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Evidence shows that exercise can have a favourable effect in cancer patients. The exercise’s clinical benefits are likely to concern
multiple interrelated biological pathways, among which oxidative stress plays a key role. Regular training can induce an adaptive
response that strengthens the antioxidative status of the body. To formulate public health recommendations regarding the optimal
exercise prescription for cancer patients, a detailed understanding is needed regarding the effect of exercise on variables linked to
oxidative stress and antioxidant status of patients. The goal of this systematic review, based on PRISMA, was to explore and
critically analyse the evidence regarding the efficacy of exercise on oxidative stress biomarkers among people with cancer.
Study search was conducted in the following databases: PubMed, Cochrane, CINAHL, Embase, PEDro, and SPORTDiscus. The
studies’ quality was assessed with the Cochrane risk-of-bias tool and STROBE scale. After identification and screening steps, 10
articles were included. The findings provide an encouraging picture of exercise, including resistance training and aerobic
activities, in people with cancer. The exercise improved the indicators of the total antioxidant capacity, increased the
antioxidant enzymes’ activity, or reduced the biomarkers of oxidative damage in various forms of cancer such as breast, lung,
head, and neck. Regarding oxidative DNA damage, the role of exercise intervention has been difficult to assess. The
heterogeneity of study design and the plethora of biomarkers measured hampered the comparison of the articles. This limited
the possibility of establishing a comprehensive conclusion on the sensitivity of biomarkers to estimate the exercise’s benefits.
Further high-quality studies are required to provide data regarding oxidative stress biomarkers responding to exercise. This
information will be useful to assess the efficacy of exercise in people with cancer and support the appropriate prescription of
exercise in anticancer strategy.

1. Introduction conditioning, household, or other activities [1]. Likewise,

exercise is a subcategory of PA that is planned and struc-

Exercise training is, in general, secure for people that sur-
vived after cancer diagnosis, and each of them should
remain physically active, as stated in the report of 2018 of
the American College of Sport Medicine entitled: “Interna-
tionally Multidisciplinary Roundtable on Physical Activity
and Cancer Prevention and Control.” It should be clarified
that physical activity (PA) is defined as any movement of
the body generated by skeletal muscles that required energy
expenditure. PA can be classified into sports, occupational,

tured, directed also at improving or maintaining cardiofit-
ness status [2].

There is evidence showing that exercise has positive
effects in patients diagnosed with cancer [3, 4]. Adapted
exercise interventions can diminish the possible resurgence
of tumour growth in breast, colon, and prostate cancer [5,
6]. Furthermore, exercise is associated with a better survival
and an attenuation of the negative consequences of chemo-
therapy and radiation [5, 7, 8].
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In people with cancer, exercise is linked to positive mod-
ifications in cardiorespiratory fitness, physical function, and
in anthropometric composition, as well as in patient-
reported health benefit in quality of life and manage of
fatigue [9-11]. Recent findings indicated that exercise could
play a key role in tumour biology. Evidence suggests that
exercise could downregulate a group of RAS family onco-
genes (RAN, RABI4, and RAB8A) [6-12]. Moreover, the
capacity of exercise to enhance the endogenous antioxidant
defences has been postulated as a contributing factor to
counteract the oxidative stress in various phases of tumour-
igenesis [6-13]. It is well known that oxidative stress-
induced DNA damage can promote the development and
progression of cancer. Moreover, cancer cells themselves
increase the levels of reactive oxygen species (ROS), induc-
ing cancer progression [14, 15]. In this framework, system-
atic exercise training can improve physical fitness and
capacity of the patients through enhancing the antioxidative
status of the body. Although acute and exhaustive training
increases in ROS production, the moderate exercise (chronic
exercise or aerobic training) induces an organism’s response
with a decrease in ROS generation and an improvement in
antioxidant status [6, 13, 16]. Besides, regular exercise has
a hormetic effect given that low levels of oxidative stress
deriving from cells as a consequence of exercises may trigger
cellular mechanisms which promote the tolerance of acute
oxidative stress [6-17]. At a molecular level, exercise train-
ing stimulates a transient production of ROS, and it can acti-
vate a redox circuit linked [18]. More specifically, ROS arose
during exercise and activated the transcription of nuclear
factor erythroid 2 (Nrf2). Nrf2 plays a fundamental role in
the trans-activation of the antioxidant response element
(ARE) and in the upregulation of various proteins involved
in antioxidant defences [18, 19]; thus, it is pivotal in preserv-
ing the balance in the cellular redox process. Most of the
Nrf2-dependent target genes encode for enzymes that pro-
tect DNA, proteins, and lipids from ioxidative damage.
These genes take part in the synthesis of antioxidant
enzymes such as catalase (CAT) or superoxide dismutase
(SOD), glutathione and other stress response [20-22].

On this basis, physical exercise can be regarded as a reg-
ulator of cellular redox homeostasis, which induces an adap-
tation to overcome the oxidative stress. However, the
potential benefits of exercise are influenced by intensity,
type, and duration of training [16].

In order to adopt public health recommendations on the
optimal exercise prescription for adults with cancer, a more
detailed understanding is needed regarding the effect of
exercise on variables linked to oxidative stress and antioxi-
dant status. Usually, changes in homeostasis redox are mea-
sured by analysing different biomarkers, mainly in the blood
or in urine samples collected in test populations. Such bio-
markers can detect a specific type of damage on lipids, pro-
teins, and DNA or the concentration of enzymatic and
nonenzymatic antioxidants. Thus, different biomarkers can
be evaluated for any molecular or cellular damage that can
be caused by ROS [23].

In this context, the primary aim of this article is to
explore and investigate the evidence regarding the exercise’s

Oxidative Medicine and Cellular Longevity

effect on oxidative stress biomarkers among postdiagnosis
cancer patients. Furthermore, a detailed evaluation of previ-
ous research is also addressed regarding the association by
type, dose, and timing of exercise and cancer location.

2. Methods

2.1. Search Strategy. This systematic review was conducted
according to PRISMA [24]. We registered the protocol of
the systematic review in the International Prospective Regis-
ter of Systematic Reviews (ID: CRD42021258326). The pri-
mary research objective was addressed, through the
development of the PICO question (Patients, Interventions,
Comparators, and Outcomes) using the following search
terms: (P) people with cancer diagnosis, (I) physical activity
exercise intervention, (C) usual treatment and/or no exercise
intervention, and (O) the efficacy of exercise on oxidative
stress biomarkers.

We conducted a systematic literature search in PubMed,
Cochrane Library, CINAHL, Embase, PEDro, and SPORT-
Discus up to May 2021 to screen all articles focused on the
effect of structured exercises treatment on oxidative stress
biomarkers in people with a diagnosis of cancer.

The electronic databases were searched, with a publica-
tion date limit of 10 years, because we were focused on
recent treatments and approaches. Specific criteria were
applied in the search approach: we included randomized
controlled trials (RCTs), quasiexperimental study, clinical
study, clinical trial, case report, and observational study,
with full text available. Search terms was created using the
following keywords and Boolean terms: ((Post diagnosis
Cancer OR Neoplasia OR Neoplasm OR Tumo* OR
Cance* OR Malignan®* OR Malignant Neoplas®* OR
Neoplas*) AND (Exercis® OR Physical Activit® OR Activi-
ties Physical OR Activity Physical OR Exercise Physical OR
Exercises Physical OR Physical Exercise OR Physical Exer-
cises OR Acute Exercis® OR Exercise Acute OR Exercises
Acute OR Exercise Aerobic OR Aerobic Exercis* OR Exer-
cises Aerobic OR Exercise Training OR Exercise Trainings
OR Training Exercise OR Trainings Exercise OR Remedial
Exercise OR Exercise, Remedial OR Exercises, Remedial
OR Remedial Exercises OR Therapy Exercise OR Exercise
Therapies OR Therapies, Exercise OR Rehabilitation Exer-
cise OR Exercise, Rehabilitation OR Exercises, Rehabilitation
OR Rehabilitation Exercises) AND (Oxidative Stresses bio-
markers OR Stress Oxidative markers OR Antioxidative
Stress OR Antioxidative Stresses OR Antioxidant enzymes
OR Stress, Antioxidative OR Anti-oxidative Stress OR Anti
oxidative Stress OR Anti-oxidative Stresses OR Stress,
Anti-oxidative OR Antioxidant plasma status OR 8-
hydroxy-deoxyguanosine)). When necessary, the search
string was adapted to perfectly fit in each database.

A grey literature search was conducted using Medrxiv,
and hand searches of key conference proceedings, journals,
professional organizations’ websites, and guideline clearing
houses. Finally, using the snowball technique, we reviewed
the primary and most important papers’ references in order
to find possible more studies.
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2.2. Inclusion and Exclusion Criteria. The inclusion criteria
were the following: (1) language: articles written in English;
(2) study design: randomized controlled trial, quasiexperi-
mental study, clinical trial, clinical study, case report, and
observational study with original primary data; (3) popula-
tion of interest: people with cancer diagnosis; (4) exercise
experience: any type of exercise; (5) outcome measurement:
oxidative stress biomarkers evaluation, oxidative biomarkers
assessed at least once in the paper; additional physical per-
formance measured outcomes, or other indices of physical
performance described in each study for example, balance,
mobility measured at least once in the study; and (6) com-
parison: standard treatment and/or no intervention.

The exclusion criteria were as follows: (1) articles not rel-
evant for the research area, (2) people without cancer diag-
nosis, (3) absence of exercise intervention, and (4) research
studies or other papers with no original data. Table 1 sum-
marized the PICOST eligibility criteria.

