subjects refrained from performing any
strenuous physical activity for 2 days prior to the OGTT, and attended the laboratory
having fasted overnight. Venous blood samples were collected by venepuncture
before, and 60, 90 and 120 min after ingestion of 75 g glucose (Fisher Scientific,
Loughborough, UK) dissolved in 100 ml of water. Plasma was separated by
centrifugation (10 min at 1600 g) and stored at -20°C until analysis of glucose, insulin
and NEFA concentrations. Plasma glucose concentrations were measured using an
automatic analyzer (YSI Stat2300, Yellow Spring Instruments, Yellow Spring, OH)
and plasma insulin concentration was determined by ELISA (Invitrogen, UK). Plasma
NEFA concentrations were determined by a colorimetric assay (Wako Chemicals,
Germany) using a modified protocol. Briefly, 3-75 pl of plasma samples and standards
of known concentration were pipetted into a 96-well plate. 75 ul of colour reagent A
was added to each well and incubated at 37°C for 10 min. 150 ul of colour reagent B
was added and incubated for a further 10 min at 37°C. The plate was then removed
from the incubator and allowed to cool to room temperature prior to the absorbance

being read at 550 nm.

VO;peak test. On a separate occasion, subjects performed an exhaustive incremental
cycling test (Lode Excalibur Sport, Groningen, the Netherlands) to determine
maximal power output (Wmax) and maximal oxygen uptake capacity (VO,peak)

using an online gas analysis system (SensorMedics, Bilthoven, the Netherlands).



After cycling at 30 W for 1 min, power output was increased by 30 W-min™ until
volitional exhaustion. VO,peak was determined as the highest value achieved over a

20-s period.

Time trials. Endurance performance was determined to provide an integrated
physiological readout to facilitate comparison of the present study with previous
studies which provided data from muscle biopsy samples. Subjects performed two
self-paced cycling time trials in which 250 kJ of work had to be completed as fast as
possible. The linear factor was chosen to produce a power output corresponding to
75% of Wmax at a pedal rate of 90 rpm. No encouragement was given, and subjects
were blinded from information on time, power output and pedal frequency. The
amount of work (kJ) completed was called out every 25 kJ. Time trials were spaced at
least two days apart. The fastest time achieved in the two trials was considered to be

the pre-training performance level.

Sprint interval training

The sprint training protocol was similar to that used previously by Burgomaster et al.
[4, 13]. Six sessions of sprint interval exercise were spread over 14 days, with 1 or 2
days of rest between each session. Each training session consisted of 4-6 repeated 30-
s all-out cycling efforts (Wingate tests) with 4 min of recovery between sprints.
During recovery, subjects remained on the bike and either rested or cycled at a low
cadence without resistance. The number of sprints increased from 4 during the first

two sessions, to 5 in the third and fourth sessions, and 6 in the last two sessions.

Post-training assessment



Subjects in the training group underwent a second OGTT either two or three days
after completion of the last training session, followed one day later by a third cycling
time trial. Subjects in the control group performed their second OGTT and third time

trial approximately two weeks after completion of baseline testing.

Calculations and statistical analysis
Area under the plasma curve (AUC) was calculated using the conventional trapezoid
rule. Cederholm index, which represents peripheral insulin sensitivity [14], was

calculated using the formula:

ISIcederhom = 75000 + (Go-Giz0) X 1:15 x 180 X 0-19 x BW / 120 X Gpean X 10€ (Imean)
Where BW is body weight, Gy and G, are plasma glucose concentration at 0 and 120
min (mmol-l'l), and I can and Gypean are the mean insulin (mU~l'1) and glucose (mmol-I

" concentrations during the OGTT.

All data are presented as means = SEM. Plasma glucose, insulin, and NEFA responses
to the baseline and post-intervention OGTTs were analyzed using repeated measures
ANOVA with post hoc Student Newman-Keuls tests. Differences between baseline
and post-intervention data for time trial performance and AUC for plasma glucose,
insulin, and NEFA levels were analyzed using paired sample t-tests. Significance was

accepted at P<0-05.

