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Introduction: Sleep deprivation can impair several physiological systesrand recently,
OPEN ACCESS new ev@ence has pointed to the rglathnshlp b.etweer.1 a Iackfoslee!o 'an.d carb.ohydrate
metabolism, consequently resulting in insulin resistanceTo minimize this effect,
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Objective: The aim of this study was to investigate the effects of HIIT oimsulin
resistance induced by sleep deprivation.

Method: Eleven healthy male volunteers were recruited, aged 18-35ewrs, who
declared taking 7-8h sleep per night. All volunteers were $umitted to four different
conditions: a single night of regular sleep (RS condition24 h of total sleep deprivation
(SD condition), HIIT training followed by regular sleep (HICRS condition), and HIIT
training followed by 24 h of total sleep deprivation (HIOISD condition). They performed
six training sessions over 2 weeks and each session consisteof 8-12 60 s intervals
at 100% of peak power output. In each experimental conditiontests for glucose, insulin,
cortisol, free fatty acids, and insulin sensitivity, measad by oral glucose tolerance test
(OGTT), were performed.

Results: Sleep deprivation increased glycaemia and insulin levelas well as the area
under the curve. Furthermore, an increase in free fatty acsdconcentrations and basal
metabolism was observed. There were no differences in the ewentrations of cortisol.
However, HIIT before 24 h of sleep deprivation attenuated thincrease of glucose, insulin,
and free fatty acids.

Conclusion: Twenty-four hours of sleep deprivation resulted in acute gulin resistance.
However, HIT is an effective strategy to minimize the dekstious effects promoted by
this condition.

Keywords: high-intensity interval training, sleep depriv ation, insulin resistance, glucose metabolism, physical

exercise

Frontiers in Physiology | www.frontiersin.org 1

December 2017 | Volume 8 | Article 992


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/journals/physiology#editorial-board
https://www.frontiersin.org/journals/physiology#editorial-board
https://www.frontiersin.org/journals/physiology#editorial-board
https://www.frontiersin.org/journals/physiology#editorial-board
https://doi.org/10.3389/fphys.2017.00992
http://crossmark.crossref.org/dialog/?doi=10.3389/fphys.2017.00992&domain=pdf&date_stamp=2017-12-07
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:hanna.karen@unifesp.br
https://doi.org/10.3389/fphys.2017.00992
https://www.frontiersin.org/articles/10.3389/fphys.2017.00992/full
http://loop.frontiersin.org/people/502399/overview
http://loop.frontiersin.org/people/502406/overview
http://loop.frontiersin.org/people/153821/overview
http://loop.frontiersin.org/people/191728/overview