2.3. Data Extraction and Quality Assessment. The reviewers
examined all the papers primarily by reading the titles and
abstracts; then, the eligible articles were selected based on
our PICOST. All potentially eligible studies were retrieved,
after the removal of duplicates, extracted and then reviewed
independently by the five researchers (LD, AM, SM, GB, and
YL) using a scheduled data extraction format. Disagree-
ments regarding the eligibility of the studies were resolved
by discussion among all the authors. The data from the
included studies were extracted by the researchers, following
the standardized rules for studies collection. The details col-
lected comprised: first’s author’s name, year of publication,
country, study design, study population with ages and num-
ber of experimental (EG) and control (CG) groups, type
intensity and frequency of the intervention, outcomes, and
results. Results were described as mean + SD where possible.
The data extraction was based on the methods provided by
the Cochrane Reviewers’ Handbook [25]. Possible diver-
gences were solved by consensus (LB, FM).

We contacted the study’s authors when additional infor-
mation was necessary [26].

The selected studies were assessed for the risk of bias
separately by four researchers (LD, AM, SM, and GB), using
the “Cochrane risk-of-bias tool for randomized trials”
(ROB) [27] and the “STROBE statement checklists for
observational studies” [28]. Any reviewers disagreement,
upon the quality scores, was solved in a schedule meeting
manage by a fifth blind reviewer (YL). The risk of bias eval-
uation was made based on the oxidative stress biomarker
outcomes. This methodological approach was endorsed by
the PRISMA [24].

The Cochrane risk-of-bias tool for RCTs presents seven
categories of bias: (1) how the randomization sequence was
generated, (2) the allocation procedures’ blindness, (3) selec-
tive reporting for reporting bias, (4) blinding of participants
and personal, (5) the outcome evaluation procedures’ blind-
ness, (6) outcome data partially not reported, and “other
bias” category, and (7) evaluated on the possible bias not
reported in the previous domains. These categories are
translated in a high, low, or unclear (when the authors did

not provide enough information about the bias category)
value of risk of bias. The STROBE scale is composed by 22
items divided into three different checklists: cohort study,
cross-sectional, and case report studies [28]. In line with pre-
vious studies [29, 30], we adopted a cut-off for three scores:
0-14 poor quality, 15-25 intermediate qualities, and 26-33
good quality [31].

3. Results

3.1. Study Selection and Characteristics. Overall, 363 articles
were detected through the chosen databases and the hand
search technique (Figure 1). Studies were published from
2011 to 2021; 87 were duplicated, and 260 studies were
excluded in the first step of title and abstract reading. Finally,
we considered 16 records as pertinent, 6 of which were sub-
sequently excluded after full-text reading. The principal rea-
sons for exclusion were linked to the nonmatch our review’s
aim: the effects of exercise interventions on oxidative stress
biomarkers in people with cancer diagnosis. The prevalent
reason of exclusion was due by the mismatch of the adopted
inclusion criteria (people with cancer diagnosis). As shown
in Figure 1, only 10 papers were included in the results.

3.2. Risk of Bias Assessment. On the basis of the descriptive
analysis, we assessed the risk of bias. Experimental studies
were analysed in accordance with the ROB tool for RCT's
(Table 2). A RCT [32] showed an overall “good quality,”
meeting all seven criteria of low risk of bias, the remaining
four were evaluated as “poor quality.” Regarding items #1
and #2, Katsourakis et al. [33] described in detail how they
obtained the random sequence and the allocation process,
while this process was unclear for Karimi and Roshan [34]
and at high risk of bias for both the studies of Repka and
Hayward [35, 36], who adopted a pseudorandomization.
All the studies showed a consistency between expected and
reported outcomes, resulting in an evaluation of low risk of
bias (item #3). Except for Jiang et al. [32], it was unclear
the presence of other possible bias (item #4). There was no
blinding of participants (item #5), but the researcher judged
that the outcome is not likely to be affected by lack of blind-
ing. Considering the blinding of outcome assessment (item
#6), Jiang et al. [32] and Karimi and Roshan [34] described
and applied techniques and methods that ensured the blind-
ness; this aspect was unclear in both studies of Repka and
Hayward [35, 36], while Katsourakis et al. [33] have been
judged at high risk of bias. Finally, Jiang et al. [32] and both
the studies of Repka and Hayward [35, 36] met the criteria
for a low risk of bias in the item #7, while in Katsourakis
et al. [33] and Karimi and Roshan [34], it was unclear.

Observational studies were assessed with the STROBE
checklist. Quasiexperimental studies were considered com-
parable to prospective cohort studies. All the five studies
showed an intermediate quality (Table 2).

3.3. Data Extraction. Table 3 presents the principal data of
the included studies that analysed the effects of exercise on
oxidative stress biomarkers, in people with cancer diagnosis.
The geographic origin of the articles was as follows: USA
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4
TasLE 1: PICOST inclusion and exclusion criteria.
Parameter Inclusion criteria Exclusion criteria
Population People with cancer diagnosis Absence of cancer diagnosis
Intervention Any type of exercise also combined with pharmacological treatment Absence of exercise
Usual treatment
Comparator .
No exercise
Outcome Oxidative stress biomarkers levels, physical performance or other indicators of ~ Oxidative stress biomarkers and exercises
physical fitness not assessed
Stu‘dy Experimental or observational study with original primary data Research studles_o_r other papers with no
design original data
Timin English language Not in English language
& 10-year publication date limit (May 2011) Published before May 2011

Records identified through Additional records identified
o database searching PubMed, through other sources (Hand
.«% Cochrane Library, Embase, search, medRxiv)
e Cinahl, PEDro, SPORTDiscus (n=2+11)
g (n=350)
L
=
— Total records identfied
(n=363)
50
£
=1
i
&
2 Records screened
after duplicates Records excluded
- removed (n=260)
(n=276)
=
3 Full-text articles Full-text articles
éo assessed for excluded for not
eligibility meeting the inclusion
(n=16) criteria
— (n=6)
o o .
g Studies included in
= qualitative synthesis
& (n=10)

Ficure 1: PRISMA flow diagram.

(n=3), Iran (n=1), Ireland (n=1), China (n=1), Greece
(n=1), Italy (n=1), Poland (n=1), and Taiwan (n=1).
Study characteristics were heterogeneous. Within the
included studies, five papers presented an observational
design [37-41], and five studies were RCT [32-36]. The
sample range varied from 12 to 105 people. Ages ranged
from 42-54 to 65-72 years. The length of the intervention
varied from 6 weeks to 7 months, the frequency from 2 to
7 times a week. The type of exercise was heterogenous: aer-
obic training [33, 37, 38], combined exercises [35, 36, 40],
endurance training [41], water-based exercises [34], dragon

boat racing and walking group [39], and Tai-chi prac-
tice [37].

Starting from observational studies results, Jones et al.
[37] conducted a quasiexperimental, pilot, single arm study.
The population was composed of 16 postsurgical non-small-
cell lung cancer patients, with the aim to assess the relation-
ship between an aerobic training of moderate intensity on
urinary markers of oxidative status in this specific popula-
tion. Exercise training comprised three aerobic cycle ergo-
metry weekly sessions for 14 weeks. The intensity
increased every week starting from 60% of peak workload
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TaBLE 2: Quality assessment of RCTs and observational studies.

Authors (year) Study design Tool for assessment Quality
Karimi and Roshan [34] (2012) RCT Cochrane ROB tool Poor

Repka and Hayward [35] (2016) RCT Cochrane ROB tool Poor

Repka and Hayward [36] (2018) RCT Cochrane ROB tool Poor
Katsourakis et al. [33] (2019) RCT Cochrane ROB tool Poor

Jiang et al. [32] (2020) RCT Cochrane ROB tool Good

Jones et al. [37] (2011) Observational STROBE (21/33) intermediate
Guinan et al. [38] (2017) Observational STROBE (18.5/33) intermediate
Tomasello et al. [39] (2015) Observational STROBE (15.5/33) intermediate
Yen et al. [40] (2020) Observational STROBE (18/33) intermediate
Domaszewska et al. [41] (2021) Observational STROBE (16/33) intermediate

in week 1 to 70% in week 14. Interval workouts consisted of
305 at peak workload followed by 60's of active recovery for
10-15 intervals. As biomarkers, the investigators assessed
F2-isoprostanes, iPF (2 alpha)-III, iPF (2 alpha)-VI, 8,12-
iso-iPF (2 alpha)-VI, prostaglandin, 2,3-dinor-iPF (2
alpha)-III, and ametabolite of iPF(2 alpha)-III. An index
composed of all the considered F2-isoprostanes isomers
increased after the intervention, compared to baseline. Con-
cerning individual isomers, iPF (2-alpha)-III, iPF (2-alpha)-
VI, and 8,12-is0-iPF (2 alpha)-VI increased from baseline to
postintervention. No change was detected in 2,3-dinoriPF (2
alpha)-III levels.

Tomasello et al. [39] realized a quasiexperimental study,
investigating the link between physical exercise on the sys-
temic oxidative status (SOS) in 75 women with breast can-
cer. The participants were assigned to one of these groups:
the control group (resting), dragon boat racing group, and
walking group. The walking group consisted in 3-4 hours
per week of walking outdoor; the dragon boat racing group
attended their session twice a week, for 7 months. All partic-
ipants followed a supervised fruit/vegetable-rich diet. The
investigators assessed oxidant and antioxidant biomarkers,
as derivatives of reactive oxygen metabolites (dROMs),
determination of lipid hydroperoxides (LPO), biological
plasmatic antioxidant potential (BAP) test, total plasmatic
thiol groups, SOD activity, and plasmatic glutathione perox-
idase (GPx). As secondary outcomes, Tomasello et al. [39]
evaluated alkaline and neutral comet assay, human umbilical
vein endothelial cell (HUVEC) cultures, isolation of lym-
phocytes, and DNA repair assay. At the baseline, all women
showed high levels of oxidative stress. As major results, exer-
cise kept up the oxidative stress condition, but at the same
time, had a positive effect on the antioxidant parameters of
the SOS, in particular in the participants who have under-
gone to the dragon boat racing intervention. DNA fragmen-
tation, according to the levels of single- and double-strand
breaks, showed values within the normal range in the partic-
ipants involved in exercise intervention.

