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Abstract

Background: An animal model of prediabetes that has been developed in our laboratory using a high fat high car-
bohydrate diet and lack of physical activity displays risk factors for cardiovascular complications. The effect of exercise
against these risk factors in this animal model remains unknown. Therefore, we evaluated the effect of intermittent
and regular exercise treatment on the risk factors for cardiovascular complications in this animal model of prediabetes.

Methods: Following prediabetes induction, animals were randomly assigned to the following groups (n=6): non-
diabetic, prediabetic, intermittently exercising prediabetic and regularly exercising prediabetic. Exercise exposure was
7 weeks long. Body weight changes, caloric intake, blood glucose, total cholesterol, and triglyceride concentration
was measured after 20 and 29 weeks while blood pressure was only measured after 29 weeks. Plasma endothelial
nitric oxide synthase, malonaldehyde, glutathione peroxidase, tumour necrosis factor-alpha and C-reactive protein
concentration from the heart were measured 2 weeks post-exercise termination (week 30).

Results: We found increased body weight, caloric intake and mean arterial pressure in the prediabetic group by com-
parison to the non-prediabetic group. The same trend was observed in blood glucose and triglyceride concentrations.
However, all of these parameters were reduced in the intermittently exercising prediabetic and regularly exercising
prediabetic groups. This reduction was further accompanied by a decrease in the endothelial nitric oxide synthase,
tumour necrosis factor-alpha and C-reactive protein concentration with improved oxidative stress biomarkers.

Conclusions: The progression of pre-diabetes to diabetes is slowed or possibly stopped by exercise (regular or inter-
mittent). Additionally, biomarker profiles indicative of cardiovascular disease in pre-diabetics are improved by exercise.

Keywords: Unhealthy diet, Prediabetes, Cardiovascular complications, Exercise intervention, Oxidative stress,
Inflammation

Introduction

The abundance of Western-style diets and decreased
physical activity in the modern world has resulted in
increased incidence of prediabetes and many cases of
undiagnosed diabetes [1-4]. This consequently pre-
cipitates cardiovascular complications which are more
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life-threatening than other diabetes complications [1,
5-10]. In our laboratory, an animal model of predia-
betes has been developed using an unhealthy high-fat
high-carbohydrate diet and lack of physical activity. This
animal model opens new avenues for developing differ-
ent therapeutic approaches in the treatment of this con-
dition [11]. This animal model displays some of the risk
factors that are associated with the pathophysiology and
pathogenesis of cardiovascular complications in human
diabetes mellitus [8, 12—14]. Lipid abnormalities in the
concentration of triglycerides, high-density lipoprotein
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cholesterol (HDL-C) and low-density lipoprotein choles-
terol (LDL-C); increased markers of oxidative stress and
inflammation as well as high blood pressure were found
in this animal model [15-18]. These factors are highly
atherogenic and predictive of cardiovascular complica-
tions in humans [19, 20]. This shows how this animal
model closely represents the human condition.

Due to the abundance of highly palatable foods and the
environment’s hedonic food cues, changing dietary hab-
its seems challenging [21-26]. For this reason, in almost
all the treatments that are combined with dietary inter-
vention, people tend to relapse back to unhealthy and
hedonic eating [21]. Additionally, pharmacological treat-
ment comes with high costs and a need to adhere to dos-
age instructions [27]. Some of the advantages of exercise
therapy include an exercise regimen customized accord-
ing to the patient’s needs and multi-targeted exercise
benefits in the overall health of a patient. Neurobiological
studies have shown that exercise is rewarding [28-30].
This suggests that exercise may get pleasurable and toler-
able as one continues with it. Therefore, this study sought
to evaluate the effects of both regular and intermittent
exercise treatment on the changes associated with cardi-
ovascular complications in a high-fat high-carbohydrate
diet-induced animal model of prediabetes. Accordingly,
we looked at body weight gain, caloric intake, blood glu-
cose and triglyceride concentration as well as mean arte-
rial pressure. Furthermore, we looked at oxidative stress
markers: malonaldehyde (MDA), glutathione peroxidase
(GPx1); inflammatory markers: tumour necrosis factor-
alpha (TNF-a) and C-reactive protein as well as endothe-
lial nitric oxide synthase (eNOS).

Materials and methods

Chemicals

All chemicals and reagents were of analytical grade and
were purchased from standard commercial suppliers.

Animals

Male Sprague—Dawley rats (150—180 g) bred and housed
in the Biomedical Research Unit of the University of
KwaZulu-Natal under standard laboratory conditions
were used in the study. The animals were allowed access
to food and fluids ad libitum. All animal experimentation
was approved by the Animal Research Ethics Commit-
tee of the University of KwaZulu-Natal (Ethical clearance
number: AREC/060/017D). Prediabetes was induced in
experimental animals by continuously exposing them
to a high-fat high-carbohydrate diet supplemented with
15% fructose for 20 weeks (see Fig. 1) [11]. Meanwhile,
the non-diabetic animals were given standard rat chow
and water during the same 20-week period. At the end
of week 20, the animals were randomly assigned to the
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following groups (n=6 per group): non-diabetic (ND),
prediabetic (PD), intermittently exercising PD (PD +IE)
and regularly exercising PD (PD+RE). The animals
stayed on the same diet after prediabetes induction until
the end of the experiment at week 30. Procedures involv-
ing animal care were conducted in conformity with the
institutional guidelines for animal care of the University
of KwaZulu-Natal.