Results

Glucose responses



In the pre-training OGTT, plasma glucose concentration was elevated 60 min after
the 75 g glucose bolus (Figure 1A; 0 min: 5-0 £ 0-1 v 60 min: 6-5 + 0-4 mmol-1™";
P<0-001), but not post HIT (Figure 1A; 0 min: 5-0 + 0-1 v 60 min: 5-0 = 0-2 mmol-I"
1. The plasma glucose area under the curve (AUC) was significantly reduced post
training (Figure 1A: AUC pre 664 + 103 v AUC post 585 + 65 mmol-I"-min™;
P<0-001). Glucose response to the first and second OGTT did not differ in the control

group (plasma glucose AUC: 671 +47 v 659 + 40 mmol-I""-min™).

Insulin responses

In the pre training OGTT, plasma insulin concentration was elevated 60 min after the
75 g glucose bolus (Figure 1B; 0 min: 10-5 = 1-6 v 60 min: 74-0 + 8-9 mU-1";
P<0-001). Post training this increase was significantly attenuated (Figure 1B; O min:
10-6 = 1-6 v 60 min: 42-6 + 6-0 mU-l'l; P<0-001). Plasma insulin remained elevated
90 min after the 75 g glucose bolus both pre and post training (pre: 388 + 63 mU-1",
P<0001; post: 277 + 27 mU-1"", P<0-05). The plasma insulin AUC was significantly
reduced post training (Figure 1B: AUC pre 4226 + 1912 v AUC post 2654 + 1252
mU-1"“min™; P<0-001). Insulin sensitivity significantly improved following 2 weeks

of HIT (Cederholm index: pre 80 + 6 v post 98 + 5 mg-I>mmol"-mU"-min", P<0-01).

NEFA responses

HIT was associated with a significant decrease in baseline plasma NEFA
concentration (Figure 1C; pre: 350 % 36 v post: 290 + 39 pmol-1", P<0-05). In the pre
training OGTT, plasma NEFA concentration was decreased 60 min after the 75 g
glucose bolus (Figure 1C; 60 min: 255 + 48 umol-l'l; P<0-01 v O min), and to a

greater extent post HIT (Figure 1C; 60 min: 153 + 17 umol-I"'; P<0-001 v O min,



P<0-001 pre v post). The plasma NEFA AUC was significantly reduced post training
(Figure 1C: AUC pre 31584 + 13205 v AUC post 23370 + 8630 pmol-1"-min™";
P<0-001). Plasma NEFA response to the OGTTs did not change in the control group

(AUC: 24035 + 1611 v 22599 + 2544 pmol-I""-min™).

Physiological considerations

To bench-mark our results with recently published studies, we determined the impact
of HIT on performance. The 250 kJ time trial performance was significantly improved
by an average of 6% following 2 weeks of HIT (mean difference: 75 s, 95% CI: 21-
126 s; P<001). Performance did not change significantly in the control group (pre:
1477 £ 214 v post: 1491 * 245 s). At baseline, the only physiological parameter which
related to a metabolic parameter, was aerobic capacity vs. NEFA response to the
OGTT (R2=O~43, P<0-001). There was a modest correlation between changes in
glucose and insulin AUC (R?=0-25, P<0-05). Changes in performance did not
correlate with any of the other changes. We also considered whether the timing of the
post-training assessment impacted on the observed metabolic changes. Improvements
in glucose or NEFA responses were similar whether assessed two or three days
following the final training session (mean improvement: glucose AUC, 2d post 12 +

10 %, 3d post 19 + 4 %; NEFA AUC, 2d post 23 =21 %, 3d post 27 £ 9 %).

Discussion
While exercise training represents one of the most powerful strategies to reduce future
development of metabolic disease in healthy adults [15], most adults fail to meet

current guidelines for participation [16]. These guidelines largely focus on the
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accumulation of time spent carrying out moderately intense activity (or total energy
expenditure) and ultimately require many hours of exercise each week. This is
perceived as a major time commitment, driving or contributing to the low compliance.
In the present study we demonstrate for the first time that only a few minutes of high
intensity exercise performed over two weeks is required to substantially improve
insulin action and glucose homeostasis in healthy men. This is both an important and
useful finding, as preventative interventions should logically be implemented as early

as possible to prevent age related development of cardiovascular disease.