Guinan et al. [38] realized a quasiexperimental, pilot,
single arm study, including 12 participants with esophageal
cancer. The aim was to verify the impact of a multilevel
rehabilitation intervention on inflammation and oxidative
stress levels. The intervention was an aerobic training for

12 weeks, 5 times per week. The single session was com-
posed by a warm-up phase, a main aerobic activity, and a
cool down phase. Each participant received an individual-
ized dietetic counselling. The assessed biomarkers were as
follows: lactate, 8-epimer of prostaglandin F2a (8-iso-
PGF2«), 4-hydroxynonenal (4-HNE); tumour necrosis fac-
tor- (TNF-) «, interleukin- (IL-) 1, IL-6, IL-8, and 8-
hydroxy-deoxyguanosine (8-OHdG). As major findings,
IL-8 reduced significantly from baseline to follow-up, and
there was a trend towards lower expression patterns of other
inflammatory mediators, even if not significant.

Yen et al. [40] aimed to evaluate if exercise could
improve physical capacity and reduce oxidative stress, in
30 participants with head and neck cancer treating with che-
motherapy. In this noncontrolled study, all participants
received a combined exercise intervention for 8 weeks, 3
days per week with 40 to 45 minutes of training time with
the following structure: 5min warm-up, 30 min of aerobic
exercise and a 5min cool down + TheraBand resistance
exercise, 10-12 repetitions for set, three sets per training.
The intensity was the 60-70% of the maximum heart rate
for the aerobic exercise training; between “somewhat heavy”
and “heavy” of the Rating Perceived Exertion scale for the
resistance exercise. The authors assessed total antioxidant
capacity, malondialdehyde (MDA), carbonyl levels, and 8-
OHAG levels. As reported, exercise training significantly
raised total antioxidant capacity, while plasma concentra-
tions of carbonyl and 8-OHdG diminished after the exercise
session. The levels of malondialdehyde did not change.

Finally, Domaszewska et al. [41] realized a pilot study in
order to deepen the link between an endurance training
intervention and the prooxidative and antioxidant status in
12 women with breast cancer diagnosis, who received a rad-
ical mastectomy. The intervention of this single arm study
lasted 2 months, 3 times per week, with a 1 hour of training
time with a cycle ergometer. Each session was composed by
5min of warm-up, 30-45min of the proper part, 5min of
warm-down, and 15min of stretching and breathing exer-
cises; the adopted intensity was the 50-60% heart rate max-
imal for the warm-up phase. Exercise loads were
individualized based on ergospirometric test. The investiga-
tors evaluated the levels of some indicators related to oxida-
tive stress including total phenolics, ferric reducing ability of
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plasma (FRAP), thiobarbituric acid reactive substances
(TBARS), and urea, alongside hematological parameters
(erythrocytes, hematocrit, hemoglobin, leukocytes, neutro-
phils, lymphocytes, monocytes, total proteins, and albu-
mins). This type of intervention did not cause a worsening
of oxidative stress in women treated for breast cancer. Ana-
lysing included RCT studies, in Karimi and Roshan [34],
forty women with breast cancer were assigned into four dif-
ferent groups: the placebo, water-based exercise, ginger sup-
plement, and water-based exercise+ginger supplement
groups. The water-based exercise consisted in 10min
warm-up, 20-60 min of water aerobic exercise, and finished
with 10 min cool down. This exercise program was sched-
uled with 4 sessions per week for 6 weeks in total. The eval-
uated biomarkers were adiponectin, GPx, nitric oxide (NO),
and MDA. At the end of the 6 weeks, people who has under-
gone the water-based exercise showed an improvement of
adiponectin, NO and GPx and a reduction in MDA levels.

In Repka and Hayward [35], the investigators aimed to
assess the effect of an exercise on muscular strength, cardio-
respiratory fitness, and oxidative stress biomarkers in 8 can-
cer survivors compared with a group of 7 nonexercising
cancer patients and a group of 8 age-matched individuals
without cancer history. The exercise cancer group attended
a 10-week combined exercise program, one hour, 3 days
per week. Each session was composed of 5min of warm-
up, 20 min of aerobic exercise, 25 min of resistance training,
and 10 min of flexibility and balance training. The intensity
was established from 40% to 60% of heart rate reserve and
a rating of perceived exertion 4 to 5. No specific diet was pre-
scribed. Trolox-equivalent antioxidant capacity (TEAC),
protein carbonyls, and 8-OHdG were assessed. The exercise
cancer group showed a significant improvement in antioxi-
dant capacity and a decrease in protein carbonyls at the
end of the intervention whereas the nonexercise cancer
group did not. No significant within-group changes in 8-
OHAG occurred. In 2018, in further investigations within
the same study, Repka and Hayward [36] evaluated the effect
of their intervention on cancer-related fatigue and the possi-
ble relationship with the oxidative stress biomarkers, finding
similar results in the same parameters.

Katsourakis et al. [33] focused on evaluating if exercise
has any benefit on oxidative stress and glucose levels in 54
patients who undergone a radical pancreatic tumour resec-
tion. The intervention group started the training 4 weeks
after surgery; this involved 30 min on a bicycle (60% of max-
imum heart rate) 3 times per week for 12 weeks. The control
group did not exercise. The authors assessed uric acid levels,
glycosylated haemoglobulin, albumin, and blood glucose pre
and post the intervention. The results showed the positive
effects of aerobic exercise on glycaemic control, while no
change was observed on uric acid, an oxidative stress
parameter.

Finally, Jiang et al. [32] evaluated the possible effects of a
Tai-Chi intervention on blood oxygen level, and the antiox-
idant and anti-inflammatory activities, in 100 patients with
lung cancer. A simplified 24-posture Yang Tai-Chi was
taught by specialized instructors in hospital, i.e., specialized
nurses. Tai-Chi was conducted in class, early in the morning,
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for 60 min divided in 10 min warm-up, 40 min practice, and
10min cool down) for three months. Jiang et al. assessed
serum oxidative parameters, such as total oxidant status
(TOS), total antioxidant status (TAS), and the oxidative
stress index (OSI); the authors also evaluated some biochem-
ical indexes in serum, such as MDA, SOD, cCAT, and GPx.
The results suggest that Tai-Chi exercise improves antioxi-
dant properties in lung cancer patients. After three months,
OSI and TOS levels were lower if compared to the control
group, while TAS showed higher levels. Tai-Chi also
increased the levels of antioxidant markers SOD, CAT, and
GPx and reduced the levels of MDA.

4. Discussion

Our review systematically analysed ten articles investigating
the exercise’s effect on oxidative stress biomarkers in adult
patients with cancer. In agreement with the evidence out-
lined in the introduction, three studies [32, 34, 39] have
shown the positive effect of exercise on antioxidant enzymes.
Karimi and Roshan [34] demonstrated that water-based
exercise increased GPx activities in breast cancer patients.
Tomasello et al. [39] have also shown that dragon boat rac-
ing’s exercise significantly raised the levels of GPx and SOD
in breast cancer. Jiang et al. [32] observed that Tai-Chi
enhanced the blood levels of SOD, CAT, and GPx in lung
cancer patients.

It is well known that a rapid and high level of ROS
enhances the oxidative damage on DNA that can promote
the initiation and progression of cancer [12, 15]. Interest-
ingly, there is evidence that DNA damage promptly arises
in white blood cells after an acute endurance exercise train-
ing and the DNA damage persist for up 24 h. However, after
some postexercise days, the exercise-induced DNA damage
is no longer measurable [42]. This biological effect can be
due to the effect of exercise in inducing upregulation of
DNA repair mechanisms, and it corroborates the concept
that exercise causes an adaptive response [6, 42]. 8-OHdAG
is one of most frequent oxidative DNA lesions that can be
observed in various types of cancer [15]. Among the articles
meeting the inclusion criteria, only three [36, 38, 40] evaluated
the 8-OHdG as biomarker of oxidative stress. Interestingly,
Yen et al. [40] found that combined exercise intervention for
8 weeks significantly decreased the 8-OHAG level in people
affected by head and neck cancer. In Repka and Hayward’s
[36] study, a reduction of 8-OHdAG level was observed in
breast cancer patients after a combined exercise intervention,
yet the comparison with the other two study samples is not
clear and the results do not allow an exhaustive conclusion.
Unfortunately, in the study by Guinan et al. [38], some techni-
cal detection problems precluded the fulfilment of the 8-
OHAG analysis after exercise. Based on these findings, it is dif-
ficult to assess the ability of the exercise intervention to coun-
teract oxidative DNA damage in cancer patients.