Exercise treadmill running protocol

The exercising animals were subjected to moderate
endurance exercise on a rat treadmill apparatus consist-
ing of a 2-lane animal exerciser for a 7-week exercise pro-
tocol. The first 2 weeks were used for treadmill running
acclimatization. During this period, the animals were
familiarized with the treadmill apparatus by placing them
on the moving treadmill every 3rd day before the actual
treadmill running protocol. The duration of the training
sessions during the acclimatization period was gradu-
ally increased from 5 min to a maximum of 15 min at a
constant running speed of 16 m/min. Thereafter, the ani-
mals were subjected to either an intermittent or regular
treadmill running regimen for 5 weeks [31]. Both exer-
cise regimens were 15 min in duration and continuous
but divided into three sessions of 5 min each with a 1 min
rest period in between to prevent fatigue. The intermit-
tent treadmill running regimen was performed every
other 3rd day. For the PD + RE group, a program of regu-
lar treadmill running regimen was performed every 24 h
at the same time for 5 weeks. The initial running speed
for both intermittent and regular treadmill running
regimen was set at 18 m/min and increased by 2 m/min
every week for 5 weeks to a maximum of 26 m/min after
5 weeks. Necessary precautionary measures were taken
to prevent injuries while constant surveillance of ani-
mals was done under the supervision of the Biomedical
Research Unit personnel.

Experimental protocol

Treadmill exercise was carried out for 7 weeks starting
on week 21 (see Fig. 1). The protocol duration for the ND
and PD groups was the same as the other groups except
that they had no access to a treadmill. Body weights,
caloric intake, blood pressure, blood glucose, total cho-
lesterol and triglyceride concentrations were measured
1 week pre-exercise (week 20) and one week after ter-
mination of exercise (week 29) [32]. Blood pressure was
monitored on week 29 using the tail-cuff method. Ani-
mals were sacrificed on the 1st day of week 30 to collect
blood samples for eNOS measurement. The heart was
harvested for MDA, GPx1, TNF-a and C-reactive protein
measurements.
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Fig. 1 A diagrammatical depiction of the experimental design

Blood collection and tissue harvesting

For blood collection and heart harvesting, all animals
were anaesthetised with Isofor (100 mg/kg) (Safeline
Pharmaceuticals (Pty) Ltd, Roodeport, South Africa) via
a gas anaesthetic chamber (Biomedical Resource Unit,
University of KwaZulu-Natal, Durban, South Africa) for
3 min. Blood was collected by cardiac puncture and then
transferred into individual pre-cooled heparinized con-
tainers. The blood was then spun in a refrigerated cen-
trifuge (Eppendorf centrifuge 5403, Germany) at 4 °C,

1000x g for 15 min. Plasma was collected and stored
at— 80 °C in a Bio Ultra freezer (Snijders Scientific, Hol-
land) until ready for biochemical analysis. The heart
was removed and stored at -80 °C in a Bio Ultra freezer
(Snijders Scientific, Holland) until ready for biochemical
analysis.

Biochemical analysis
GPx1, TNF-q, and C-reactive protein concentration from
the heart as well as plasma eNOS were measured using
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their respective ELISA kits (Elabscience Biotechnology
Co., Ltd) according to the manufacturer’s instructions.
MDA concentration was measured using an established
laboratory protocol [33].

Analysis of data

All data were expressed as means with standard devia-
tion. Statistical comparisons were performed with
GraphPad Prism software (version 5.00, GraphPad Soft-
ware, Inc., San Diego, California, USA) using one-way
analysis of variance (ANOVA) followed by the Tukey-
Kramer post hoc multiple comparisons test. A value of
p<0.05 was considered statistically significant.

Results

Bodyweight changes, caloric intake, blood glucose,
triglyceride and total cholesterol concentration

Body weight changes, caloric intake, blood glucose, tri-
glyceride and total cholesterol concentrations were
monitored in the ND, PD, PD +IE and PD+ RE groups
(n=6, per group) at week 20 and one week after exercise
termination. At week 20, there was an increase in body
weight gain and total caloric intake in the PD groups
(including PD+IE and PD+RE groups) *(ND vs. PD,
ND vs. PD+1IE and ND vs. PD+RE p<0.05, Table 1).
One week after exercise termination, there was a PD
effect on weight gain *(ND vs. PD, p <0.05, Table 1), while
an exercise effect was present in the PD groups *(PD vs.
PD+IE and PD vs. PD+RE, p<0.05, Table 1). A PD
effect was present on total caloric intake throughout
the experimental period *(ND vs. PD, ND vs. PD+IE
and ND vs. PD+RE, p<0.05, Table 1), while an exer-
cise effect was present in the PD groups *(PD vs. PD +IE
and PD vs. PD+RE, p<0.05, Table 1). There was a PD
effect on blood glucose concentration throughout the
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experimental period *(ND vs. PD, ND vs. PD+IE and
ND vs. PD+RE, p<0.05, Table 1). However, there was an
exercise effect in the PD groups *(PD vs PD +IE and PD
vs. PD+RE, p<0.05, Table 1). There was a PD effect on
triglyceride concentration throughout the experimental
period *(ND vs. PD, ND vs. PD +IE and ND vs. PD+RE,
p<0.05, Table 1). An exercise effect was also present in
the PD groups *(PD vs. PD+IE and PD vs. PD+RE,
p<0.05, Table 1).

Mean arterial pressure and eNOS concentration

Mean arterial pressure one week after exercise termina-
tion and plasma eNOS concentration two weeks after
exercise termination in the ND, PD, PD +IE and PD+RE
animal groups (n=6, per group) were measured. A PD
effect was present on mean arterial pressure *(ND vs. PD,
ND vs. PD+1IE and ND vs. PD+RE, p<0.05, Fig. 2a),
while an exercise effect was present in the PD groups
*(PD vs. PD+IE and PD vs. PD+RE, p<0.05, Fig. 2a).
A PD effect was present in the non-exercising group on
eNOS concentration *(ND vs. PD, PD vs. PD+IE and
PD vs. PD+RE, p<0.05, Fig. 2b), while regular exercise
lowered eNOS concentration *(ND vs. PD +RE, p<0.05,
Fig. 2b).

MDA and GPx1 concentration

The concentration of MDA and GPx1 in the heart tis-
sue of ND, PD, PD+IE and PD+RE animal groups
(n=6, per group) two weeks after exercise termination
was measured. There was a PD effect on MDA concen-
tration *(ND vs. PD, p<0.05, Fig. 3a). A similar effect
was observed in the PD+RE group *(ND vs. PD+RE,
p<0.05, Fig. 3a), while a regular exercise effect was pre-
sent in the PD groups *(PD vs. PD + RE, p <0.05, Fig. 3a)
and “(PD+IE vs. PD+RE, p<0.05, Fig. 3a). A PD effect

Table 1 Body weight, caloric intake, blood glucose, triglyceride and total cholesterol concentrations in the ND, PD, PD+IE and

PDM + RE groups (n =6, per group) following exercise

Animal Body weight (g)  Total caloricintake (Cal) Blood glucose (mmol/L)  Triglycerides (mmol/L)  Total cholesterol

groups (mmol/L

(n=6)

20th week of the prediabetes induction period

ND 499.70+11.06 2233042192 460+0.79 1494038 3.854+0.23

PD 566.30£6.51% 311.944+32.02% 6.83£0.25% 3.08+0.27% 415+0.26

PD+IE 564.60 +8.62* 308.18£22.65* 6.77 £0.38* 3.10+0.15* 4.134+0.31

PD+RE 567.00 £ 5.90% 3103542837 6.83+£0.30% 3.08+0.18% 414+0.17

The 2nd week after exercise termination

ND 503.004+1892 216304£29.13 480+0.10 1.384+0.38 3874+1.24
PD 589.60+39.02* 339.97 +18.09* 7.07 £0.40* 5.88+1.49* 426+0.72
PD+IE 518.80 4 65.08" 268934 27.45* 637+£021% 2.58+0.59% 3934+1.14
PD+RE 505.40+49.77* 277.554+10.02% 580+£0.26%* 3.06+£046% 3.90£1.19

Values are presented as means = SD. *p < 0.05 denotes comparison with ND group; *p < 0.05 denotes comparison with PD group
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Fig. 2 Mean arterial pressure one week after exercise termination (a) and plasma eNOS concentration two weeks after exercise termination (b) in
the ND, PD, PD + IE and PDM + RE groups (n =6, per group). Values are presented as means & SD. *p < 0.05 denotes comparison with ND group;
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was also present on GPx1 concentration *(ND vs. PD,
p<0.05, Fig. 3b), while an exercise effect was present
in the PD groups *(PD vs. PD+IE and PD vs. PD +RE,
p<0.05, Fig. 3b).

TNF-a and CRP concentration

TNF-a and CRP concentration in the heart tissue of
ND, PD, PD+IE and PD + RE animal groups (n=6, per
group) two weeks after exercise termination were meas-
ured. A PD effect was present in the non-exercising
group on TNF-a concentration *(ND vs. PD, p<0.05,
Fig. 4a) and *(PD vs. PD + IE and PD vs. PD + RE, p <0.05,
Fig. 4a). This effect was also present on CRP concentra-
tion *(ND vs. PD, p<0.05, Fig. 4b) and *(PD vs. PD +IE
and PD vs. PD+RE, p<0.05, Fig. 4b).