de Souza et al. HIIT and Sleep Deprivation

INTRODUCTION the study (#522.163) and the study was registered at Clinical
Trials (NCT02125656).
The decrease in total sleep time, the increase in sleep cantgplai
and consequently, sleep deprivation are more frequent newsd Experimental Design
(Santos-Silva et al., 201Geveral studies show that sleep is abl®uring their rst visit to the laboratory and before initiaiig
to in uence the responses tifpancreatic cells and the sensitivity the protocol, all volunteers underwent a clinical evaluation
of tissues to insulinlp and Mokhlesi, 2007; Knutson et al., 2007 that included a resting electrocardiogram and an ergoroetri
On the other hand, lack of sleep can negatively in uence giaco test, all conducted by a specialist doctor, including a thotoug
homeostasis resulting in insulin resistan@oqzalez-Ortiz et al., explanation of study procedures and the completion of
2000; Tasali et al., 2008; Nedeltcheva et al., 2009; Buktmn e the informed consent form. After these evaluations, only
2010; Donga et al., 2010; Klingenberg et al., 2013 those subjects considered healthy participated in the study.
Among the strategies that can minimize the negative impadPuring their second visit, volunteers received a full ovgh,
of insulin resistance, regular physical exercise emergea asattended polysomnography using a computerized system
non-pharmacological strategy o ering health benets for the (EMBLAR S7000, Embla Systems, Inc., Broom eld. CO, USA).
general populationGarber et al., 20)Jand acts directly on the Following the night that the PSG was performed, four sleep
regulation of glucose metabolism from acute and chronic &sec questionnaires (Epworth Sleepiness Scale, Pittsburgh Sleep
activating the insulin signaling pathway and the independenfuality Index, UNIFESP Sleep Questionnaire and Mini-Sleep
pathway of insulin actionl(ima et al., 2009; Pauli et al., 2009 Questionnaire) were applied to complement the evaluation ef th
In this scenario, High-Intensity Interval Training (HIITappears sleep pro le. These questionnaires were chosen to complement
to be a time-e cient strategy capable of providing the samethe information obtained by polysomnography examination,
bene ts as traditional moderate-intensity continuous eise but  reporting excessive daytime sleepiness, subjective penceytio
with less expenditure of practice time. The e ects are relategleep quality, sleep habits and complaint events. The instnisne
to increased insulin sensitivity and improved glycaemictooin  are validated for the Brazilian population. In addition, each
(Babraj et al., 2009; Richards et al., 2010 volunteer provided blood samples and an OGTT was performed.
Modern society is becoming increasingly fast-paced, and thieach volunteer was instructed in the use of a Motionlogger
time devoted to sleep and physical exercise is corresponydinghctigraph Watch® (Ambulatory Monitoring Inc., Ardsley,
limited, thus HIIT could be bene cial in reversing or miniming ~ NY, USA), to be worn for 7 days preceding each experimental
the change in glucose metabolism caused by sleep deprivatig@ondition, to evaluate the sleep-wake cycle and registration
Therefore, this study aimed to investigate the e ects of HIITmotor activity from the movements member.
on insulin resistance as a result of sleep deprivation. Thein After completing all evaluations, the volunteers were
hypothesis was that people deprived of sleep for 24 h followingonsidered ready to start the experiment.

a 2-week period of HIIT, would su er less from the deleterious .
e ects of sleep debt. Experimental Protocol

All volunteers were submitted to four dierent conditions:

Regular Sleep (RS), Sleep Deprivati®b)( HIIT CRegular Sleep
MATERIALS AND METHODS (HIIT CRS), and HIITC Sleep Deprivation (HITSD).

In RS condition, subjects had a regular night's sleep for 8 h.
Eleven healthy and physically active young men were rectuiteafter waking-up, they were submitted to blood analyses and
by advertisements in yers, radio, newspaper, and socialo&&w QOGTT.
website. The subjects were selected for the study basedeon th |n SD condition, subjects were submitted to 24 consecutive
following inclusion criteria: (a) male gender; (b) agedvbe¢n hours of sleep deprivation. Throughout this period, the
18 and 30 years; (c) physically active (aerobic modalities fa/olunteers had access to television, music and video gamés,
least 2 years, 5x/week); (d) habitual sleep for 7-8 h/ni#)t; fasted during the night. In the morning, at same time as other
regular eating habits; (f) no cardiovascular disease, et experiments, blood samples were taken for analysis and an OGTT
mellitus, or impaired glucose tolerance; (g) no physicalries was carried out.
or disabilities; (h) non-smoker; (i) consuming no more than In HIIT CRS condition, subjects trained for 2 weeks, and
2 doses/day of alcohol and no more than 4 doses on after the last day of training, had a regular nights sleegieAf
single occasion; (j) no chronic use of anti-in ammatory and waking-up, full blood analyses and an OGTT were carried out.
antilipidemic medications; (k) no sleep disorders; and (§ n  After a 1-month washout period, all volunteers returned to
alterations on the electrocardiogram at rest and duringeise.  the labs to start HIITCSDcondition. They repeated the training
Before participating, all volunteers were informed of theprotocol and immediately after training nished, the volurees

procedures, discomfort, and risks involved in the evaluatio were deprived of sleep for 24 consecutive hours and in the
process. This study was carried out in accordance with thghorning, full blood analyses, and OGTT were performed (see
recommendations of the ethics committee of institution lwit Figure 1).
written informed consent from all subjects. All subjectsrga
written informed consent in accordance with the Declaratio Questionnaires
of Helsinki. The Committee of Ethics in Research of thelnternational Physical Activity Questionnaire Short Form
Universidade Federal de Sao Paulo/Hospital Sdo Paulo approvgBAQ-SF)—used to determine the physical activity level. The
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A
|_ Washout (1 month) _|
Regular Sleep HIIT + HIIT +
Sleep Deprivation Regular Sleep Sleep Deprivation
(RS) (SD) (HIT+RS) (HIT+SD)
B
24 hours
Regular Sleep
OR