To date, different categories of oxidative stress biomark-
ers are available for assessing the biological effects of exercise
in humans [43]. The direct measurement of ROS in the tis-
sue or body fluid is difficult to perform because they are gen-
erally too reactive and have a half-life too short [44].
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Therefore, to assess the oxidative stress, it is more suitable to
investigate the oxidation target products, such as nucleic
acid, protein, and lipid or to evaluate the levels of endoge-
nous antioxidants [43]. The most common antioxidant bio-
markers include enzymatic antioxidants (CAT, SOD, and
GPx), nonenzymatic antioxidants (e.g., GSH and uric acid),
and total antioxidant capacity (e.g., TAC) [43]. In this con-
test, the set of results evaluated in this review gives an
encouraging picture of the exercises’ benefit in people with
cancer. In most studies, the exercise administered to cancer
patients improved the indicators of the total antioxidant
capacity, enhanced the activity of antioxidant enzymes, or
reduced the levels of biomarkers linked to oxidative damage
such as MDA and 8-OHdG. Moreover, in our review, the
effect of exercise on oxidative stress biomarkers was
observed in different types of cancer (lung, breast, head/
neck, pancreatic, and oesophageal cancer), and among these,
breast and lung cancer are worldwide the most diagnosed
[45]. However, the variety of biomarkers found to measure
oxidative stress levels (see Table 3) calls for thinking. The
heterogeneity of study design hampers the comparison
among the articles analysed in this review and limits the
ability to draw an exhaustive conclusion on the efficacy of
exercise in cancer treatment strategies. This is also in agree-
ment with a previous study indicating that measured oxida-
tive status is variable and sensitive to significant
experimental approach differences between research groups
[13]. Further research to assess which oxidative stress bio-
markers can allow the most valid and reliable measure of
change linked to exercise in cancer patients is necessary to
broaden outcome integration and to expand the knowledge
on this topic of great interest to health care.

Currently, the treatment of cancer is multimodal and
includes also PA which is considered a low-cost, safe, and
effective strategy [3]. The frequency, intensity, time, and
type (FITT) combined to produce total dosage of exercise
prescription over a defined period (e.g., weeks or months)
and the variation of dosage in the follow-up or within treat-
ment cycles may stimulate greater physiological adaptation
also reducing the risk of harm associated to over-training
[3]. In the last decades, the scientific community deeply
debated the issue if exercise-induced ROS production is a
benefit or a disadvantage to health [6]. In connection, a
recent study showed that practicing an exercise training reg-
ularly does not induce chronic oxidative stress in the
involved muscles [23]. Accordingly, different types of exer-
cise in terms of FITT can influence the levels of oxidative
stress biomarkers. In the ten studies systematically evalu-
ated, a miscellaneous of exercise interventions were applied
in study population affect by different types of cancer. We
found differences regarding the FITT of the exercise admin-
istered to patients. Combined exercise intervention, includ-
ing resistance training and aerobic activities, improved the
antioxidant status and the profile of the oxidative stress bio-
marker investigated. The positive influence on oxidative
stress level was observed for various types of cancer includ-
ing breast [34-36, 39, 41], lung [32], pancreatic [33], and
head and neck [40]. These findings are promising and sup-
port the concept that a combined exercise program, includ-

Oxidative Medicine and Cellular Longevity

ing aerobic and resistance training, should be enclosed in a
cancer patient’s exercise prescription. Moreover, a combined
exercise intervention can well contribute to counter the oxi-
dative damage that arises in the cancer process.

During our investigation about how specific exercise
programs can influence the antioxidant status of cancer
patients, some issues were identified. One of the limitations
of this study is the small number of articles meeting the
inclusion criteria and the reduced sample range of the
patients enrolled. Additionally, the different study designs
(RTC and quasiexperimental study single arm) have
restricted the comparison among the selected articles.
Finally, the measurement of different biomarkers to evaluate
the type of oxidative stress damage or antioxidant capacity
of cancer patients has limited the investigators™ ability to
fully address the study aim.

Despite the limitations observed in the available litera-
ture, to our knowledge, this systematic review is the first that
have investigated the effects of exercise on oxidative stress
biomarkers in various types of cancer. Our findings provide
a critical overview of the existing scientific evidence on this
topic and point out the need for future studies on this issue.

5. Conclusion and Perspectives

Novel approaches need to be evaluated to enhance the prog-
nosis and the quality of life in people with cancer. Our find-
ings indicate that, in the included studies, a miscellaneous of
exercise interventions were investigated in terms of FITT of
the exercise administered to patients. In this review, we
showed that combined exercise intervention with aerobic
activities and resistance training can induce positive effects
on some oxidative stress biomarkers and enhance the anti-
oxidant status of patients with different oncological diseases
such as breast, lung, head and neck, or pancreatic cancer.
However, further well-designed high-quality clinical studies
focused on different types of cancer are needed to identify
a set of suitable biomarkers able to check the physiological
impact of the exercise on the antioxidant defences of onco-
logical patients. In connection, the availability of well-
established oxidative stress biomarkers is crucial to analyse
the efficacy and safety of FITT exercise in thr cancer control
approach. Despite our systematic literature search, the find-
ings on the ability of the exercise to counter oxidative DNA
damage in cancer patients are limited and preclude a full
conclusion. Since the DNA damage has a pivotal role in can-
cer development and progression, future studies are strongly
recommended to evaluate the decrease of genetic damage
induced by exercise in cancer patients.

Overall, oxidative stress biomarkers allow a detailed
understanding inside the mechanistic effects of exercise ben-
efit in cancer patients. This promising approach can expand
the knowledge on the molecular effects on cancer outcomes
that different frequencies, intensities, and types of exercise
can induce. Admittedly, this information is important to
prescribe an appropriate exercise intervention in anticancer
strategy. Besides, the identification of tailored and effective
exercises based on the diagnosis and prognosis of individual
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patients will offer new perspective for integrated therapy in
oncology.
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A large proportion of chronic diseases can be derived from a sedentary lifestyle. Raising physical activity awareness is
indispensable, as lack of exercise is the fourth most common cause of death worldwide. Animal models in different research
fields serve as important tools in the study of acute or chronic noncommunicable disorders. With the help of animal-based
exercise research, exercise-mediated complex antioxidant and inflammatory pathways can be explored, which knowledge can
be transferred to human studies. Whereas sustained physical activity has an enormous number of beneficial effects on many
organ systems, these animal models are easily applicable in several research areas. This review is aimed at providing an overall
picture of scientific research studies using animal models with a focus on different training modalities. Without wishing to be

exhaustive, the most commonly used forms of exercise are presented.

1. Introduction

Sport can be thought of as a therapeutic tool or a prevention
strategy for different disorders. It is beginning to be learned
that physical exercise exerts its effects via extensive molecu-
lar pathways by which it maintains and improves the quality
of life. It is well known that regularly maintained training
has several beneficial effects on overall health, from cells to
whole organ systems [1]. Nonetheless, physical inactivity
entails numerous health issues from systemic inflammation
to hormonal dysfunctions which raises the risk of wide-
ranging noncommunicable diseases, such as type II diabetes,
metabolic syndrome, cardiovascular and neurodegenerative

disorders, and even cancer [2-5]. Over and above, sedentary
lifestyle-related redox disturbance further aggravates preex-
isting pathological processes [6]. The main purpose of
training-related research studies has been targeted on the
health benefits of exercise to be able to prevent and treat
these conditions. Comprehending the underpinning
systemic changes provoked by exercise helps us to develop
more efficient treatment methods and prevention strategies
against widespread diseases. With the help of animal models,
it is possible to study the most complex effects of exercise at
all levels of organization. The appropriate animal species
and the duration, frequency, and intensity of the training
should be chosen according to the purpose of the study
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[7]. The most common types of exercise used in animal
experiments are voluntary wheel running, forced wheel run-
ning, treadmill running, swimming, and resistance training
[8, 9]. Aerobic exercise modalities are suitable for almost
every noncommunicable disorder-related research area,
while anaerobic training modalities are applicable in a much
narrower field of research, including muscle formation stud-
ies [8-11]. In this review, we discuss the far-reaching bene-
fits of physical exercise and its interpretation in different
animal models. Our aim is to provide a comprehensive
picture of the different exercise modalities used with rodents
and their far-reaching effects on organ systems affecting the
most researched noncommunicable diseases.

2. Beneficial Effects of Exercise on Different
Organ Systems

2.1. Bones and Skeletal Muscle. Exercise has major effects on
body composition. It is well established that physical activity
improves bone properties such as bone quality or density.
Consequently, it lowers the risk of osteoporosis. Osteoporo-
sis is a condition characterized by low bone mass and bone
fragility and mainly occurs among elderly people and post-
menopausal women as a result of hormonal changes [12].
Exercise is considered to be the best nonpharmacologic
approach in preventing osteoporosis; recent studies dis-
cussed that long-term exercise is able to increase bone
strength and formation; therefore, it is effective in improving
bone quality [13, 14].

Along with bones, exercise is able to increase muscle
strength and improve balance and coordination. The most
noticeable effect of long-term exercise, especially resistance
training, is the increase of muscle mass. This process affects
the basal metabolic rate and body composition in a favorable
way. Besides, physical activity is proved to be promising in
the regeneration and rejuvenation of muscle stem cells
[15]. Exercise is also effective in age-related muscle atrophy,
called sarcopenia. A recent work of White et al. supported
the fact that long-term voluntary exercise can prevent sarco-
penia in the hindlimb muscles in female and male rats as
well [16]. Taken together, these results indicate that regular
exercise has many beneficial effects on skeletal muscle func-
tion, regeneration, and bone quality at any age.

2.2. Metabolic Health. In the absence of exercise as a result of
chronic positive energy balance, weight gain occurs. In this
pathological condition, an increase in the number and size
of adipocytes is observed, which leads to the disruption of
leptin signaling and eventually to chronic inflammation
[17]. On the contrary, exercise promotes metabolic health
by decreasing body weight along with the amount of circu-
lating lipids and the concentration of leptin and positively
affects glucose tolerance and insulin sensitivity [18, 19].
Studies have shown that regular exercise significantly
improved glucose homeostasis in diabetic and prediabetic
status [20]. Moreover, regular exercise is efficient enough
to reduce plasma leptin and insulin levels in hormone defi-
ciency as well; thus, it plays an important part in the
improvement of pathophysiological changes in connection
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with metabolic syndrome [21, 22]. Furthermore, exercise is
able to increase the expression of glucose transporter 4 and
contributed to balanced glucose homeostasis and insulin
sensitivity in rats [23]. Hence, regular exercise is able to
reduce the risk for metabolic disorders and the resulting
cardiovascular complications.