Interestingly, despite employing long-term training interventions (2-16 months) the
majority of studies investigating classic aerobic [9, 17-22] or strength training
programs [23-25] have observed only a reduction in insulin area under the curve
(AUC) 1in response to a glucose load following training, without a concomitant
reduction in glucose AUC, indicating only a partial improvement in insulin action.
The few longitudinal studies to have shown reductions in glucose AUC performed
post-training OGTTs within 24 hours of the last exercise bout [26-28], therefore
studying the combined impact of acute and chronic exercise [29]. In contrast, the low
volume, but high intensity training utilized in the current study significantly reduced
both glucose AUC (-12%) and insulin AUC (-37%), with a sustained benefit observed
when OGTTs performed 2 or 3 days after the last exercise session. This was achieved
without changes in body weight, and with a weekly energy-cost of training of just
45.2+45.2 kcal during the first training week and 55.4+5.2 kcal during the second
training week (compared to ~2000-3000 kcal-week ™" in typical acrobic training

programs [22, 30]). This implies that the mechanism underpinning the benefits we
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observe with HIT, may be distinct from those responsible for the more modest

improvements in insulin action with classic time consuming aerobic training.

Skeletal muscle is considered the major tissue responsible for the uptake of glucose
following a glucose or insulin challenge [31] such that it is entirely reasonable to
assume that muscle glucose uptake was substantially enhanced following HIT. The
limiting step in glucose disposal is considered to be its transport into the skeletal
muscle [6] and GLUT4 is the most abundant glucose transporter in skeletal muscle.
Increased GLUT4 concentration with endurance training has been suggested to be an
important factor regulating insulin sensitivity [6, 32]. Burgomaster et al. reported that
skeletal muscle GLUTH4 levels increase by ~20% after one week of HIT and remain
elevated over 6 weeks of training and the subsequent 6 weeks of detraining [13].
Given the similarity in the aerobic performance improvements between our subjects
and those involved in the Burgomaster studies, our studies should be comparable and
thus an increase in GLUT4 may contribute to our findings. However, other

mechanisms contribute to training-induced improvements in insulin sensitivity [32].

It has been demonstrated that key regulatory proteins in the insulin signalling
pathway within skeletal muscle become more activated in response to insulin
following aerobic training [33]. It has been shown that HIT produces similar changes
in skeletal muscle markers of carbohydrate and lipid metabolism to aerobic training
[34], so it should be investigated whether HIT produces similar adaptations of the
insulin signalling pathway as seen following aerobic training [33]. Furthermore, a
novel feature of HIT is the relatively large muscle mass is recruited during exercise,

and this in turn would ensure glycogen breakdown and thus turnover occurs within a
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greater proportion of fibres than classic aerobic training. Muscle contraction under
condition of metabolic stress (such as that incurred during HIT) results in a very rapid
depletion of glycogen degradation [35] and this would almost certainly acutely alter
the binding of a variety of glycogen associated proteins [36, 37]. Improved whole
body glucose disposal following training has been associated with an increase in
insulin stimulated glycogen synthesis [38]. Therefore, remodelling of the glycogen
pool, altering the molecules branching architecture [39], may well be important in

regulating skeletal muscle insulin sensitivity following HIT.

Insulin sensitivity may also be regulated by plasma NEFA concentration. In lean and
obese non-diabetic middle aged subjects, pharmacological lowering of plasma NEFA
levels results in improved oral glucose tolerance with decreased plasma glucose and
insulin AUC following an OGTT [40]. Conversely, raising plasma NEFA
concentration through infusion of lipid emulsion results in a lower glucose infusion
rate during peripheral insulinemia-euglycemia in young men [41]. In the present
study, HIT was associated with a 17% decrease in fasting plasma NEFA
concentration without a concomitant change in fasting insulin, as well as a 26%
reduction in NEFA AUC following HIT despite a 37% reduction in the plasma insulin
AUC. This is in contrast with studies in which 10 weeks of aerobic training failed to
affect fasting plasma NEFA concentration [42], and only elicited a small effect on
plasma NEFA AUC (2%) and plasma insulin AUC (5%) following a glucose load in
young healthy subjects [43]. These data suggest that insulin was able to inhibit
lipolysis to a greater extent, following HIT, consistent with the finding with
traditional endurance training where a fall in interstitial glycerol concentration in

adipose tissue can be observed [44].
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Conclusion

In conclusion, we demonstrate for the first time that low volume high intensity
exercise is sufficient for significant improvements in glycemic control in otherwise
healthy young adults. Our findings warrant further studies investigating the
effectiveness of HIT in improving glycemic control in individuals at risk of

developing T2D.