| Sleep Deprivation

Friday

Wednesday
Session 6 OGTT

Session 5

Monday | Wednesday | Frida
Session 4

Session 1] Session2 | Session 3

Bout 1 Bout 2 Bout 3 Bout 4 Bout 5 Bout 6 Bout 7 Bout 8

Warm-up

Bout 1 Bout 2 Bout 3 Bout 4 Bout 5 Bout 6 Bout 7 Bout 8 Bout 9 Bout 10

Session 5 and 6
Bout 1 Bout 2 Bout 3 Bout 4 Bout 5 Bout 6 Bout 7 Bout 8 Bout 9 Bout 10 Bout 11 Bout 12

FIGURE 1 | Experimental design.(A) Order of experimental conditions, where rst the volunteersvere submitted a single night of regular sleep (RS conditignsecond
the volunteers were submitted 24 h sleep deprivationSD condition), third the volunteers were submitted 2 weeks of HT training and after last session had a night of
regular sleep (HIICRS condition), and after a month of washout the volunteers meated the 2 weeks of HIIT training and after last session had a4 sleep
deprivation (HIIT SD condition); (B) Each training session distributed over 2 weeks(C) Design of 1-6 HIIT training sessions.
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questionnaire had been previously translated into Portisgue instructed to complete the test as quickly as possible without
and validated for use by Brazilian participantdeisudo et al., verbal encouragement or physiological feedback. They hadlvis
200). Questions related to the activities undertaken in thefeedback only about the distance that appeared on the computer
previous week. Volunteers answered 9 questions about walkimgonitor. At the end of each test, the result was presented itsun
frequency and duration, the frequency of taking moderate oof distance, rather than work completed (4 km was displayed to
vigorous physical activity, and estimates of sedentary pere/-  represent 100 kJ, and 30 km was displayed to represent 750 kJ).
day week. The physical activity level was categorized ubimg tThe ergometer was set to linear mode, so that the resistance
recommendations established by the World Health Orgaimizat increased proportionally to cadence and force.
(Guilbert, 2003. Participants were considered physically active_ . |
if they performed at least 150min of physical activity per Iraining
week (including time spent at work, traveling to/from work, Three days after the tests, the volunteers started a trginin
household chores, and leisure time). Participants who peréat ~ Protocol that consisted of six sessions over 2 weeks (Mondays,
between 10 and 149 min of physical activity were considere@ednesdays, and Fridays). Each training session consisted
moderately active, and those who performed0 min per week Of repeated eorts of high-intensity cycling at a workload
were classi ed as insu ciently active. corresponding to VQpeak (Peak power) for 60s. These sprints
Epworth Sleepiness Scale—used to assess daytime sleepiYé&i interspersed with an active recovery of 75 s at low iitiens
this scale assesses the probability of dozing o in eightysley (30 W). Each day, before training began, 3min of warm-up at
situations by means of a scale ranging frommDould never 30W was performed. The subjects completed 8 high-intensity
doze) to 3 D high chance of dozing). Score4.0 are considered intervals during the rsttwo training sessions, 10 intelweuring
as elevated and clinically signi carBértolazi et al., 2009 third and fourth sessions, and 12 intervals during the neld
Pittsburgh Sleep Quality Index—used to assess sleep qua§ssions. All volunteers completed all training sessioitisowt
over the previous month. A total of 18 items, each scored frongomplications.
0 to 3, generate dierent subscales: subjective sleep quali
sleep onset latency, sleep duration, habitual sleep e cyesleep
disturbances, use of sleep medication, and daytime dysamc
The total score is calculated by summing all subscale suotles

a total of >5 indicating “bad sleepers,” in comparison 05 Oral Glucose Tolerance Test

for “good sleepers. _ A total scor:el_O indicates a several sIeepAﬂer an 8 h overnight fast, subjects ingested 75 g of anhyairo
problems or sleep disorders¢rtolazi et al., 20)1 . . hys
. . ucose dissolved in 300 ml water (GlucUp 75, lemon avor,
UNIFESP Sleep Questionnaire—used to evaluate sleep haliis S . . .
h ewprov, Pinhais, Brazil). Plasma glucose and plasma insulin
and sleep complaint$(res et al., 2007

Mini-Sleep Questionnaire—a self-reported questionnainl,evelS were tested at 0, 30, 60, 90, and 120 min.

about current sleep quality, which is has ten questions a&boy=gqd Diary

the frequency of sleep di culties. Answer options range frdm o\ participants were instructed to maintain their regulartieg
(never) to 7 (always). The total score is classi ed into gelB®p 1 apits during the study period. To obtain this control, votesrs
(10-24), mild sleep di culties (25-27), moderate dicukis .ompleted a food diary every day during the training period.
(28-30), and severe di culties{30) (Falavigna etal,, 20).1 The diaries were analyzed quantitatively by calculating@ne
macronutrients, and micronutrients, using NutWin-UNIFESP
software. The food diary was adopted as a self-control taol fo
participants' diets, and the data were presented as mean kcal of
the training period.

?—"ost-training Tests
Seventy-two hours after the naltraining session, volerewere
submitted to two time-trial tests 48 h apart.

Training
The training protocol was based on the workigifle et al. (2010)
which consists of four phases: maximal test, pre-training; &s
weeks of HIIT and post-training tests.

) Biochemical Analysis
Maximal Test Blood collection was conducted early in the morning after
Incremental exercise was performed until maximum volitibnaa fasting period, by surface puncture of the forearm vein,
exhaustion, using a cycle ergometer (Excalibur Sport 92590@ith the volunteers in a seated position. The samples were
Lode BV, Groningen, The Netherlands), in a set hyperbolic modcentrifuged to separate the plasma and serum and were then
to determine VQypeay In this protocol, the initial load was set stored at 80 C until the time of analysis. Insulin and cortisol
at 70W and then increased by 35W every 2min. Throughoufyere determined using immunoassay system (UrficBxI800,
the test, volunteers were verbally encouraged and requmed Acces$, Beckman Coulte?), blood glucose was analyzed by
maintain a minimum rate of 70 RPM. Ventilatory parametersthe colorimetric/lenzymatic assay (Uni¢elDxI 800, Access,
were obtained by measuring respiratory gas exchange with Beckman Coultef ) and an analysis of free fatty acids (FFA) was
metabolic system (Quark PFT 4 Ergo, COSME[IRome, ltaly). performed using spectrophotometry.

Pre-training Tests Statistical Analysis
Two days after the maximal test, the volunteers performedhe Shapiro-Wilk test was applied to determine whether the
two time-trial cycling tests, separated by 48h. They werdistribution curve was normal. The results are expressedas t
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mean standard deviation D or standard error of mean In a group comparison Kigure 2A), the level of glycaemia
(SEM). The data were compared using General Linear Modéh the RS condition fF4 49y D 17.53,P < 0.01,! 2D 0.67] was
(GLM) with Newman Keulspost-hoctest or Studentst-test elevated for up to 30 minR < 0.01), while blood glucose began
when necessary. The signi cance level was seP at 0.05. to return to baseline values after 60 miR € 0.01). In theSD
Statistical analyses were performed using Statistica 1.7 fcondition [F4.49)D 15.09P < 0.01,! 2 D 0.62], blood glucose
Windows (StatSoft, Inc., Tulsa, USA). Specialist software wavas higher after 30 minR< 0.01) and 60 min® < 0.01) when
used for the calculation of the area under the curve (AUC)xompared to baseline, while blood glucose began to return to
Origin® 8.5 (MicroCal Software, Inc., Westborough, MA, USA).baseline values after 90 min, continuing up to 120 ni#r<(0.01).
The graphics were made using Pri8n6 software (GraphPad In the HIITCRS condition F4.40)D 11.74P < 0.01,! 2D 0.59]
Software, Inc., La Jolla, CA, USA). E ect size was expressed &sd HIITCSDcondition [F4 40)D 6.56,P < 0.01,! 2D 0.45] the

partial eta-squared @). glycaemia levels were higher at 30 min than other momedats (
0.01).
Figure 2B presents the results of AUC glucose during the
RESULTS OGTT. The glucose AUCH321yD 3.52,P D 0.03,! 2D 0.69]

was higher in theSD condition than in the RS conditionR D

Table 1 presents the descriptive analysis data of the samp%OS_)- ) ) )
regarding age, height, body mass, and body mass index Flgur_e 3A presents the results of insulin concentrations. In
(BMI), the data obtained by the International Physical Aggiy Comparison between groups, after 60 mig15) D 5.70,P <
Questionnaire (IPAQ), and the analyses of the food diarite 0.01,_! 2 D 0.87], insulin inSD condition was higher than other
in by volunteers during the training periods presented asager conditions D 0.01). o N
calories and macronutrients consumed per day. It is a sample !N group comparisonfigure 3A), the insulinin RS condition
composed of eutrophic young people, su ciently active and with[F4.32)D 14.82P< 0.01} 2D 0.99] was elevated for up to 30 min
a balanced diet. (P < 0.01), was lower after 60 mif?(© 0.02) and had returned
Table 2shows the data of the volunteers, obtained from thd® baseline values by 120 mif® O 0.01). In theSD condition
actigraph (average of variables taken over a period of 1 weekf;@.36) D 12.10,P < 0.01,! ? D 0.99], insulin was higher after
sleep questionnaire and polysomnography. The results shatv th
the volunteers had good sleep quality, lasting more than 7h
per night. All sleep stages were preserved, respiratory i8diC@ABLE 2 | Sleep characteristics.

remained within the normal range, and there were no reports of
daytime sleepiness Actigraphy Awake time (minutes) 852.02 97.08

Figure 2A presents the results of the blood glucose. Sleep latency (minutes) 18.53 8.76
Comparing the groups at the baseline momerfs[1) D Sleep duration (minutes) 457.34 5287
7.26,P < 0.01,!2 D 0.50], glycaemia levels in the HICRS Sleep ef ciency (%) 94.88 159
subjects were higher thar? in the O_thzer conditions ¢ 0.01). Questionnaires Pittsburgh sleep quality index 4.44 3.12
After 30 min [F(3.1g)D 4.22;P < 0.01;! © D 0.41] blood glucose Sleep diary 388 4.93
in SD condition was higher than RS?(D 0.02) and HIITCSD Mini sleep questionnaire 25' a3 7'59
(P D 0.03). When tested at 60 mirF 21y D 3.03,P D 0.05, e e s
12D 0.30] and 120 minf(3.21y D 2.56,P D 0.08,! 2 D 0.26], P P s
blood glucose irBDcondition was higher than the RS condition pgjysomnography Latency (minutes) 28.75 3223
(PD 0.03). REM latency (minutes) 84.43 35.34

Total sleep time (minutes) 336.00 77.60
Sleep ef ciency (%) 79.18 16.60
TABLE 1 | Sample characteristics, IPAQ, and food diary. N1 (%) 8.85 3.54
Sample characteristics Age (years) 23.67 0.98 N2 (%) 5176 6.45
Body Mass (kg) 73.61 10.03 N3 (%) 2165 514
Height (m) 1.74 0.02 REM (%) 18.73 509
BMI (kg/mz) 2418 3.35 Awake time (minutes) 58.98 70.44
Arousal 60.11 23.14
IPAQ Classi cation Moderately active PLM (n /h) 380 7.72
Respiratory events 18.44 13.43
Food diary Calories/day (kcal) 2546.47 756.47 RERA 1222 11.38
Carbohydrate (kcal) 1357.14 604.13 RDI (n /h) 364 3.44
Protein (kcal) 500.89 114.62 AHI (n /h) 1.00 1.64

Fat (kcal) 647.12 156.38

Data presented as mean SD. REM, Rapid Eye Movements; N1, Stage 1; N2, Stage 2;
Data presented as mean SD, referring to 11 healthy males. BMI, Body Mass Index; N3, Stage 3; PLM, Periodic Limb Movements; RERA, Respiratory Effort Related Asal;
IPAQ, International Physical Activity Questionnaire. RDI, Respiratory Disturbance Index; AHI, Apnea Hypopnea Index.
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FIGURE 2 | Glycemic curve and area under the curve of glucosg(A) Glycemic curve during OGTT andB) AUC of Glucose after OGTT. GLM for repeated measures
with Post-Hoc Newman Keuls Test. Data presented as mean SEM. *Different to RS condition2RS condition different toSD condition; PHIITC SD condition different
to SD condition. Min, minutes; AUC, Area under the Curve; OGTT, @t Glucose Tolerance Test.

30-90 min P < 0.01) when compared to baseline moment, and 2 D 0.17] showed no signi cant di erences between groups
began to return to baseline values after 120 nflr:(0.01). Inthe  (Figure 4B).
HIIT CRS condition F4,28)D 9.76,P < 0.01)! 2D 0.99], insulin Figure 5 presents the performance data obtained in the
was elevated for up to 60 miP& 0.01) and returned to baseline tests against the time-trials tests. In HTRS condition,
values after 90 min{D 0.04). In the HIITCSDcondition [F432) the volunteers achieved faster times in 4km time-trial test
D 5.61,P < 0.01,!2 D 0.95], insulin was elevated for up to (Figure 5A;t D 2.53,P D 0.03), while there were no di erences
60 min (P < 0.01) and returned to baseline values after 90 mirwhen compared pre- and post-training in 30 km time-trial test
(PD 0.04). (Figure 5Q). In HIIT CSD condition, the volunteers achieved
Figure 3B presents the results of insulin AUC during the faster times in both 4 kmHKigure 5E t D 3.43,P < 0.01) and
OGTT. The insulin AUC F3.1g D 4.57;P D 0.01;! 2D 0.80] 30km (Figure 5Gt D 2.79,P D 0.02) time-trial tests.
in SDwas higher than other condition$© 0.02).
Calculations were performed: HOMA-IR Indexrg 35 D DISCUSSION
0.66;p D 0.97;! 2D 0.84; RD 1.03 0.48;SDD 0.96 0.47;
HITCRSD 1.02 0.43; HITCSDD 0.97 0.40] and Matsuda The main ndings of this study show that HIIT was e ective in

Index (ISI) [F335 D 1.38;p D 0.26;! 2 D 0.80; RD 16.69 reversing the e ects of sleep deprivation on glucose metabolism
8.23;SDD 10.98 6.73; HITCRSD 11.92 3.42; HIITCSD  for 24 h, especially the improvement in levels of FFA, glycaemia
D 13.35 7.25]. However, there were no di erences when theand insulin during OGTT, suggesting that those who practice
experimental conditions were compared. HIIT are not a ected by the stress of sleep deprivation.

Figure 4 shows the FFA and Cortisol concentrations. FFA
[Feo1) D 3.34,P D 0.03,!2 D 0.67] had the highest Effects of Sleep Deprivation
concentration in theSD condition compared to RS condition The data con rm the negative impact of sleep deprivation on
(P D 0.02;Figure 4A), while Cortisol Fz21)D 0.72,P D 0.54, glucose metabolism. The decreasing availability of glufose
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FIGURE 3 | Insulin curve and area under the curve of insulirfA) Insulin curve during OGTT andB) AUC of Insulin after OGTT. GLM for repeated measures with
Post-Hoc Newman Keuls Test. Data presented as mean SEM. *Different to RS condition? Different to SD condition; 2SD condition different to RS condition;
bH|ITCSD condition different toSD condition; °HIITCRS condition different toSD condition. Min, minutes; AUC, Area Under the Curve; OGTT, @ Glucose Tolerance
Test.

FIGURE 4 | Free fatty acids and cortisol(A) Free Fatty Acids concentrations andB) Cortisol concentrations. GLM withPost-Hoc Newman Keuls Test. Data
presented as mean SD. *Different to RS condition.

the tissues $piegel et al., 1999; Gonzéalez-Ortiz et al., 2000; Changes in glucose metabolism following a period of sleep
Nedeltcheva et al., 2009; Donga et al., 30a8companied by deprivation can be explained by decreased phosphorylation of
reduced sensitivity of tissues to insulifgnHelder et al., 1993; PI3K/Akt that is closely linked to insulin signaling(oussard
Tasali et al., 2008; Buxton et al., 2010; Klingenberg é1Gil3, is et al., 201 Literature shows that the increased activation of
observed in di erent sleep deprivation protocols. the HPA axis due to the stress of sleep debt, can in uence
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FIGURE 5 | Time trials.(A) Mean of minutes in 4 km time trial test (HIITRS Condition),(B) Individual performance pre and post in 4 km time trial test (HIORS
Condition), (C) Mean of minutes in 30 km time trial test (HIIKCRS Condition),(D) Individual performance pre and post in 30 km time trial test (HTCRS Condition),(E)
Mean of minutes in 4 km time trial test (HIITSD Condition), (F) Individual performance pre and post in 4 km time trial test (HIOSD Condition), (G) Mean of minutes in
30 km time trial test (HIITSD Condition), (H) Individual performance pre and post in 30 km time trial test (fTCSD Condition). Studentt-Test. Data presented as
mean SD. *Different to pre training.

Frontiers in Physiology | www.frontiersin.org 8 December 2017 | Volume 8 | Article 992



de Souza et al. HIIT and Sleep Deprivation

the release of insulin to maintain normal glucose levelsusTh and body fat percentagé-érnest et al., 20).3In patients with
increased cortisol is able to in uence the response of glecogdiabetes mellitus type I, acute HIIT practice decreases g&icos
and insulin (Trenell et al., 2007and sleep debt can increase AUC (Gillen et al., 201R
serum concentrations of cortisolNgdeltcheva et al., 2009;  Considering glucose transporter in skeletal muscle, which is
Buxton et al., 2010; Joo et al., 2D1Phis leads to activation of responsible for the glucose uptake into the muscle cell, several
enzymes responsible for serine phosphorylation of both receptstudies suggest the existence of di erent intracellular “gbofs
substrates and proteins that participate in the transmissibn oGLUT4, which can be activated by insulin stimulation or eise.
the signal for translocation of the carrier to the membraneRecent evidence indicates that these two mechanisms stenula
This, in turn, blocks the transmission of the insulin sigrsadld  the translocation of the transporter to the cell membrane in a
prevents the uptake of glucose into the célééhy et al., 1986; dierent way (Messina et al., 20)5During muscle contraction,
Riboulet-Chavey et al., 20D@However, the results of this study proteins such as AMPK and Ras-related C3 botulinum toxin
appear to disprove the possibility that sleep debt can increaseibstrate 1 (Racl) are activatétbEe and Richter, 20p5O0nce
serum concentrations of cortisol, since this study found naactivated, these proteins initiate a cascade of reacticeislelad
di erences in cortisol levels among the groups studied. Gaiti to the translocation of GLUT4 to the cell membrari@¢hter and
is a circadian hormone and its concentrations vary througtho Hargreaves, 2013; Sylow et al., Q01t3s noteworthy that both
the day (Michaud et al., 2009; Hayes et al., 2010he lack the activity of AMPK and Racl increases in line with the inseea
of sequential samples of this hormone taken, and the time dh exercise intensityGhen et al., 2003; Gibala et al., 2009; Sylow
collections (early morning), could explain the con ictingsults. et al., 2018 which may partly explain the success of HIIT for

Another possible explanation for this phenomenon is due taglycaemic control in individuals who have been deprivedeépl
increased levels of FFA. The activation of the Central Nesvo Besides these factors, PG3dan also participate directly in the
System can stimulate lipolysis, increasing the release Af FFegulation of GLUT4 expression in muscle cell$i¢hael et al.,
into the bloodstream Trenell et al., 2007 Literature shows 2001; Baar et al., 2003As reported in previous studies, HIIT
that acute lack of slee@pnga et al., 20)0or chronic sleep induces increased AMPK and PG&activity, and translocation
loss (\edelicheva et al., 20)l4s able to increase the FFA of GLUT4 Burgomaster et al., 2005, 2008; Gibala et al., 2009;
levels. Furthermore, the increase of FFA is linked to serineittle et al., 2010; Gillen et al., 2012; Sandvei et al., )20t.2
kinase activation, which blocks the insulin signaling patlyy is therefore suggested that the HIIT practiced by this stwdy'
resulting in a lower translocation of glucose transportettte cell  volunteers was responsible for mitigating the deleteridwenges
membrane Echenk et al., 20080ur study found that in theSD  arising from sleep deprivation.
condition there was anincrease of 187.5% in FFA levels cagdpar In addition to the acute e ect of exercise and activation
to the RS condition, reinforcing the fact that the insulinrsging  of insulin-independent mechanisms to increase glucose uptake
pathway is impaired by sleep deprivation and, at least in partegular physical exercise and its long-term benets are also
due to high levels of FFA. This increase can mean a loweecorded in the insulin signaling pathwagZértee et al., 1949
oxidation of fatty acids as an energy source during the afjreeAccording to previous studies, exercise is able to activate Ak
period, resulting in an accumulation of this substrate in theand improve glycaemic control by insulin receptor and insulin
bloodstream. The mechanisms by which sleep debt increbses treceptor substrate activatiofiifwan et al., 2000; Wojtaszewski
FFA concentrations are still uncertain. However, it is kmotlat et al., 2000; Luciano et al., 2002; Krisan et al., pGand it was
an increase of FFA implies a decrease in glucose uptake bggisseonsidered that six sessions of HIIT were enough to cause suc
by a competitive mechanisniR@ndle, 1998 and the increase in changes and thus improve glycaemic control in those subjects
fatty acids adversely impacts glucose transpbitegner et al., deprived of sleep.
1999. After 4 consecutive nights of sleep restricti@ipussard Exercise, besides helping to improve glucose uptake, may
et al. (2015analyzed metabolic variables for 24 h, during whichhelp to decrease the action of factors that prevent glucose
time there was an increase of 15-30% in FFA concentrationBpom entering the cell, as in the case of FFA. The increase
especially in the period between 4 and 9a.m., which coincidés FFA, as for example, in mitochondrial dysfunction linked
with the timing of collections of this study (between 7 and®3g. to insulin resistance Kelley et al., 1999; Gaster et al., 2004

is associated with increased serine phosphorylation of protein

Effects of HIIT kinases involved in the insulin pathwapc¢henk et al., 2008
Several studies show that in addition to improving performanc Moreover, exercise may increase mitochondrial biogenesis,
HIIT improves glucose metabolism, increases mitochondriatesulting in increased performance as well as in the treatroént
biogenesis, activity of respiratory chain abebxidation, and chronic diseases(seph and Hood, 20),4and more speci cally,
also the expression of GLUT4 and PG&-all of which cause HIIT has been described as the only training mode capable
deterioration of insulin resistanc@&(rgomaster et al., 2005, 2008;0f increasing mitochondrial biogenesiSalanian et al., 2007;
Helgerud et al., 2007; Talanian et al., 2007; Daussin €04lg. Little et al., 201 In the SD condition it was noted that the

In healthy individuals, HIIT is able to increase insulin FFA concentrations in the blood increased by 1.87 times, but
sensitivity Richards et al., 20)0improve the action of insulin  when the volunteers had previously trained, the increase was
and lower the levels of FFAB@braj et al., 2009In individuals  lower at 1.51 times. Although these values are not statilstica
with insulin resistance risk, HIIT improves insulin sensity, di erent, biologically these gures suggest that HIIT waselb
increases the maximum oxygen intake, decreases body massrease mitochondrial biogenesis, thereby metabolizirgygn
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substrates more e ciently and thus reducing the increaseinth  CONCLUSION
glucose and free fatty acids.

Fina”y, in addition to improving g|ucose uptake and FFA It was concluded that HIIT prior to Sleep deprivation was alge t
oxidation, it was observed that 2 weeks of HIIT was e cient in attenuate the increase in glucose, insulin and FFA in thedlo
improving the performance of volunteers, corroborating athe Therefore, this method produces signi cant metabolic change
ndings that also observed decreased times in time-trigt¢e and could be considered as a non-pharmacological strategy
(Gibala et al., 2006; Little et al., 201n the 4km test, the Which is able to minimize insulin resistance imposed by sleep
volunteers decreased their times by 7% in the HIR'S condition ~ deprivation.
and 9% in the HIITCSD condition. In the 30km test, the
volunteers decreased their times by 1.2% in KIRS condition
and in the HIITCRS condition by 11%. In addition to improved
performance, other studies have shown an increase innvax
(Whyte et al., 201);and a decrease in body faiézell etal., 20104
which con rms the e ectiveness of HIIT in promoting bene ts in
a short period of time.
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