2.3. Cardiovascular System. Physical exercise has far-
reaching cardiovascular effects as well. Studies have shown
that sustained physical activity lowers the individual’s rest-
ing heart rate and blood pressure while it increases physio-
logical cardiac hypertrophy [24, 25]. Exercise affects the
cardiovascular system in different ways; it modulates numer-
ous signaling pathways and improves oxygen delivery
throughout the body via angiogenesis and vasodilation
[26]. Nitrogen monoxide (NO) production in the endothe-
lium rises significantly as a result of training and causes a
well-known vasodilating phenomenon [27]. By enhancing
nitrogen monoxide synthase activity, exercise has an undeni-
able role in the maintenance of normal blood pressure and
in the treatment of hypertension [28]. Besides vasodilata-
tion, NO has anti-inflammatory and platelet inhibitory
effects as well, thereby contributing to the mitigation of ath-
erosclerotic risk [29]. Additionally, exercise influences blood
vessel morphology by extending the capillary network in the
cardiovascular system. In a recent study of ours, we proved
that a 12-week-long voluntary exercise was an effective ther-
apeutic tool to improve cardiac function in aged rats; we
clarified the exercise-moderated genetic modifications that
contributed to the functional improvement of the heart
[30]. Exercise can serve as a therapeutic tool after myocar-
dial infarction (MI) as well; recent studies supported that
after a postmyocardial injury, recreational exercise was able
to improve cardiac health and antioxidant status [31, 32].

2.4. Nervous System. Numerous studies demonstrated the
effects of physical activity on mental health, cognitive pro-
cesses, and brain activity [33-35]. It is clarified that exercise
affects several complex mechanisms including cerebral
perfusion, neurogenesis, and synaptic plasticity [36, 37].
The findings of Kleemeyer et al. discussed that 6 months of
exercise is associated with a hippocampal neuron density
increase [38], while the work of Ruscheweyh et al. discov-
ered a significant augmentation of the gray and white matter
as a result of aerobic training [39]. Interestingly, encourag-
ing results were obtained not only in young rats but also in
older animals (19-month-old rodents). Scientists found that
1.5 months of voluntary exercise elevated gliogenesis by 20%
and reverted age-related decline in neurogenesis by 50%
[40]. Trophic factors such as the brain-derived trophic factor
(BDNF) and vascular endothelial growth factor (VEGF)
greatly support the cognition in young and older individuals
as well. Several studies verified that running exercise at any
age increased the expression of BDNF and VEGF in the
hippocampus, which the phenomenon was correlated with
the improvement of spatial learning and memory [41, 42].
In addition, exercise has been recommended as one of the
best lifestyle interventions against neurodegenerative
diseases (e.g., Alzheimer’s disease, Parkinson’s disease)
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[43]. It is well established that exercise has a crucial role in
the protection of neurons, but recent results have also sug-
gested that it is promising in the prevention of amyloid-f
and tau protein plaque formation [44, 45]. According to
recent studies, swimming, voluntary wheel running, and
treadmill exercise have also proven to treat neuropathic pain
in a mouse model [46, 47]. In addition, regular exercise is
well known to trigger the release of serotonin and dopamine,
which neurotransmitters help to overcome the symptoms of
depression and anxiety [48].

2.5. Antioxidant and Anti-Inflammatory Effects of Exercise.
A number of studies have shown that besides many favor-
able effects on different organ system functions (e.g., cardio-
vascular or metabolic), physical exercise is able to decrease
proinflammatory markers and improve antioxidant status
systemically [49-51]. Regular exercise mitigates reactive
oxygen species-mediated cell damage by boosting antioxi-
dant functions and reducing C-reactive protein, interleu-
kin-6, and tumor necrosis factor-alpha (TNF-«a) levels [52,
53]. Furthermore, it is proved to reduce reactive oxygen spe-
cies (ROS) production; therefore, it plays a key role in the
maintenance of redox balance [54]. Regular training leads
to the adaptation of the antioxidant capacity and protects
the cells against adverse oxidative processes [55]. Sustained
exercise has been demonstrated to be essential not only in
the elimination of oxidative stress but also in the prevention
of the abovementioned complex disorders, such as type II
diabetes, metabolic syndrome, and cardiovascular and even
neurodegenerative diseases [56]. Numerous animal studies
also demonstrated the antioxidant effects of physical exercise
by the enhancement of several enzymatic pathways includ-
ing glutathione (GSH) and the heme oxygenase (HO) system
[57, 58]. Szabo et al. supported that 12 weeks of sustained
training is an efficient method to enhance the antioxidant
GSH and nitrotyrosine-3 levels as well [59]. Moreover, in a
hormone-depleted rat model, 6 weeks of physical exercise
was proved to be a key process in the amelioration of antiox-
idant status by enhancing the HO enzyme system [31].
Besides GSH and HO, superoxide dismutase (SOD) is also
considered to be a first-line defense participant against
oxidative stress. According to animal studies, a significant
elevation can be observed in the production of SOD as a
result of recreational training [60, 61]. Proinflammatory
markers (e.g., myeloperoxidase (MPO), TNF-«, and IL-6)
are the main contributors of ROS generation and conse-
quently oxidative stress. Exercise, however, has also been
shown to be effective in the reduction of these well-
known inflammatory factors. Several studies showed that
increased physical activity resulted in diminishing inflam-
matory processes [49, 62, 63]. It is clarified that 6-week-
long voluntary exercise is effective enough to reduce
MPO activity and the level of TNF-a in hormone-
depleted rats [64]. It can therefore be concluded that exer-
cise represents a potent anti-inflammatory and antioxidant
strategy in healthy individuals and under pathological
conditions as well. It participates in reducing the risk of
morbidity and mortality through its direct and positive
impacts on human health.

2.6. Cancer Prevention. Studies provide numerous evidence
that physical activity reduces the risk of at least a dozen can-
cer types, including breast, colon, prostate, or lung cancer
[65]. In different chemical-induced or genetic tumor models,
all of the training modalities mentioned in this review have
been shown to be effective in reducing tumor growth or
metastasis [66, 67]. However, the underlying mechanisms
of this wide-ranging protection are not yet totally clarified,
but the possible mediators are inflammation-, antioxidant-,
and immune cell-related [68]. During physical activity, a sig-
nificant increase in muscle-derived myokines and intensified
mobilization of immune cells can be observed in the plasma.
While myokines have antiproliferative effects, immune cells
can be the most powerful components in the fight against
cancer [69, 70]. Pedersen et al. found a marked decrease in
tumor incidence and growth as a result of voluntary wheel
running in 5 different tumor types. They clarified that natu-
ral killer cells have a predominant role in this type of control
of tumor growth; with the induction of stimulatory cyto-
kines, enhancement of NK cell-related activated receptors,
and their intensified mobilization, they have a major role
in the training-related control of tumor growth [71].
Moreira et al. revealed that even a short-term voluntary
exercise decreased tumor growth and metastatic processes
in a tumor-bearing rat model [72]. A promising observation
was made by Hagar et al. as well that 8 weeks of training
enhanced antitumor immune processes, thus suppressing
tumor growth in mice [73]. Furthermore, aerobic exercise
resulted in enhanced tumor cell apoptosis, decreased tumor
weight, and diminished cell proliferation in a tumor-
bearing rat model compared to sedentary animals [74].
Physical activity has an unquestionable role in the primary
prevention of cancerous processes; however, it is also
extremely important in terms of health promotion after
the diagnosis. With the help of exercise, aerobic capacity
and muscle strength increase, while disease-free survival
may extend [75].

3. Characteristics of Animal Exercise Protocols

Animal models are essential in basic research including
every research field; thereby, choosing a well-designed exer-
cise protocol for the appropriate experiments is fundamen-
tal. Before initiating any exercise study, the most important
step is the proper selection of the animal model, as the objec-
tives of exercise-related research studies may be different.
For exercise training, rodents (rats and mice) are the most
commonly used animals due to their many advantages.
Rodents are the most affordable species for animal studies,
thanks to their low breeding cost. They have high fertility
and a relatively short gestational period with many offspring.
Another advantage of using rodents is that they require
comparatively small living space, and the experimental
apparatus designed for mice or rats are also easily accessible
[76]. Additionally, the capability of choosing genetically
modified strains designed for specific diseases has also
popularized these species in every research field. Despite
the several advantages of rodents in animal research, few
limitations are present in their application. In most animal



studies, including exercise research, gender differences may
interfere with the results and make it difficult to generalize
data for both sexes, and although human and rodent genes
are largely similar, the small but more important differences
in the details (e.g., receptors) make rodents unsuitable for
some research areas. Considering all aspects, after choosing
the applicable animal model, we must consider the elemen-
tary factors of exercise. Physical activity can be characterized
according to its intensity, duration, modality, and frequency
[7, 77] (Figure 1).

Within the intensity of the training, we can distinguish
between the low- and high-intensity physical activities; in
terms of modality, we can differentiate between dynamic
training and static training. According to the duration, exer-
cise can be divided into short- or long-term exercise, while
the frequency of training can also be further subdivided into
several groups according to the goal of the study [8]. Exer-
cise must meet different criteria according to the purpose
of the research. As exercise research studies are designed
for assessing the impact of physical activity on several organ
systems, it is crucial to optimize the exercise protocol
according to the goal of the study. Furthermore, for the
successful outcome, exercise training must consist of several
fundamental phases including regeneration time. At the
beginning of the study (Phase I), animals should be familiar-
ized with the applied training in order to prevent any inju-
ries or exercise-induced stress. In this phase, adaptation to
the environment as well as acquaintance with new forms of
movement (e.g., swimming or running) takes place. Then,
the planned training with the appropriate intensity, modal-
ity, and duration is performed (Phase II). Last but not least,
in the case of a daily exercise period, resting time is also nec-
essary for the animals (Phase III) in order to restore physical
energy after training [8]. These previously described factors
fundamentally determine the outcome of the experiment;
thus, their understanding and accurate application are
essential for adaptation to human physiology. In the follow-
ing, we summarize the most often used aerobic and anaero-
bic training models with their possible areas of application.

4. Aerobic Exercise Models

The most commonly used aerobic exercise models in differ-
ent research fields are voluntary wheel running, forced wheel
running, swimming, and treadmill running (Table 1). The
aim of these studies can be twofold: to determine the role
of sport in disease prevention or to allocate its wide-
ranging effects on preexisting disorders.

4.1. Wheel Running. Voluntary wheel running is a form of
exercise where animals have free access to a metal wheel
for the whole training time. The running wheel is usually
built into the cages of the animals; therefore, they can use
the apparatus according to their needs at a lower intensity,
any time of the day for any length of time [76]. Running
wheels are suitable for smaller rodents (e.g., mice or rats)
and are nowadays often equipped with an activity tracking
device, which allows the scientist to track down the running
distance of the animals. This recreational training is the
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most stress-free modality of exercise; thus, it is suitable for
aging studies and also in conditions where it is important
to avoid strenuous exercise [30]. As for the duration of the
experiment, voluntary wheel running is applicable for short-
and long-term interventions as well. Due to its voluntary,
nonstrenuous nature, it is often used for cardiovascular
and metabolic studies, but it is suitable for almost every
research area [78-80]. Long-term voluntary wheel running
is considered to be protective against cardiac injury [81]
and an effective tool to enhance antioxidant mechanisms
[82]. According to Cunha et al.,, 3-week-long wheel running
improved overall antioxidant status in mice [83]. Addition-
ally, 12 weeks of wheel running exercise exerted its positive
influence on lipid metabolism by resulting in a significant
decrease in the level of plasma triglyceride and leptin [21].
Along with metabolic effects, long-term voluntary wheel
running favorably affected bone properties as well in young
mice [84]. Voluntary wheel running was also a convenient
exercise protocol in neurodegenerative disorders, as it effec-
tively mitigated impaired spatial memory and neuropatho-
logical changes in aging rats through complex biochemical
processes [85]. This type of aerobic exercise is also a popular
therapeutic approach to tumor prevention and treatment in
cancer research [86].

A very similar form of movement to voluntary wheel
running is forced wheel running. Forced wheel running dif-
fers from the previously mentioned form of wheel running
in that its wheel is centrally motorized. This automatically
rotating wheel is connected to a specific software program,
which allows the scientist to adjust training intensity
throughout the running from low to intermediate levels.
This training modality offers better control of exercise
parameters compared to voluntary wheel running. Forced
wheel running is suitable for short-term and long-term
interventions as well, depending on the purpose of the study.
Similar to voluntary wheel running, this type of exercise is
applicable in many areas of research.

4.2. Treadmill Running. Treadmill running is considered to
be a forced training model, usually applied with smaller
rodents or dogs. Unlike voluntary wheel running, during
this exercise, animals are removed from their cages and
forced to run on a treadmill. Scientists can change several
parameters according to the goal of the study; it allows them
to perform moderate- or high-intensity training by adjusting
speed, duration, or inclination [76]. Treadmill running is a
widely used exercise modality, especially in cardiovascular
or metabolic research studies. It has been proved that high-
intensity treadmill training is an efficient method to reduce
cardiovascular risk factors. Haram et al. confirmed that it
was able to decrease blood pressure and improve endothelial
function and different metabolic parameters as well [87]. It
was also reported that high-intensity exercise stimulated
mitochondrial biogenesis, thereby contributing to cardiac
improvements [88]. Furthermore, this kind of exercise is
an applicable method to recreate exercise-induced physio-
logical cardiac hypertrophy. Kemi et al. proved that 4 weeks
of intensity-controlled treadmill running caused elevated
ventricular weights and normalized the structure and
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Moderate Duration 02
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wheel
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Treadmill
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Exercise

Swimming

FiGure 1: Fundamental elements of the exercise protocol. Intensity, duration, frequency, and modality are the four key components of an
exercise protocol. Further variants of these subgroups can be used to refine the form of training.

TaBLE 1: Detailed summary of different exercise modalities (advantages, disadvantages, and areas of application).

Type of exercise Most common research areas Advantage Disadvantage
Aerobic
Uncontrollable
Voluntary wheel Aging, cardiovascular research, behavioral research, cancer research, (intensity,
runnin Y metabolic research, stroke, liver and kidney disease, bone and muscle Nonstressful duration)
J physiology, memory Possible paw
injuries
Aging, cardiovascular research, behavioral research, cancer research, Stressful

Forced wheel Controllable (intensity,

metabolic research, stroke, liver and kidney disease, bone and muscle Possible paw

running physiology, memory duration, frequency) injuries
Stressful
Treadmill Cardiovascular research, behavioral research, cancer, metabolic research, Controllable (intensity, Po§S{b1e. baw
. . : . . . injuries
running stroke, liver and kidney disease, bone and muscle physiology, memory  duration, frequency) Expensive
apparatus
Aging, cardiovascular research, behavioral research, cancer, metabolic No paw injuries
Swimming research, stroke, liver and kidney disease, bone and muscle physiology, Less expensive Stressful
memory, spinal cord injury apparatus
Anaerobic (resistance)
. . e Long
o Memory, behavioral research With familiarization, it g O
Ladder climbing . familiarization
Muscle hypertrophy model is less stressful
process
Similar to human St;flsifiillsto
Weight lifting Muscle hypertrophy model training Special equipment
Quantitative .
is needed
Electric Controlled muscle Anesthesia
. . Muscle hypertrophy model . . Surgery
stimulation of the L stimulation s
Muscle injury Artificial muscle

muscles Quantitative

contraction




function of the heart in female and male mice [89]. The
work of Kim and Hwang discussed that a short-term (3
weeks) treadmill training was able to improve oxidative
parameters in rats with cardiomyopathy [90], while the work
of Cechetti et al. demonstrated that a moderate-intensity
treadmill training mitigated oxidative damage in the rat
hippocampus, therefore contributing to cognitive improve-
ments [91]. According to the results of Wu et al.,, 9 weeks
of treadmill exercise has beneficial effects against
depression-like behavior in rats [92]. In addition, 3 weeks
of forced running has also been shown to be beneficial in
doxorubicin-induced liver disease through the normaliza-
tion of oxidative stress markers [93]. Treadmill running is
an often-applied exercise modality in cardiovascular
therapy-connected research studies; however, conditions
occurring during this kind of exercise are generally stressful,
which circumstances may interfere with the experimental
results, and for that reason, it is not recommended in aging
studies. In addition to these areas of use, this type of training
at different intensities is able to change the microstructure of
the bones, according to Liu et al. [94]. Treadmill running is
effective in a hormone-depleted female rat model as well, as
its long-term application significantly increased bone mass
and strength in young and adult rats [95].

4.3. Swimming. Similar to treadmill running, swimming is
also a forced training model. This exercise modality obvi-
ously requires a simple swimming apparatus (e.g., a tank),
which has to be large enough for the training. It is filled with
30-32°C water, the depth of which must be appropriate to
the size of the animal [76]. In order to minimize the
water-induced stress response, animals must be familiarized
with the environment before the experiment. Unlike in the
case of running exercises, here, sedentary control animals
should also be placed in shallow water in order to exclude
the stressful effects of water [96]. In this type of exercise,
both the duration and the frequency can be adjusted accord-
ing to the purpose of the experiment. Based on these factors,
we can distinguish between the moderate- and strenuous-
intensity exercises. Moderate training means 1 hour/day, 5
days/week for 8 weeks, while strenuous exercise requires an
increasing duration of the sessions, finally reaching a 2.5-
hour-long training period/day for also 8 weeks [97]. Further-
more, the swimming procedure can be used as an aerobic
exercise with or without an attached weight workload [98].
Swimming with extra weight allows us to study the cardio-
vascular effects of an exhaustive, strenuous exercise. Olah
et al. proved that a 3-hour-long swimming exercise with an
extra 5% body weight attached to the animal resulted in ele-
vated plasma troponin T and creatine kinase. Furthermore,
they demonstrated that this kind of exhaustive training
caused elevated apoptotic signaling and matrix metallopro-
tease dysregulation in the heart [99].

Moderate-intensity swimming, however, is a suitable
exercise protocol to study physiological hypertrophy, similar
to treadmill running. The findings of Evangelista et al.
demonstrated that 90 min of swimming twice a day, 5 days
a week for a 4-week-long period, induced physiological
hypertrophy in mice and contributed to normalized heart
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function [100]. Besides cardiovascular effects, moderate-
intensity swimming was proved to be efficient in complex
metabolic mechanisms. Moustafa and Arisha clarified the
beneficial changes of swimming exercise in terms of
metabolic alterations [101]. Short-term swimming could be
effective by decreasing blood glucose levels and improving
insulin-connected pathways in diabetic rats [102]. Besides
metabolic influence, swimming exerts anti-inflammatory
effects by reducing proinflammatory cytokines in diabetic
rats according to de Lemos et al. [103]. It has also been
proven that 8 weeks of swimming training successfully mit-
igated the oxidative damage of the brain and increased its
antioxidant status as well [104]. Similarly, Stone et al. found
that moderate-intensity swimming was able to upregulate
the expression of GSH, SOD, and catalase enzymes, thus
ameliorating the antioxidant properties of the hippocampus
[105]. According to the latest findings of Alomari et al.,
short-term swimming resulted in a significant improvement
in short- and long-term memories in rats [106]. In this con-
text, Park et al. proved that swimming ameliorated memory
defects and psychological disorders by increasing serotonin
expression and neurogenesis [107]. The areas of application
of swimming extend to the osteoskeletal system as well, as
clear results were obtained by Hart et al., who proved that
12-week-long swimming training was effective in the
improvement of bone density, structure, and formation in
a hormone-depleted female rat model [108].