Competing Interests

No authors report any competing interests

Author contribution
JB and NBJV participated in the study design, analysis, writing and editing of the
manuscript, CK, FMG and GC participated in data generation and study analysis, JAT

participated in the study design, writing and editing of the manuscript.

Acknowledgements
This work has been funded by Heriot-Watt University (L6004-JT). We would like to

thanks Martin J Gibala for his very useful comments during the preparation of this

manuscript.

References

1. Association AD: Economic costs of diabetes in the US in 2007. Diabetes Care 2008,
31(3):596-615.

2. Association AH, Association AS: Heart Disease and Stroke statistics, 2008 Update. In.;
2008.

3. Pedersen BK, Saltin B: Evidence for prescribing exercise as therapy in chronic disease.

Scand J Med Sci Sports 2006, 16 Suppl 1:3-63.



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

14

Burgomaster KA, Hughes SC, Heigenhauser GJ, Bradwell SN, Gibala MJ: Six Sessions of
Sprint Interval Training Increases Muscle Oxidative Potential and Cycle Endurance
Capacity in Humans. J Appl Physiol 2005.

Hickey MS, Weidner MD, Gavigan KE, Zheng D, Tyndall GL, Houmard JA: The insulin
action-fiber type relationship in humans is muscle group specific. Am J Physiol 1995,
269(1 Pt 1):E150-154.

Houmard JA, Egan PC, Neufer PD, Friedman JE, Wheeler WS, Israel RG, Dohm GL:
Elevated skeletal muscle glucose transporter levels in exercise-trained middle-aged men.
Am J Physiol 1991, 261(4 Pt 1):E437-443.

DiPietro L, Seeman TE, Stachenfeld NS, Katz LD, Nadel ER: Moderate-intensity aerobic
training improves glucose tolerance in aging independent of abdominal adiposity. J Am
Geriatr Soc 1998, 46(7):875-879.

Kang J, Robertson RJ, Hagberg JM, Kelley DE, Goss FL, DaSilva SG, Suminski RR, Utter
AC: Effect of exercise intensity on glucose and insulin metabolism in obese individuals
and obese NIDDM patients. Diabetes Care 1996, 19(4):341-349.

Seals DR, Hagberg JM, Hurley BF, Ehsani AA, Holloszy JO: Effects of endurance training
on glucose tolerance and plasma lipid levels in older men and women. JAMA 1984,
252(5):645-649.

Association AD: Standards of medical care in diabetes--2008. Diabetes Care 2008, 31
Suppl 1:S12-54.

Lakka TA, Laaksonen DE: Physical activity in prevention and treatment of the metabolic
syndrome. Appl Physiol Nutr Metab 2007, 32(1):76-88.

Gibala MJ, McGee SL: Metabolic adaptations to short-term high-intensity interval
training: a little pain for a lot of gain? Exerc Sport Sci Rev 2008, 36(2):58-63.
Burgomaster KA, Cermak NM, Phillips SM, Benton CR, Bonen A, Gibala MJ: Divergent
response of metabolite transport proteins in human skeletal muscle after sprint interval
training and detraining. Am J Physiol Regul Integr Comp Physiol 2007, 292(5):R1970-1976.
Cederholm J, Wibell L: Insulin release and peripheral sensitivity at the oral glucose
tolerance test. Diabetes Res Clin Pract 1990, 10(2):167-175.

Blair SN, Kohl HW, 3rd, Paffenbarger RS, Jr., Clark DG, Cooper KH, Gibbons LW: Physical
fitness and all-cause mortality. A prospective study of healthy men and women. Jama
1989, 262(17):2395-2401.

Duncan GE, Anton SD, Sydeman SJ, Newton RL, Jr., Corsica JA, Durning PE, Ketterson TU,
Martin AD, Limacher MC, Perri MG: Prescribing exercise at varied levels of intensity and
frequency: a randomized trial. Archives of internal medicine 2005, 165(20):2362-2369.
Dengel DR, Pratley RE, Hagberg JM, Rogus EM, Goldberg AP: Distinct effects of aerobic
exercise training and weight loss on glucose homeostasis in obese sedentary men. J Appl
Physiol 1996, 81(1):318-325.

Hersey WC, 3rd, Graves JE, Pollock ML, Gingerich R, Shireman RB, Heath GW, Spierto F,
McCole SD, Hagberg JM: Endurance exercise training improves body composition and
plasma insulin responses in 70- to 79-year-old men and women. Metabolism 1994,
43(7):847-854.

Katzel LI, Bleecker ER, Colman EG, Rogus EM, Sorkin JD, Goldberg AP: Effects of weight
loss vs aerobic exercise training on risk factors for coronary disease in healthy, obese,
middle-aged and older men. A randomized controlled trial. JAMA 1995, 274(24):1915-
1921.

Lampman RM, Santinga JT, Savage PJ, Bassett DR, Hydrick CR, Flora JD, Jr., Block WD:
Effect of exercise training on glucose tolerance, in vivo insulin sensitivity, lipid and
lipoprotein concentrations in middle-aged men with mild hypertriglyceridemia.
Metabolism 1985, 34(3):205-211.

Lampman RM, Schteingart DE, Santinga JT, Savage PJ, Hydrick CR, Bassett DR, Block WD:
The influence of physical training on glucose tolerance, insulin sensitivity, and lipid and
lipoprotein concentrations in middle-aged hypertriglyceridaemic, carbohydrate
intolerant men. Diabetologia 1987, 30(6):380-385.

Potteiger JA, Jacobsen DJ, Donnelly JE, Hill JO: Glucose and insulin responses following
16 months of exercise training in overweight adults: the Midwest Exercise Trial.
Metabolism 2003, 52(9):1175-1181.

Craig BW, Everhart J, Brown R: The influence of high-resistance training on glucose
tolerance in young and elderly subjects. Mech Ageing Dev 1989, 49(2):147-157.



24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

15

Hurley BF, Hagberg JM, Goldberg AP, Seals DR, Ehsani AA, Brennan RE, Holloszy JO:
Resistive training can reduce coronary risk factors without altering VO2max or percent
body fat. Med Sci Sports Exerc 1988, 20(2):150-154.

Miller JP, Pratley RE, Goldberg AP, Gordon P, Rubin M, Treuth MS, Ryan AS, Hurley BF:
Strength training increases insulin action in healthy 50- to 65-yr-old men. J Appl Physiol
1994, 77(3):1122-1127.

Angelopoulos TJ, Lewis R, Jamurtas T, Schumann C: Significant changes in VLDL-
triacylglycerol and glucose tolerance in obese subjects following ten days of training. Eur
J Appl Physiol Occup Physiol 1998, 77(6):556-559.

Angelopoulos TJ, Schultz RM, Denton JC, Jamurtas AZ: Significant enhancements in
glucose tolerance and insulin action in centrally obese subjects following ten days of
training. Clin J Sport Med 2002, 12(2):113-118.

O'Leary DS: Point: the muscle metaboreflex does restore blood flow to contracting
muscles. J Appl Physiol 2006, 100(1):357-358; discussion 360-351.

Rogers MA: Acute effects of exercise on glucose tolerance in non-insulin-dependent
diabetes. Med Sci Sports Exerc 1989, 21(4):362-368.

Evans EM, Racette SB, Peterson LR, Villareal DT, Greiwe JS, Holloszy JO: Aerobic power
and insulin action improve in response to endurance exercise training in healthy 77-87 yr
olds. J Appl Physiol 2005, 98(1):40-45.

Baron AD, Brechtel G, Wallace P, Edelman SV: Rates and tissue sites of non-insulin- and
insulin-mediated glucose uptake in humans. Am J Physiol 1988, 255(6 Pt 1):E769-774.
Hughes VA, Fiatarone MA, Fielding RA, Kahn BB, Ferrara CM, Shepherd P, Fisher EC,
Wolfe RR, Elahi D, Evans WJ: Exercise increases muscle GLUT-4 levels and insulin
action in subjects with impaired glucose tolerance. Am J Physiol 1993, 264(6 Pt 1):E855-
862.

Kirwan JP, del Aguila LF, Hernandez JM, Williamson DL, O'Gorman DJ, Lewis R, Krishnan
RK: Regular exercise enhances insulin activation of IRS-1-associated PI3-kinase in
human skeletal muscle. J App! Physiol 2000, 88(2):797-803.

Burgomaster KA, Howarth KR, Phillips SM, Rakobowchuk M, Macdonald MJ, McGee SL,
Gibala MJ: Similar metabolic adaptations during exercise after low volume sprint
interval and traditional endurance training in humans. J Physiol 2008, 586(1):151-160.
Timmons JA, Poucher SM, Constantin-Teodosiu D, Worrall V, MacDonald IA, Greenhaff PL:
Metabolic responses of canine gracilis muscle during contraction with partial ischemia.
Am J Physiol 1996, 270(3 Pt 1):E400-406.

Wojtaszewski JF, Jorgensen SB, Hellsten Y, Hardie DG, Richter EA: Glycogen-dependent
effects of 5-aminoimidazole-4-carboxamide (AICA)-riboside on AMP-activated protein
kinase and glycogen synthase activities in rat skeletal muscle. Diabetes 2002, 51(2):284-
292.

Meyer F, Heilmeyer LM, Jr., Haschke RH, Fischer EH: Control of phosphorylase activity in
a muscle glycogen particle. 1. Isolation and characterization of the protein-glycogen
complex. J Biol Chem 1970, 245(24):6642-6648.

Roden M, Price TB, Perseghin G, Petersen KF, Rothman DL, Cline GW, Shulman GI:
Mechanism of free fatty acid-induced insulin resistance in humans. J Clin Invest 1996,
97(12):2859-2865.

Calder PC: Glycogen structure and biogenesis. Int J Biochem 1991, 23(12):1335-1352.
Santomauro AT, Boden G, Silva ME, Rocha DM, Santos RF, Ursich MJ, Strassmann PG,
Wajchenberg BL: Overnight lowering of free fatty acids with Acipimox improves insulin
resistance and glucose tolerance in obese diabetic and nondiabetic subjects. Diabetes
1999, 48(9):1836-1841.

Krebs M, Krssak M, Nowotny P, Weghuber D, Gruber S, Mlynarik V, Bischof M, Stingl H,
Furnsinn C, Waldhausl W et al: Free fatty acids inhibit the glucose-stimulated increase of
intramuscular glucose-6-phosphate concentration in humans. J Clin Endocrinol Metab
2001, 86(5):2153-2160.

Friedlander AL, Casazza GA, Horning MA, Usaj A, Brooks GA: Endurance training
increases fatty acid turnover, but not fat oxidation, in young men. J Appl Physiol 1999,
86(6):2097-2105.

Ostergard T, Ek J, Hamid Y, Saltin B, Pedersen OB, Hansen T, Schmitz O: Influence of the
PPAR-gamma?2 Prol2Ala and ACE I/D polymorphisms on insulin sensitivity and
training effects in healthy offspring of type 2 diabetic subjects. Horm Metab Res 2005,
37(2):99-105.



44.

45.

46.

16

Stallknecht B, Larsen JJ, Mikines KJ, Simonsen L, Bulow J, Galbo H: Effect of training on
insulin sensitivity of glucose uptake and lipolysis in human adipose tissue. Am J Physiol
Endocrinol Metab 2000, 279(2):E376-385.

Sigal RJ, Kenny GP, Boule NG, Wells GA, Prud'homme D, Fortier M, Reid RD, Tulloch H,
Coyle D, Phillips P er al: Effects of aerobic training, resistance training, or both on
glycemic control in type 2 diabetes: a randomized trial. Ann Intern Med 2007, 147(6):357-
369.

Holloszy JO, Schultz J, Kusnierkiewicz J, Hagberg JM, Ehsani AA: Effects of exercise on
glucose tolerance and insulin resistance. Brief review and some preliminary results. Acta
Med Scand Suppl 1986, 711:55-65.



17

Figure 1. Response to oral glucose load. A: plasma glucose concentration and AUC
(* P<0-001 for pre 0 v pre 60 min; 7 P<0-001 for post 60 v pre 60 min); B: plasma
insulin concentration and AUC (* P<0-001 v 0 min, £ P<0-05 v O min, § P<0-001 for
post 60 v pre 60 min); C: plasma NEFA concentration and AUC (* P<0-001 v 0 min,
° P<0:01 v 0 min, £ P<0-05 post v pre O min, ¥ P<0-001 post v pre 60 min).

Table 1. Subject characteristics at baseline

Training group (n=16) Control group (n=9)

Age (y) 21+£2 23+£8
Height (m) 1-:3+£0.08 1-8 +£0.09
Body-mass (kg) 82+ 17 73+9
BMI (kg:m™) 23.7+3-1 23-0+ 14
VOspeak (ml’kg'-min™") 48 +9 47 + 11
fasting glucose (mmol-1™") 5.0 +0-4 49+04
fasting NEFA (umol1") 350 + 36 364 £ 13

Values shown are means +SD
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