Discussion

The observed lower caloric intake in the exercised pre-
diabetes animals was accompanied by weight loss by
comparison to the non-exercised prediabetic animals.

We have previously shown that prediabetic animals had
reduced insulin sensitivity, increased insulin and ghrelin
concentrations as well as decreased leptin concentrations
[11]. Consequently, this resulted in increased feeding and
caloric intake. Therefore, a lower caloric intake in the
exercised prediabetic animals after exercise could suggest
that exercise assisted in the restoration of the homeo-
static relationship between insulin, ghrelin, and leptin.
This could explain the adjustments in caloric intake and
weight gain in the exercised prediabetes animals. This
agrees with other literature which shows that exercise has
a positive effect on food intake, appetite hormones and
weight management [34—40]. Furthermore, studies have
shown that lower caloric intake may have a positive effect
on the physiological markers associated with prediabetes
[41-43].

Blood glucose concentrations were lowered in the exer-
cising prediabetic animals at one-week post-exercise
termination. Furthermore, the exercising animals were
found to have reduced insulin concentrations suggesting



Luvuno et al. Nutr Metab (Lond) (2021) 18:45

Page 6 of 9

a 2504
#

— 2004 I {
3 =
£ -
Bn 150
=
3 4
J 100
£

504

0 T T

® SO
R QQ

b 30-
*
- #
g 207 !
) —
=
&
S 104
4 &
&

Fig. 4 TNF-a (a) and CRP (b) concentration in the heart tissue of ND, PD, PD + IE and PDM + RE groups (n =6, per group) two weeks after exercise
termination. Values are presented as means = SD. *p < 0.05 denotes comparison with ND group; *p < 0.05 denotes comparison with PD group

that exercise may have improved insulin sensitivity [11,
44]. The lowered blood glucose concentration observed
in the exercising prediabetes animals may be due to
increased GLUT4 translocation via the action of insulin
[45, 46]. Furthermore, improved insulin sensitivity may
have enhanced carbohydrate loading in the exercising
prediabetes animals thus shunting some glucose towards
glycogen storage in the muscle and liver in preparation
for the next exercise training [47].

There were no total cholesterol concentration changes
in the groups which may be because our animals were
still prediabetic and had not developed full-blown dia-
betes. We have previously shown that high triglyceride
concentration is accompanied by high blood glucose con-
centration and reduced insulin sensitivity in pre-diabetic
animals [11]. This triglyceride concentration was low-
ered in the exercising prediabetes animals in the present
study. This may suggest that exercise leads to enhanced
lipid metabolism and insulin sensitivity thus decreasing
plasma glucose concentration [48].

We found that when blood glucose and triglyceride
concentration were lowered in the exercising prediabetes
animals one-week post-exercise termination there was a
concomitant improvement in the mean arterial pressure.
One can easily assume that abnormalities associated with
increased blood pressure were also attenuated in these
animals. However, we found higher plasma eNOS con-
centration in the non-exercising prediabetes animals in
the presence of high mean arterial pressure when com-
pared to the non-diabetic. This high eNOS concentra-
tion that co-exists with high mean arterial pressure in the
non-exercising prediabetic animals might be a compen-
satory response for insufficient NO following prolonged
ingestion of the high-fat high-carbohydrate diet. [49-55].
Two weeks of post-exercise termination, we observed a
reduction in the eNOS concentration. This reduction in

eNOS concentration in the exercising prediabetic ani-
mals was accompanied by improved mean arterial pres-
sure in the animals suggesting the long-lasting beneficial
effects of exercise training on NO production.

Studies have shown that hypertension induces
responses that elicit oxidative stress and inflammatory
responses [56—60]. Indeed, we found increased MDA
concentration and decreased GPx1 concentration in
the heart tissue of the non-exercising prediabetic ani-
mals. However, we found reduced MDA concentrations
along with elevated GPx1 concentrations in the inter-
mittent exercising prediabetic animals. Meanwhile,
the regular exercising prediabetic animals had elevated
MDA concentrations despite increased GPx1 concen-
tration. The reduced MDA concentration with elevated
GPx1 concentration in the intermittent exercising
animals agrees with other studies which show that an
elevation in antioxidants prevents the onset of oxida-
tive stress through suppression of ROS generation [61,
62]. This may lead to an assumption that intermittent
exercise was better than regular exercise in alleviat-
ing oxidative stress markers in the heart. However, the
increase in both MDA and GPx1 concentrations in the
regular exercising prediabetic animals can be linked to
an adaptational increase in both ROS production and
antioxidant enzyme production following exercise.
Recent studies have shown that increased ROS genera-
tion may not always culminate in oxidative stress and
destruction of cellular structures [63, 64]. However, an
increase in antioxidant enzyme concentration accom-
panied by ROS production prevents the development
of oxidative stress in the cells and also activates the
pathways that regulate growth, differentiation and cell
proliferation [64, 65]. Therefore, this may suggest that
regular exercise was more beneficial to heart tissue
health than intermittent exercise [66—68]. Furthermore,
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exercise-induced ROS production has been shown
to play a required role in muscle adaptation to train-
ing [66]. However, the adaptational increase in MDA
concentration was only observed in regular exercising
animals. This suggests that an exercise-induced ROS
generation does not only depend on the intensity and
duration of exercise but also the frequency of exercise.
The findings on the biomarkers of inflammation in the
present study are of interest because an increase in the
marker for lipid peroxidation, MDA, is usually associated
with inflammation [69, 70]. However, this correlation
was not observed in the present study particularly in the
regular exercising prediabetic animals. For the intermit-
tent exercising prediabetic animals, the decrease in MDA
concentration with an increase in GPx1 concentration
in the heart tissue clearly shows that there was a physio-
logical balance between oxidants and antioxidants in the
heart tissue. However, a decrease in TNF-a and C-reac-
tive protein concentrations despite increased MDA and
GPx1 concentrations in the heart tissue of the regular
exercising animals two weeks after exercise termination
reveals that there was no oxidative damage and inflam-
mation in the heart tissue. This suggests that an adapta-
tional increase in the antioxidant enzymes as indicated by
an increase in GPx1 concentration following exercise was
high enough to suppress the effects of ROS production
and prevent oxidative damage and inflammation to occur
in the heart tissue of the exercising animals [64, 71-73].

Conclusion

The progression of pre-diabetes to diabetes is slowed or
possibly stopped by exercise (regular or intermittent).
Additionally, biomarker profiles indicative of cardiovas-
cular disease in pre-diabetics are improved by exercise.

Abbreviations

eNOS: Endothelial nitric oxide synthase; GLUT4: Glucose transporter 4;

GPx1: Glutathione peroxidase; PD + IE: Intermittently exercising PD; MDA:
Malonaldehyde; NO: Nitric oxide; ND: Non-diabetic; PD: Prediabetic; ROS: Reac-
tive oxygen species; PD 4 RE: Regularly exercising; TNF-a: Tumour necrosis
factor-alpha.

Acknowledgements
The authors are grateful to the Biomedical Research Unit, the University of
KwaZulu-Natal for the supply of animals.

Authors’ contributions

M, A and MV were involved in the conceptualization, investigation, methodol-
ogy, formal analysis, funding acquisition and validation of the study; M and
MV were involved in the project administration; MV provided resources; M was
responsible for writing the original draft, data curation and visualization; A and
MV were responsible for the review and editing of the manuscript as well as
supervision. All authors read and approved the final manuscript.

Funding
This study was supported by the National Research Foundation South Africa
and the University of KwaZulu-Natal’s, College of Health Science.

Page 7 of 9

Availability of data and materials
The datasets used and/or analyzed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethics approval

All animal experimentation was approved by the Animal Research Eth-
ics Committee of the University of KwaZulu-Natal (Ethical clearance No.:
AREC/060/017D).

Consent for publication
Not applicable.

Competing interests
The authors declare that no interest could be perceived as prejudicing the
impartiality of the research reported.

Received: 18 April 2020 Accepted: 9 April 2021
Published online: 22 April 2021

References

1. Tabdk AG, Herder C, Rathmann W, Brunner EJ, Kiviméki M. Pre-
diabetes: a high-risk state for diabetes development. The Lancet.
2012;379(9833):2279-90.

2. Shaw JE, Sicree RA, Zimmet PZ. Global estimates of the prevalence of
diabetes for 2010 and 2030. Diabetes Res Clin Pract. 2010;87(1):4-14.

3. Cordain L, Eaton S, Sebastian A, Mann N, Lindeberg S, Watkins B, et al.
Origins and evolution of the Western diet: health implications for the 21st
century. Am J Clin Nutr. 2005;81(2):341-54.

4. Bonow RO, Gheorghiade M. The diabetes epidemic: a national and global
crisis. Am J Med. 2004;116(5 Supplement 1):2-10.

5. Ramachandran A. Know the signs and symptoms of diabetes. Indian J
Med Res. 2014;140(5):579-81.

6. American DA. Diagnosis and classification of diabetes mellitus. Diabetes
Care. 2009;32(Suppl 1):562-7.

7. Bergman M. Pathophysiology of prediabetes and treatment impli-
cations for the prevention of type 2 diabetes mellitus. Endocrine.
2013;43(3):504-13.

8. Abdul-Ghani MA, DeFronzo RA. Pathophysiology of prediabetes. Curr
Diabetes Rep. 2009;9(3):193-9.

9. Einarson TR, Acs A, Ludwig C, Panton UH. Prevalence of cardiovascular
disease in type 2 diabetes: a systematic literature review of scientific
evidence from across the world in 2007-2017. Cardiovasc Diabetol.
2018;17(1):83.

10. Kosiborod M, Gomes MB, Nicolucci A, Pocock S, Rathmann W, Shesta-
kova MV, et al. Vascular complications in patients with type 2 diabetes:
prevalence and associated factors in 38 countries (the DISCOVER study
program). Cardiovasc Diabetol. 2018;17(1):150.

11. Luvuno M, Khathi A, Mabandla M. Voluntary ingestion of a high-fat
high-carbohydrate diet: a model for prediabetes. PONTE Int Sci Res J.
2018;74(5):11.

12. DeFronzo RA, Abdul-Ghani M. Assessment and treatment of cardiovascu-
lar risk in prediabetes: impaired glucose tolerance and impaired fasting
glucose. Am J Cardiol. 2011;108(3 Suppl):3B-24B.

13. King RJ, Grant PJ. Diabetes and cardiovascular disease: pathophysiology
of a life-threatening epidemic. Herz. 2016;41(3):184-92.

14. Rodriguez-Araujo G, Nakagami H. Pathophysiology of cardiovascular
disease in diabetes mellitus. Cardiovasc Endocrinol Metab. 2018;7(1):4-9.

15. Luvuno M, Khathi A, Mabandla M. Diet-induced prediabetes: effects
on oxidative stress and inflammatory biomarkers as agents for vascular
complications in renal function. Ponte Acad J. 2019;75(2):9.

16. Mabuza LP, Gamede MW, Maikoo S, Booysen IN, Ngubane PS, Khathi A.
Cardioprotective effects of a ruthenium (1) Schiff base complex in diet-
induced prediabetic rats. Diabetes Metab Syndr Obes. 2019;12:217-23.

17. Gamede M, Mabuza L, Ngubane P, Khathi A. Plant-derived oleanolic acid
(OA) ameliorates risk factors of cardiovascular diseases in a diet-induced



Luvuno et al. Nutr Metab (Lond)

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34

35.

36.

37.

38.

39.

40.

(2021) 18:45

pre-diabetic rat model: effects on selected cardiovascular risk factors.
Molecules (Basel, Switzerland). 2019;24(2):340.

Mzimela NC, Ngubane PS, Khathi A. The changes in immune cell con-
centration during the progression of pre-diabetes to type 2 diabetes in a
high-fat high-carbohydrate diet-induced pre-diabetic rat model. Autoim-
munity. 2019;52(1):27-36.

Chen S-C, Tseng C-H. Dyslipidemia, kidney disease, and cardiovascular
disease in diabetic patients. Rev Diabet Stud RDS. 2013;10(2-3):88-100.
Bardini G, Rotella CM, Giannini S. Dyslipidemia and diabetes: recipro-

cal impact of impaired lipid metabolism and beta-cell dysfunction

on micro- and macrovascular complications. Rev Diabet Stud RDS.
2012;9(2-3):82-93.

Coccurello R, Maccarrone M. Hedonic eating and the “delicious circle”:
from lipid-derived mediators to brain dopamine and back. Front Neuro-
sci. 2018;12:271.

Lutter M, Nestler EJ. Homeostatic and hedonic signals interact in the
regulation of food intake. J Nutr. 2009;139(3):629-32.

Johnson PM, Kenny PJ. Dopamine D2 receptors in addiction-like

reward dysfunction and compulsive eating in obese rats. Nat Neurosci.
2010;13(5):635-41.

Malik S, McGlone F, Bedrossian D, Dagher A. Ghrelin modulates

brain activity in areas that control appetitive behavior. Cell Metab.
2008;7(5):400-9.

Speed N, Saunders C, Davis AR, Owens WA, Matthies HJG, Saadat S, et al.
Impaired striatal Akt signaling disrupts dopamine homeostasis and
increases feeding. PLoS ONE. 2011,6(9):e25169-e.

Liu S, Globa AK, Mills F, Naef L, Qiao M, Bamji SX, et al. Consumption of
palatable food primes food approach behavior by rapidly increasing
synaptic density in the VTA. Proc Natl Acad Sci U S A. 2016;113(9):2520-5.
Jimmy B, Jose J. Patient medication adherence: measures in daily prac-
tice. Oman Med J. 2011;26(3):155-9.

Saanijoki T, Tuominen L, Tuulari JJ, Nummenmaa L, Arponen E, Kalliokoski
K, et al. Opioid release after high-intensity interval training in healthy
human subjects. Neuropsychopharmacology. 2018;43(2):246-54.

Craft LL, Perna FM. The benefits of exercise for the clinically depressed.
Prim Care Companion J Clin Psychiatry. 2004;6(3):104-11.

Greenwood BN, Foley TE, Le TV, Strong PV, Loughridge AB, Day HEW, et al.
Long-term voluntary wheel running is rewarding and produces plasticity
in the mesolimbic reward pathway. Behav Brain Res. 2011,217(2):354-62.
Aghaie F, Khazali H, Hedayati M, Akbarnejad A. The effects of mod-

erate treadmill and running wheel exercises on oxidative stress in

female rats with steroid-induced polycystic ovaries. Physiol Pharmacol.
2016;20(4):277-86.

Berchtold NC, Castello N, Cotman CW. Exercise and time-dependent
benefits to learning and memory. Neuroscience. 2010;167(3):588-97.
Madlala HP, Van Heerden FR, Mubagwa K, Musabayane CT. Changes

in renal function and oxidative status associated with the hypotensive
effects of oleanolic acid and related synthetic derivatives in experimental
animals. PLoS ONE. 2015;10(6):e0128192.

Vatansever-Ozen S, Tiryaki-Sonmez G, Bugdayci G, Ozen G. The effects of
exercise on food intake and hunger: relationship with acylated ghrelin
and leptin. J Sports Sci Med. 2011;10(2):283-91.

Pandit R, Beerens S, Adan RAH. Role of leptin in energy expenditure: the
hypothalamic perspective. Am J Physiol Regul Integr Compar Physiol.
2017;312(6):R938-47.

Hagobian TA, Braun B. Physical activity and hormonal regulation of
appetite: sex differences and weight control. Exerc Sport Sci Rev.
2010;38(1):25-30.

Dorling J, Broom DR, Burns SF, Clayton DJ, Deighton K, James LJ, et al.
Acute and chronic effects of exercise on appetite, energy intake, and
appetite-related hormones: the modulating effect of adiposity, sex, and
habitual physical activity. Nutrients. 2018;10(9):1140.

Stensel D. Exercise, appetite and appetite-regulating hormones: implica-
tions for food intake and weight control. Ann Nutr Metab. 2010;57(Suppl.
2):36-42.

Deighton K, Batterham RL, Stensel DJ. Appetite and gut peptide
responses to exercise and calorie restriction. The effect of modest energy
deficits. Appetite. 2014;81:52-9.

Douglas JA, King JA, Clayton DJ, Jackson AP, Sargeant JA, Thackray AE,

et al. Acute effects of exercise on appetite, ad libitum energy intake and

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Page 8 of 9

appetite-regulatory hormones in lean and overweight/obese men and
women. Int J Obes (Lond). 2017;41(12):1737-44.

Umphonsathien M, Prutanopajai P, Aiam-O-Ran J, Thararoop T, Karin A,
Kanjanapha C, et al. Immediate and long-term effects of a very-low-
calorie diet on diabetes remission and glycemic control in obese Thai
patients with type 2 diabetes mellitus. Food Sci Nutr. 2019;7(3):1113-22.
Steven S, Hollingsworth KG, Al-Mrabeh A, Avery L, Aribisala B, Caslake

M, et al. Very low-calorie diet and 6 months of weight stability in type 2
diabetes: pathophysiological changes in responders and nonresponders.
Diabetes Care. 2016;39(5):808.

Bhatt AA, Choudhari PK, Mahajan RR, Sayyad MG, Pratyush DD, Hasan

|, et al. Effect of a low-calorie diet on restoration of normoglycemia

in obese subjects with type 2 diabetes. Indian J Endocrinol Metab.
2017;21(5):776-80.

Bird SR, Hawley JA. Update on the effects of physical activity on insulin
sensitivity in humans. BMJ Open Sport Exerc Med. 2017;2(1):e000143-e.
Richter EA, Hargreaves M. Exercise, GLUT4, and skeletal muscle glucose
uptake. Physiol Rev. 2013;93(3):993-1017.

Lauritzen HPMM. Insulin- and contraction-induced glucose transporter 4
traffic in muscle: insights from a novel imaging approach. Exerc Sport Sci
Rev. 2013;41(2):77-86.

Vitale K, Getzin A. Nutrition and supplement update for the endurance
athlete: review and recommendations. Nutrients. 2019;11(6):1289.

Yang Q, Vijayakumar A, Kahn BB. Metabolites as regulators of insulin
sensitivity and metabolism. Nat Rev Mol Cell Biol. 2018;19(10):654-72.
Verhaar MC, Westerweel PE, van Zonneveld AJ, Rabelink TJ. Free radical
production by dysfunctional eNOS. Heart. 2004,90(5):494-5.

Crabtree MJ, Hale AB, Channon KM. Dihydrofolate reductase protects
endothelial nitric oxide synthase from uncoupling in tetrahydrobiopterin
deficiency. Free Radic Biol Med. 2011;50(11):1639-46.

Crabtree MJ, Channon KM. Synthesis and recycling of tetrahydrobi-
opterin in endothelial function and vascular disease. Nitric Oxide.
2011;25(2):81-8.

Qian J, Fulton D. Post-translational regulation of endothelial nitric oxide
synthase in vascular endothelium. Front Physiol 2013;4:347.

Bendall JK, Douglas G, McNeill E, Channon KM, Crabtree MJ. Tetrahydro-
biopterin in cardiovascular health and disease. Antioxid Redox Signaling.
2014,20(18):3040-77.

Rubio-Guerra AF, Vargas-Robles H, Ramos-Brizuela LM, Escalante-Acosta
BA. Is tetrahydrobiopterin a therapeutic option in diabetic hypertensive
patients? Integr Blood Press Control. 2010;3:125-32.

Rabelink Ton J, Luscher Thomas F. Endothelial nitric oxide synthase. Arte-
rioscler Thromb Vasc Biol. 2006;26(2):267-71.

Crowley SD. The cooperative roles of inflammation and oxidative

stress in the pathogenesis of hypertension. Antioxid Redox Signaling.
2014,20(1):102-20.

Dinh QN, Drummond GR, Sobey CG, Chrissobolis S. Roles of inflamma-
tion, oxidative stress, and vascular dysfunction in hypertension. Biomed
Res Int.2014;2014:11.

Grossman E. Does increased oxidative stress cause hypertension? Diabe-
tes Care. 2008;31(Supplement 2):5185.

Matough FA, Budin SB, Hamid ZA, Alwahaibi N, Mohamed J. The role

of oxidative stress and antioxidants in diabetic complications. Sultan
Qaboos Univ Med J. 2012;12(1):5-18.

Niemann B, Rohrbach S, Miller MR, Newby DE, Fuster V, Kovacic JC.
Oxidative stress and cardiovascular risk: obesity, diabetes, smoking, and
pollution: part 3 of a 3-part series. J Am Coll Cardiol. 2017,70(2):230-51.
Tan BL, Norhaizan ME, Liew WPP, Sulaiman Rahman H. Antioxidant and
oxidative stress: a mutual interplay in age-related diseases. Front Pharma-
col.2018;9:1162.

He L, He T, Farrar S, Ji L, Liu T, Ma X. Antioxidants maintain cellular redox
homeostasis by elimination of reactive oxygen species. Cell Physiol
Biochem. 2017;44(2):532-53.

Poljsak B, Suput D, Milisav I. Achieving the balance between ROS and
antioxidants: when to use the synthetic antioxidants. Oxid Med Cell
Longev. 2013,;2013:956792.

Pizzino G, Irrera N, Cucinotta M, Pallio G, Mannino F, ArcoraciV, et al.
Oxidative stress: harms and benefits for human health. Oxid Med Cell
Longev. 2017;2017:8416763.

Schieber M, Chandel NS. ROS function in redox signaling and oxidative
stress. Curr Biol. 2014;24(10):R453-62.



Luvuno et al. Nutr Metab (Lond)

66.

67.

68.

69.

70.

(2021) 18:45

Powers SK, Deminice R, Ozdemir M, Yoshihara T, Bomkamp MP, Hyatt

H. Exercise-induced oxidative stress: friend or foe? J Sport Health Sci.
2020;9(5):415-25.

Korsager Larsen M, Matchkov V. Hypertension and physical exercise: the
role of oxidative stress. Medicina. 2016;52(1):19-27.

Lavie CJ, Arena R, Swift DL, Johannsen NM, Sui X, Lee D-C, et al. Exercise
and the cardiovascular system: clinical science and cardiovascular out-
comes. Circul Res. 2015;117(2):207-19.

Ho E, Karimi Galougahi K, Liu C-C, Bhindi R, Figtree GA. Biological markers
of oxidative stress: applications to cardiovascular research and practice.
Redox Biol. 2013;1(1):483-91.

Ayala A, Munoz MF, Arguelles S. Lipid peroxidation: production, metabo-
lism, and signaling mechanisms of malondialdehyde and 4-hydroxy-
2-nonenal. Oxid Med Cell Longev. 2014;2014:31.

Page 9 of 9

71. Forrester Steven J, Kikuchi Daniel S, Hernandes Marina S, Xu Q, Griendling
Karthy K. Reactive oxygen species in metabolic and inflammatory signal-
ing. Circul Res. 2018;122(6):877-902.

72. Mittal M, Siddiqui MR, Tran K, Reddy SP, Malik AB. Reactive oxygen
species in inflammation and tissue injury. Antioxid Redox Signaling.
2014,20(7):1126-67.

73. Birben E, Sahiner UM, Sackesen C, Erzurum S, Kalayci O. Oxidative stress
and antioxidant defense. World Allergy Organ J. 2012;5(1):9-19.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Diet-induced prediabetes: effects of exercise treatment on risk factors for cardiovascular complications
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Introduction
	Materials and methods
	Chemicals
	Animals
	Exercise treadmill running protocol
	Experimental protocol
	Blood collection and tissue harvesting
	Biochemical analysis
	Analysis of data

	Results
	Bodyweight changes, caloric intake, blood glucose, triglyceride and total cholesterol concentration
	Mean arterial pressure and eNOS concentration
	MDA and GPx1 concentration
	TNF-α and CRP concentration

	Discussion
	Conclusion
	Acknowledgements
	References