5. Resistance (Anaerobic) Training

Resistance training is an exercise modality designed to
enhance muscular strength, power, or physical capacity. In
this type of training, external assistance (e.g., electric stimuli,
surgery, and specific equipment) is essential to provoke the
animals to perform the exercise. Resistance training is usu-
ally used for studies in connection with cognitive function
and muscle hypertrophy or atrophy [11, 109].

5.1. Ladder Climbing. In this type of resistance training, rats
are trained to climb a ladder with a load apparatus stabilized
to their tail. To perform ladder climbing, no noxious stimuli
or motivators are necessarily needed; thus, it can be consid-
ered a voluntary exercise. Animals need to be progressively
familiarized and trained with climbing the specially designed
ladder before the experiment. The intensity of this exercise is
defined by how many climbing repetitions are performed
during one training phase. It can be applied as a short-
term or long-term exercise model as well. Due to the
increased muscle workload, in this type of exercise modality,
significant muscle hypertrophy is obtained [110]. Jung et al.
clarified that 8 weeks of ladder climbing upregulated the
muscle hypertrophy-related myokines in young and adult
rats [111]. In addition to muscle hypertrophy, ladder models
are increasingly used for studies involving the central
nervous system. In this context, according to the results of
Cassilhas et al, 8 weeks of ladder climbing exercise
improved hippocampus-dependent memory tasks in rats
[10]. It also increases cell proliferation and the expression
of antiapoptotic proteins in the hippocampus [112].
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5.2. Weight Lifting. Unlike humans, rodents can perform
weight lifting by standing upright and lengthening their
hindlimbs. In a specific squat training apparatus, additional
weight is added to the animals by using a belt or a shoulder
harness. The main disadvantage of this type of resistance
training is the use of harmful stimuli in order to motivate
the animals to complete the training. This protocol results
in nearly 20% hypertrophy of the leg muscles; thus, it is suit-
able for research on muscle development [113].

5.3. Electric Stimulation of the Muscles. In order to perform
this protocol, animals must be anesthetized. This model also
requires an implanted electric stimulator placed into the
muscle to be examined [114]. Scientists can control the
degree of electric stimulation, which can occur bilaterally
or unilaterally. This modality of training evokes significant
muscle hypertrophy [115]. The advantage of this protocol
is that cooperation of the animals is less needed as a result
of anesthesia, although this also implies its disadvantage, as
anesthetics may influence the physiology of the animal [76].

6. Concluding Remarks

All things considered, the positive effects of physical activity
on overall health are unquestionable. Even though animal
exercise models have their own limitations, the data
obtained through their applications could bring us closer
to solving global health issues. As seen, even short-term
training can upregulate the antioxidant defense system and
induce multifaceted beneficial effects throughout the body.
With this nonpharmacological, health-promoting tool, a
large percentage of noncommunicable diseases, including
metabolic syndrome, CVDs, or even cancer, could be
averted. In order to gain a better insight into exercise phys-
iology and its impacts on health status, well-designed animal
models are needed.

Conflicts of Interest

The authors declare no conflict of interest.

Acknowledgments

This work was supported by GINOP (2.3.2-15-2016-00062),
and the Ministry of Human Capacities, Hungary (grant
20391-3/2018/FEKUSTRAT) is acknowledged. Further-
more, this study has also been supported by the New
National Excellence Program of the Ministry for Innovation
and Technology from the source of the National Research,
Development and Innovation Fund UNKP-20-4 (to R.
Szabo) and UNKP-20-3 (to D. Bérzsei) and by 2020-1.1.2-
PIACI-KFI-2020-00154. The study was prepared with the
professional support of the Doctoral Student Scholarship
Program of the Co-Operative Doctoral Program of the
Ministry for Innovation and Technology financed from the
National Research, Development and Innovation Fund.
Additionally, the Szegedi Tudomanyegyetem (University of
Szeged) Open Access Fund (5525) was granted.

References

(1]

~
>

W
»

(4]

(10]

(11]

(12]

(13]

(14]

(15]

G. N. Ruegsegger and F. W. Booth, “Health benefits of exer-
cise,” Cold Spring Harbor Perspectives in Medicine, vol. 8,
no. 7, 2018.

C. Cunningham, R. O' Sullivan, P. Caserotti, and M. A. Tully,
“Consequences of physical inactivity in older adults: a sys-
tematic review of reviews and meta-analyses,” Scandinavian
Journal of Medicine & Science in Sports, vol. 30, no. 5,
pp- 816-827, 2020.

J. H. Park, J. H. Moon, H. J. Kim, M. H. Kong, and Y. H. Oh,
“Sedentary lifestyle: overview of updated evidence of poten-
tial health risks,” Korean Journal of Family Medicine,
vol. 41, no. 6, pp. 365-373, 2020.

F. C. Garton, K. N. North, L. G. Koch, S. L. Britton,
G. Nogales-Gadea, and A. Lucia, “Rodent models for resolv-
ing extremes of exercise and health,” Physiological Genomics,
vol. 48, no. 2, pp. 82-92, 2016.

S. Guo, Y. Huang, Y. Zhang, H. Huang, S. Hong, and T. Liu,
“Impacts of exercise interventions on different diseases and
organ functions in mice,” Journal of Sport and Health Science,
vol. 9, no. 1, pp. 53-73, 2020.

U. Laufs, S. Wassmann, T. Czech et al., “Physical inactivity
increases oxidative stress, endothelial dysfunction, and ath-
erosclerosis,” Arteriosclerosis, Thrombosis, and Vascular Biol-
ogy, vol. 25, no. 4, pp. 809-814, 2005.

V. T. Thu, H. K. Kim, and J. Han, “Acute and chronic exercise
in animal models,” Advances in Experimental Medicine and
Biology, vol. 999, pp. 55-71, 2017.

R. Feng, L. Wang, Z. Li et al.,, “A systematic comparison of
exercise training protocols on animal models of cardiovascu-
lar capacity,” Life Sciences, vol. 217, pp. 128-140, 2019.
D.Y. Seo, S. R. Lee, N. Kim, K. S. Ko, B. D. Rhee, and J. Han,
“Humanized animal exercise model for clinical implication,”
Pfliigers Archiv - European Journal of Physiology, vol. 466,
no. 9, pp. 1673-1687, 2014.

R. C. Cassilhas, K. S. Lee, D. P. Venancio, M. G. Oliveira,
S. Tufik, and M. T. de Mello, “Resistance exercise improves
hippocampus-dependent memory,” Brazilian Journal of
Medical and Biological Research, vol. 45, no. 12, pp. 1215-
1220, 2012.

H. Nicastro, N. E. Zanchi, C. R. da Luz, and A. H. Lancha Jr,
“Functional and morphological effects of resistance exercise
on disuse-induced skeletal muscle atrophy,” Brazilian Jour-
nal of Medical and Biological Research, vol. 44, no. 11,
pp. 1070-1079, 2011.

X. Lin, D. Xiong, Y. Q. Peng et al., “Epidemiology and man-
agement of osteoporosis in the People's Republic of China:
current perspectives,” Clinical Interventions in Aging,
vol. 10, pp. 1017-1033, 2015.

X. Chen, L. Li, J. Guo et al., “Treadmill running exercise pre-
vents senile osteoporosis and upregulates the Wnt signaling
pathway in SAMP6 mice,” Oncotarget, vol. 7, no. 44,
pp. 71072-71086, 2016.

L. Zhang, X. Chen, J. Wu et al,, “The effects of different inten-
sities of exercise and active vitamin D on mouse bone mass
and bone strength,” Journal of Bone and Mineral Metabolism,
vol. 35, no. 3, pp. 265-277, 2017.

J. O. Brett, M. Arjona, M. Ikeda et al., “Exercise rejuvenates
quiescent skeletal muscle stem cells in old mice through res-
toration of cyclin D1,” Nature Metabolism, vol. 2, no. 4,
pp. 307-317, 2020.



(16]

(17]

(18]

(19]

(20]

[21]

(22]

(23]

[24]

(25]

(26]

(27]

(28]

(29]

Z. White, J. Terrill, R. B. White et al., “Voluntary resistance
wheel exercise from mid-life prevents sarcopenia and
increases markers of mitochondrial function and autophagy
in muscles of old male and female C57BL/6] mice,” Skeletal
Muscle, vol. 6, no. 1, p. 45, 2016.

J. E. Donnelly, S. N. Blair, J. M. Jakicic et al., “Appropriate
physical activity intervention strategies for weight loss and
prevention of weight regain for adults,” Medicine and Science
in Sports and Exercise, vol. 41, no. 2, pp. 459-471, 2009.

C. A. Slentz, L. A. Bateman, L. H. Willis et al., “Effects of exer-
cise training alone vs a combined exercise and nutritional
lifestyle intervention on glucose homeostasis in prediabetic
individuals: a randomised controlled trial,” Diabetologia,
vol. 59, no. 10, pp. 2088-2098, 2016.

V. S. Conn, R. J. Koopman, T. M. Ruppar, L. J. Phillips, D. R.
Mehr, and A. R. Hafdahl, “Insulin sensitivity following exer-
cise interventions: systematic review and meta-analysis of
outcomes among healthy adults,” Journal of Primary Care
and Community Health, vol. 5, no. 3, pp. 211-222, 2014.

S. Zanuso, M. Sacchetti, C. J. Sundberg, G. Orlando,
P. Benvenuti, and S. Balducci, “Exercise in type 2 diabetes:
genetic, metabolic and neuromuscular adaptations. A review
of the evidence,” British Journal of Sports Medicine, vol. 51,
no. 21, pp. 1533-1538, 2017.

A. Posa, R. Szabo, K. Kupai et al., “Exercise training and cal-
orie restriction influence the metabolic parameters in ovari-
ectomized female rats,” Oxidative Medicine and Cellular
Longevity, vol. 2015, Article ID 787063, 8 pages, 2015.

P. W. Caponi, A. M. Lehnen, G. H. Pinto et al., “Aerobic exer-
cise training induces metabolic benefits in rats with metabolic
syndrome independent of dietary changes,” Clinics, vol. 68,
no. 7, pp. 1010-1017, 2013.

J. Yu, J. Zheng, X. F. Liu et al,, “Exercise improved lipid
metabolism and insulin sensitivity in rats fed a high-fat diet
by regulating glucose transporter 4 (GLUT4) and musclin
expression,” Brazilian Journal of Medical and Biological
Research, vol. 49, no. 5, article 5129, 2016.

R. B. Vega, J. P. Konhilas, D. P. Kelly, and L. A. Leinwand,
“Molecular mechanisms underlying cardiac adaptation to
exercise,” Cell Metabolism, vol. 25, no. 5, pp. 1012-1026,
2017.

X. Lin, X. Zhang, J. Guo et al., “Effects of exercise training on
cardiorespiratory fitness and biomarkers of cardiometabolic
health: a systematic review and meta-analysis of randomized
controlled trials,” Journal of the American Heart Association,
vol. 4, no. 7, 2015.

M. A. Nystoriak and A. Bhatnagar, “Cardiovascular effects
and benefits of exercise,” Frontiers in Cardiovascular Medi-
cine, vol. 5, p. 135, 2018.

M. E. Davis, H. Cai, L. McCann, T. Fukai, and D. G. Harrison,
“Role of c-Src in regulation of endothelial nitric oxide syn-
thase expression during exercise training,” American Journal
of Physiology Heart and Circulatory Physiology, vol. 284,
no. 4, pp. H1449-H1453, 2003.

0. Kuruy, U. Sentiirk, N. Demir, A. Yesilkaya, G. Ergiiler, and
M. Erkilig, “Effect of exercise on blood pressure in rats with
chronic NOS inhibition,” European Journal of Applied Physi-
ology, vol. 87, no. 2, pp. 134-140, 2002.

J. W. Calvert, M. E. Condit, J. P. Aragon et al., “Exercise pro-
tects against myocardial ischemia-reperfusion injury via
stimulation of f3;-adrenergic receptors and increased nitric

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

[41]

[42]

(43]

(44]

Oxidative Medicine and Cellular Longevity

oxide signaling: role of nitrite and nitrosothiols,” Circulation
Research, vol. 108, no. 12, pp. 1448-1458, 2011.

D. Borzsei, D. Priksz, R. Szabo et al., “Exercise-mitigated sex-
based differences in aging: from genetic alterations to heart
performance,” American Journal of Physiology Heart and Cir-
culatory Physiology, vol. 320, no. 2, pp. H854-H866, 2021.

R. Szabo, D. Borzsei, Z. Karacsonyi et al., “Postconditioning-
like effect of exercis: new paradigm in experimental meno-
pause,” American Journal of Physiology Heart and Circulatory
Physiology, vol. 316, no. 2, pp. H400-H407, 2019.

Y. Xing, S. D. Yang, M. M. Wang, Y. S. Feng, F. Dong, and
F. Zhang, “The beneficial role of exercise training for myocar-
dial infarction treatment in elderly,” Frontiers in Physiology,
vol. 11, p. 270, 2020.

J. Gomes-Osman, D. F. Cabral, C. Hinchman, A. Jannati,
T. P. Morris, and A. Pascual-Leone, “The effects of exercise
on cognitive function and brain plasticity - a feasibility trial,”
Restorative Neurology and Neuroscience, vol. 35, no. 5,
pp. 547-556, 2017.

J. Gomes-Osman, D. F. Cabral, T. P. Morris et al., “Exercise
for cognitive brain health in aging: a systematic review for
an evaluation of dose,” Neurology: Clinical Practice, vol. 8,
no. 3, pp. 257-265, 2018.

J. G. Silveira-Rodrigues, W. Pires, P. F. Gomes et al., “Com-
bined exercise training improves specific domains of cogni-
tive functions and metabolic markers in middle-aged and
older adults with type 2 diabetes mellitus,” Diabetes Research
and Clinical Practice, vol. 173, article 108700, 2021.

R. C. Cassilhas, S. Tufik, and M. T. de Mello, “Physical exer-
cise, neuroplasticity, spatial learning and memory,” Cellular
and Molecular Life Sciences, vol. 73, no. 5, pp. 975-983, 2016.

D. F. Cabral, J. Rice, T. P. Morris, T. Rundek, A. Pascual-
Leone, and J. Gomes-Osman, “Exercise for brain health: an
investigation into the underlying mechanisms guided by
dose,” Neurotherapeutics, vol. 16, no. 3, pp. 580-599, 2019.

M. M. Kleemeyer, S. Kuhn, J. Prindle et al., “Changes in fit-
ness are associated with changes in hippocampal microstruc-
ture and hippocampal volume among older adults,”
NeurolImage, vol. 131, pp. 155-161, 2016.

R. Ruscheweyh, C. Willemer, K. Kruger et al., “Physical activ-
ity and memory functions: an interventional study,” Neurobi-
ology of Aging, vol. 32, no. 7, pp. 1304-1319, 2011.

H. van Praag, T. Shubert, C. Zhao, and F. H. Gage, “Exercise
enhances learning and hippocampal neurogenesis in aged
mice,” The Journal of Neuroscience, vol. 25, no. 38,
pp. 8680-8685, 2005.

Q. Ding, S. Vaynman, M. Akhavan, Z. Ying, and F. Gomez-
Pinilla, “Insulin-like growth factor I interfaces with brain-
derived neurotrophic factor-mediated synaptic plasticity to
modulate aspects of exercise-induced cognitive function,”
Neuroscience, vol. 140, no. 3, pp. 823-833, 2006.

Y. H. Ding,J. Li, Y. Zhou, J. A. Rafols, J. C. Clark, and Y. Ding,
“Cerebral angiogenesis and expression of angiogenic factors
in aging rats after exercise,” Current Neurovascular Research,
vol. 3, no. 1, pp. 15-23, 2006.

Y. Liu, T. Yan, J. M. Chu et al., “The beneficial effects of phys-
ical exercise in the brain and related pathophysiological
mechanisms in neurodegenerative diseases,” Laboratory
Investigation, vol. 99, no. 7, pp. 943-957, 2019.

K. M. Moore, R. E. Girens, S. K. Larson et al., “A spectrum of
exercise training reduces soluble A in a dose-dependent



Oxidative Medicine and Cellular Longevity

[45]

[46]

(47]

(48]

(49]

(50]

(51]

(52]

(53]

(54]

(55]

(56]

(57]

(58]

(59]

(60]

manner in a mouse model of Alzheimer's disease,” Neurobiol-
ogy of Disease, vol. 85, pp. 218-224, 2016.

J. H. Koo, E. B. Kang, Y. S. Oh, D. S. Yang, and J. Y. Cho,
“Treadmill exercise decreases amyloid-f burden possibly
via activation of SIRT-1 signaling in a mouse model of Alz-
heimer's disease,” Experimental Neurology, vol. 288,
pp. 142-152, 2017.

H. Ye, X. Du, and Q. Hua, “Effects of voluntary exercise on
antiretroviral therapy-induced neuropathic pain in mice,”
The Journal of Physiological Sciences, vol. 68, no. 4, pp. 521-
530, 2018.

T. Tsuchida, Y. A. Lee, N. Fujiwara et al., “A simple diet- and
chemical-induced murine NASH model with rapid progres-
sion of steatohepatitis, fibrosis and liver cancer,” Journal of
Hepatology, vol. 69, no. 2, pp. 385-395, 2018.

L. L. Craft and F. M. Perna, “The benefits of exercise for the
clinically depressed,” Primary Care Companion to the Journal
of Clinical Psychiatry, vol. 6, no. 3, pp. 104-111, 2004.

B. K. Pedersen, “Anti-inflammatory effects of exercise: role in
diabetes and cardiovascular disease,” European Journal of
Clinical Investigation, vol. 47, no. 8, pp. 600-611, 2017.

K. M. Beavers, T. E. Brinkley, and B. J. Nicklas, “Effect of
exercise training on chronic inflammation,” Clinica Chimica
Acta, vol. 411, no. 11-12, pp. 785-793, 2010.

C. Kasapis and P. D. Thompson, “The effects of physical
activity on serum C-reactive protein and inflammatory
markers: a systematic review,” Journal of the American Col-
lege of Cardiology, vol. 45, no. 10, pp. 1563-1569, 2005.

C. Simioni, G. Zauli, A. M. Martelli et al., “Oxidative stress:
role of physical exercise and antioxidant nutraceuticals in
adulthood and aging,” Oncotarget, vol. 9, no. 24, pp. 17181-
17198, 2018.

M. J. Harutyunyan, A. B. Mathiasen, P. Winkel et al., “High-
sensitivity C-reactive protein and N-terminal pro-B-type
natriuretic peptide in patients with stable coronary artery dis-
ease: a prognostic study within the CLARICOR trial,” Scandi-
navian Journal of Clinical and Laboratory Investigation,
vol. 71, no. 1, pp. 52-62, 2011.

M. A. Bouzid, E. Filaire, A. McCall, and C. