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Exercise modifies lipid and glucose metabolism alterations 
induced by sleep deprivation in mice
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ABSTRACT
Insufficient sleep compromises lipid/glucose homeostasis. In opposition, exercise increases 
energy expenditure and has positive effects on glucose and fatty acid metabolism. Presently, it 
is hypothesized that exercise ameliorates metabolic dysfunction associated with sleep deprivation 
(SD). The effects of  exercise (EX), SD and EX before SD. (EX+SD) on lipid and glucose 
metabolism were evaluated. Swiss mice were assigned to 4 groups (N=12, each) control, exercise 
(EX, 8 weeks, 1-hour of  treadmill/9cm/s, 5x/week, from noon to 1:00 p.m.), SD (SD-72h, multiple 
platforms method), and exercise before SD (EX+SD). Exercise increased blood glucose, lactate and 
triglycerides (p<0.05). Both, SD and EX+SD reduced blood triglycerides (p<0.05). EX increased 
VLDL and reduced LDL; conversely, SD and EX+SD reduced VLDL and increased LDL. Hepatic 
triglycerides were markedly reduced by SD (p<0.05) and this was prevented by previous exercise 
(EX+SD). In summary, exercise improved essential cholesterol fractions and exercise before SD 
increased hepatic cholesterol and prevented hepatic triglycerides depletion.
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INTRODUCTION
An adequate sleep period and a balanced circadian 

rhythm influence the body’s hormonal and metabolic control 
and, therefore, are fundamental to human physiology. Sleep 
deprivation (SD) is frequent in modern society, having been 
associated with prevalent diseases, such as, hypertension, 
diabetes, and obesity1. Sleep deprivation is also habitual in 
working conditions associated with rotating shifts and extended 
working hours. Medical professionals, military operations and 
athletes involved in high-performance competitions are often 
exposed to extreme SD2. All this evidence shows that sleep 
restriction is common and has deleterious effects on human 
health. Given that exercise increases metabolism and has general 
beneficial impacts on human health, it is important to elucidate 
the effects of  exercise, SD and exercise in association with SD.

Sleep restriction has been associated to insulin resistance, 
weight gain and increased risk of  diabetes. Furthermore, insulin 
resistance seems to be key to alterations of  glucose and lipid 
metabolism. For instance, hepatic steatosis, the most common 
hepatic disorder, is connected to SD and hepatic insulin resistance3. 
Shift work and night-work increase fasting blood glucose, glycated 
hemoglobin, triglycerides, low-density lipoprotein cholesterol 
(LDL-C), and lower high-density lipoprotein cholesterol (HDL-C) 
levels. These findings confirm the devastating effects of  SD and 
circadian alterations on glucose and lipid metabolism.

Considerable evidence shows that exercise lowers blood 
glucose and reduces blood cholesterol, LDL-C, very low-density 
lipoprotein cholesterol (VLDL-C) and triglycerides while 
improving HDL-C4. It has been alleged that exercise combined 
with weight loss is more effective to improve metabolic 
measures. A discussion over the efficacy of  aerobic exercise 
versus resistance training also exists5.

It has been previously reported that SD has a negative 
effect on exercise performance6.  However, studies evaluating 
the impact of  exercise on SD, particularly on metabolism, 
are scarce. Previously, a synergistic interaction effect between 
insufficient sleep and insufficient physical activity has been 
demonstrated7. Also, it has been shown that exercise reduces 
anxiety and cognitive impairment induced by SD8. High-intensity 
interval exercise training attenuated the detrimental impaired 
glucose tolerance associated with sleep loss9. Both, exercise and 
SD, probably have differential effects on specific organs and are 
influenced by preexisting or basic conditions and, in fact, the 
relationship between exercise with SD needs more clarification.

Studies using animal models give the opportunity to evaluate 
the effects of  exercise and SD, and to examine the effects of  exercise 
before SD on specific organs and tissues. The objective of  this study 
was to evaluate lipid and glucose metabolism in plasma, liver and 
muscle, in mice submitted to chronic aerobic exercise before SD.

MATERIAL AND METHODS
The experimental protocol was performed in Swiss mice (48 

adult male, 25 to 30g) housed 6 per cage under standard conditions 
(light-dark cycle: 12h/12h, temperature: 23±1°C, 60% humidity) 
and free access to food and water throughout the entire study. 

Animals were distributed into four groups (N=12, each), as 
described: group (SD) was subjected to SD (72h -multiple 
platforms method), group (EX) performed up to one-hour of  
treadmill exercise (9cm/s, 5x/week, for 8 weeks, regularly from 
noon to 1p.m, and group (EX+SD) included mice that exercised 
(1h treadmill exercise for 8 weeks) before (72h - multiple 
platforms method).

The protocol used in the present study was in accordance 
with the ethical principles of  animal experimentation 
established by the National Council for the Control of  Animal 
Experimentation (CONCEA), and was previously approved by 
the Animal Use Ethics Committee of  the Federal University of  
Ceará, No. 31/17.

Sleep deprivation

Sleep deprivation was obtained using the multiple 
platform method adapted for mice10. Groups of  6 mice were 
placed on platforms in tanks (32cm×42cm×18cm) for 72 hours. 
Each tank contained 14 platforms (3cm in diameter) surrounded 
by water up to 1cm beneath the surface of  the platforms. In 
this model, animals can move inside the tank by jumping from 
one platform to another and restriction of  movement or social 
isolation are not imposed. During the experiments, food and 
water were available through a grid placed on top of  the water 
tank. In this experimental model, when muscle atonia occurs 
during REM sleep, the animal contacts the water surrounding 
the platform and immediate awakening occurs.

Exercise

For the exercise intervention, a rodent treadmill (Insight® 
Model - Research and Education Equipment, Brazil) was used. 
Mice were subjected to adaptive treadmill exercise (progressive 
increase from 10 to 60 minutes for 2 weeks, speed 5-6cm/s, 
slope 0) followed by formal exercise training for six weeks, 
regularly from noon to 1PM. Exercise training was conducted 
for 60 minutes a day, 5 days a week, with a slope of  0. The 
speed was 5-6cm/s in weeks 1-2 and in weeks 3-8 the speed was 
9cm/s. With the aim of  avoiding the influence of  environmental 
factors, the mice in the other groups were exposed to the same 
experimental environment during exercise training. 

Sample collection and analysis

Mice were euthanized by decapitation and, immediately after 
experimental procedure, a fresh blood sample of  blood was obtained 
and placed on a test strip for glucose testing (Abbott’s FreeStyle 
Optium Neo®) (results in mg/dL, range 10 to 600mg/dL). Serum, 
liver and gastrocnemius muscle were collected at once and 
frozen at -80°C until analysis.

Glycogen determination was performed as described 
by Hassid and Abrahams (1957)11, adapting the methodology 
created by Sjögren et al. (1938)12. The tissue was mixed with 
30% KOH, heated to 100°C for 30 min, and 95% ethanol was 
added. The pellet was mixed with distilled water and then added 
0.2% anthrone (in 95% H2SO4), absorbance was measured at 
490nm, and the data were plotted on a standard glucose curve. 
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Liver lipid extraction was performed using the methodology 
described by Enternman et al. (1957)13, where the homogenization 
of  100mg of  liver tissue in ethyl alcohol and ether solution (3:1) 
was performed. After heating at 65°C for 1h, the homogenate 
was centrifuged at 2000rpm for 10min. The supernatant was 
then separated and concentrated by evaporation, cooled to 
room temperature and diluted with 3mL isopropyl alcohol for 
subsequent use of  total cholesterol and triglyceride quantitation 
assays according to their respective biochemical kits (Labtest®, 
Minas Gerais, Brazil). Lactate, triglyceride, total cholesterol 
and fractions (high density lipoprotein - HDL; low density 
lipoprotein - LDL; and very low density lipoprotein - VLDL) 
were analyzed in serum as described in Labtest® commercial kits 
(Minas Gerais, Brazil), and the levels were expressed in mg/dL.

Data analysis

Data are presented as mean ± standard error means 
(SEM). All data were tested for normal distribution and equal 
variance. Analysis of  variance (ANOVA) followed by Newman-
Keuls post-hoc test was employed to compare results between 
exercise, SD, exercise before SD and control. Comparisons 
between groups were made by using a two-tailed two-way 
analysis of  variance (ANOVA two-way). Statistical significance 
was established at p<0.05.

RESULTS
Results are expressed in detail in Table 1. Comparison 

between control, exercise, SD and exercise before SD shows 
that cholesterol blood levels were not different between groups. 
Exercise, as compared to control, increased blood glucose and 
lactate. It also increased triglycerides, HDL and VLDL, and 
decreased LDL. In addition, exercise increased hepatic and 
muscle glycogen.

Sleep deprivation, as compared to control and exercise, 
reduced blood glucose; and as compared to exercise, decreased 
lactate. Additionally, SD reduced triglycerides and VLDL, 
and, increased LDL. Sleep deprivation reduced hepatic and 
muscle glycogen as compared to exercise, and reduced hepatic 
triglycerides as compared to control and exercise groups.

Exercise before SD, as compared to control and exercise 
groups, reduced blood glucose, triglycerides and VLDL. Exercise 
before SD reduced lactate, hepatic and muscle glycogen as 
compared to exercise. Exercise before SD also increased HDL 
as compared to SD and hepatic cholesterol and triglycerides as 
compared to all other groups.

DISCUSSION
The main findings of  this study are the modifying, and, 

sometimes, opposing effects of  SD and exercise on lipid and 
glucose metabolism. The effects of  exercise increasing blood 
glucose, lactate levels, triglycerides, HDL, and VLDL are largely 
confirmed by the literature4,14. Sleep deprivation was associated 
with a consumption of  glucose, lactate, triglycerides and VLDL, 
and an unfavorable increase in LDL. In short, exercise prevented 
the consumption of  hepatic triglycerides associated with SD 
and increased hepatic cholesterol levels.

Previously, hepatic lipid homeostasis, particularly 
cholesterol, has been formerly demonstrated to be essential for 
survival in situations of  stress, e.g., hibernation and thermal 
injury. The liver, with its metabolic, inflammatory, immunological 
and acute phase functions, creates a closed system in which 
the efficient use of  lipoproteins is essential for the organism’s 
survival and recovery. Dysregulation of  this system can lead 
to several life-threatening15. Other works have corroborated 
the essential role of  hepatic cholesterol as a powerhouse or 
a last source of  energy in situations of  stress16. The present 
findings suggest that exercise before SD had a protective role 
in maintaining the essential storage of  glycogen, triglycerides, 
and cholesterol.

With further regard to the effects of  exercise on 
metabolism and in agreement with previous literature, exercise 
increased serum glucose, lactate, and triglycerides14,17. Our results 
also confirm that both, SD and EX before SD, markedly reduced 
serum glucose and triglycerides reaffirming the alterations 
in metabolism induced by SD18. An association of  SD with 
higher LDL and lower HDL and, by contrast, the association 
of  exercise with lower LDL and higher HDL substantiate 
the occasional opposing actions of  exercise and SD19. 

Table 1. Summary of  statistical data from blood, serum and tissue biochemical assessments.
Control

(mean, SD)
Exercise

(mean, SD)
Sleep deprivation

(mean, SD)
Exercise + Sleep deprivation

(mean, SD) ANOVA F/p-value

Glucose (mg/dL) 114.27 ± 6.28 148.40 ± 8.39 a,* 96.00 ± 5.68 a,b,* 99.45 ± 9.34 a,b,* 9.8/0.000

Lactate (mg/dL) 71.69 ± 4.57 98.50 ± 4.56 a,** 64.63 ± 2.79 b,* 77.80 ± 5.26 b,* 10.2/0.000

Triglycerides (mg/dL) 90.40 ± 5.66 149.50 ± 18.47 a,** 50.56 ± 3.79 a,b,* 54.03 ± 2.58 a,b,* 27.8/0.000

Cholesterol (mg/dL) 89.00 ± 3.28 93.78 ± 3.19 94.83 ± 4.96 96.33 ± 3.48 0.67/0.57

HDL (mg/dL) 49.71 ± 2.48 53.06 ± 1.55 52.35 ± 1.88 61.57 ± 3.39 a,b,c 4.4/0.009

LDL (mg/dL) 18.33 ± 1.35 9.85 ± 0.78 a,** 30.99 ± 2.36 a,b,** 21.88 ± 1.15 b,c 29.2/0.000

VLDL (mg/dL) 21.09 ± 2.43 30.89 ± 4.04 a,** 10.11 ± 0.76 a,b,** 13.28 ± 1.74 a,b,* 14.3/0.000

Hepatic glycogen (mg/100mg) 3.00 ± 0.26 4.77 ± 0.35 a,* 2.57 ± 0.04 b,** 2.73 ± 0.04 b,** 22.2/0.000

Muscle glycogen (mg/100mg) 0.59 ± 0.01 0.65 ± 0.01 a,* 0.62 ± 0.01 b,* 0.62 ± 0.01 b,* 8.2/0.000

Hepatic cholesterol (mg/100mg) 2.37 ± 0.13 2.87 ± 0.17 2.77 ± 0.15 3.84 ± 0.48 a,b,c 4.7/0.007

Hepatic triglycerides (mg/100mg) 15.78 ± 1.8 13.28 ± 0.50 8.32 ± 0.95 a,b,** 20.72 ± 2.67 a,b,c 9.8/0.000
Notes: HDL = High density lipoprotein; LDL = Low density lipoprotein; VLDL = Very low density lipoprotein. ap≤0.05, statistical comparison with the control group; bp≤0.05, 
statistical comparison with the EX group; cp≤0.05, statistical comparison with the SD group. Student-Newman-Keuls post Hoc test; *p≤0.05; **p≤0.01.



350Silva BRD, et al.

Sleep Sci. 2022;15(3):347-350

These results concerning the beneficial effects of  exercise on 
metabolism are of  interest considering that SD is associated 
with unfavorable insulin resistance that contributes to unwanted 
overweight/obesity3.

It is accepted that exercise exerts both acute and chronic 
effects on plasma lipid and lipoprotein concentrations. For 
instance, it has been reported that only prolonged exercise 
augments plasma triglyceride clearance19. Classically, aerobic 
exercise combined with low energy diet reduces weight, 
waist circumference, cholesterol, and triglycerides levels20.  
Interestingly, in this experiment, serum cholesterol was largely 
unaltered in all groups. As regards glucose metabolism, it has 
been shown that in unchallenged and basic conditions, exercise 
initially increases glucose and insulin sensitivity and after some 
time it derives energy from free fat acids and reduces glucose and 
insulin activity21. Beyond dispute, cumulative evidence indicates 
that, chronically, exercise is a potential tool for a reduction of  
glucose that is much wanted in diabetic patients22.

In conclusion, this work consolidates the beneficial 
effects of  exercise improving essential cholesterol fractions and 
reducing LDL, while SD mostly led to an opposite direction. 
Importantly, exercise prevented the consumption of  hepatic 
triglycerides associated with SD and increased hepatic cholesterol 
levels that are essential as storage depot for metabolism.

CONFLICTS OF INTEREST
The authors declare no conflicting financial interests.

ACKNOWLEDGMENTS
The authors are grateful for the financial support to the 

National Council for Scientific and Technological Development 
(CNPq), the Coordination for the Improvement of  Higher 
Education Personnel (CAPES) and the Cearense Foundation for 
Supporting Scientific and Technological Development (FUNCAP).

REFERENCES
1. Depner CM, Stothard ER, Wright KP. Metabolic consequences of  sleep 

and circadian disorders. Curr Diab Rep. 2014;14:507. DOI: https://doi.
org/10.1007/s11892-014-0507-z

2. Engle-Friedman M. The effects of  sleep loss on capacity and effort. Sleep 
Sci. 2014;7(4):213-24. DOI: https://doi.org/10.1016/j.slsci.2014.11.001

3. Shigiyama F, Kumashiro N, Tsuneoka Y, Igarashi H, Yoshikawa F, 
Kakehi S, et al. Mechanisms of  sleep deprivation-induced hepatic 
steatosis and insulin resistance in mice, Tokyo, Japan. Am J Physiol 
Endocrinol Metab. 2018 Nov;315(5):848-58. DOI: https://doi.
org/10.1152/ajpendo.00072.2018

4. Gordon B, Chen S, Durstine JL. The effects of  exercise training on the 
traditional lipid profile and beyond. Curr Sports Med Rep. 2014; Jul/
Aug;13(4):253-9. DOI: https://doi.org/10.1249/JSR.0000000000000073

5. Huang L, Fang Y, Tang L. Comparisons of  different exercise 
interventions on glycemic control and insulin resistance in prediabetes: 
a network meta-analysis. BMC Endocr Disord. 2021 Sep;21:181. DOI: 
https://doi.org/10.1186/s12902-021-00846-y

6. Knowles OE, Drinkwater EJ, Urwin CS, Lamon S, Aisbett B. Inadequate 
sleep and muscle strength: implications for resistance training. J Sci 
Med Sport. 2018 Sep;21(9):959-68. DOI: https://doi.org/10.1016/j.
jsams.2018.01.012

7. Xiang S, Dong J, Li X, Li L. Association between sleep duration, 
physical activity, and mental health disorders: a secondary analysis of  
the National Survey of  Children’s Health 2017-2018. BioMed Res Int. 
2021;2021:5585678. DOI: https://doi.org/10.1155/2021/5585678

8. Tai F, Wang C, Deng X, Li R, Guo Z, Quan H, et al. Treadmill 
exercise ameliorates chronic REM sleep deprivation-induced anxiety-
like behavior and cognitive impairment in C57BL/6J mice. Brain 
Res Bull. 2020 Nov;164:198-207. DOI: https://doi.org/10.1016/j.
brainresbull.2020.08.025

9. Saner NJ, Lee MJC, Kuang J, Pitchford NW, Roach GD, Garnham 
A, et al. Exercise mitigates sleep-loss-induced changes in glucose 
tolerance, mitochondrial function, sarcoplasmic protein synthesis, and 
diurnal rhythms. Mol Metab. 2021 Jan;43:101110. DOI: https://doi.
org/10.1016/j.molmet.2020.101110

10. Nunes GP, Tufik S. Validation of  the modified multiple platform 
method (MPM) of  paradoxical sleep deprivation in rats. Sleep Res. 
1994;23:419.

11. Hassid WZ, Abraham S. [7] Chemical procedures for analysis of  
polysaccharides. Methods in Enzymol. 1957; 3:34-50. DOI: https://
doi.org/10.1016/S0076-6879(57)03345-5

12. Sjögren B, Nordenskjöld T, Holmgren H, Möllerström J. Beitrag zur 
Kenntnis der Leberrhythmik. Pflüger Arch. 1938;240(4):427-448. DOI: 
https://doi.org/10.1007/BF01753121

13. Enternman C. General procedures for separating lipid components of  
tissue. Methods Enzymol. 1957;3:299-317.

14. Anderson RA, Polansky MM, Bryden NA, Roginski EE, Patterson KY, 
Reamer DC. Effect of  exercise (running) on serum glucose, insulin, 
glucagon, and chromium excretion. Diabetes. 1982;31(3):212-6. DOI: 
https://doi.org/10.2337/diab.31.3.212

15. Otis JP, Sahoo D, Drover VA, Yen CLE, Carey H. Cholesterol 
and lipoprotein dynamics in a hibernating mammal. PLoS One. 
2011;6:e29111. DOI: https://doi.org/10.1371/journal.pone.0029111

16. Trapani L, Segatto M, Pallottini V. Regulation and deregulation of  
cholesterol homeostasis: the liver as a metabolic “power station”. World 
J Hepatol. 2012 Jun;4(6):184-90. DOI: https://doi.org/10.4254/wjh.
v4.i6.184

17. Miller BF, Fattor JA, Jacobs KA, Horning MA, Navazio F, Lindinger MI, 
et al. Lactate and glucose interactions during rest and exercise in men: 
effect of  exogenous lactate infusion. J Physiol. 2002 Nov;544(3):963-
75. DOI: https://doi.org/10.1113/jphysiol.2002.027128

18. Brianza-Padilla M, Bonilla-Jaime H, Almanza-Pérez JC, López-López 
AL, Sánchez-Muñoz F, Vazquez-Palacios G. Effects of  different 
periods of  paradoxical sleep deprivation and sleep recovery on lipid 
and glucose metabolism and appetite hormones in rats. Appl Physiol 
Nutr Metab. 2015 Nov;41(3):235-43. DOI: https://doi.org/10.1139/
apnm-2015-0337

19. Sady SP, Thompson PD, Cullinane EM, Kantor MA, Domagala E, 
Herbert PN. Prolonged exercise augments plasma triglyceride clearance. 
JAMA. 1986 Nov;256(18):2552-5. DOI: https://doi.org/10.1001/
jama.1986.03380180114030

20. Pedersen LR, Olsen RH, Anholm C, Astrup A, Eugen-Olsen J, Fenger 
M, et al. Effects of  1 year of  exercise training versus combined exercise 
training and weight loss on body composition, low-grade inflammation 
and lipids in overweight patients with coronary artery disease: a 
randomized trial. Cardiovasc Diabetol. 2019 Oct;18:127. DOI: https://
doi.org/10.1186/s12933-019-0934-x

21. Cambri LT, Araujo GG, Ghezzi AC, Botezelli JD, Mello MAR. Metabolic 
responses to acute physical exercise in young rats recovered from fetal 
protein malnutrition with a fructose-rich diet. Lipids Health Dis. 2011 
Sep;10:164. DOI: https://doi.org/10.1186/1476-511x-10-164

22. Kreisman SH, Ah Mew N, Halter JB, Marliss EB. Norepinephrine 
infusion during moderate-intensity exercise increases glucose 
production and uptake. J Clin Endocrinol Metab. 2001 May;86(5):2118-
24. DOI: https://doi.org/10.1210/jcem.86.5.7476


	_Hlk90894021

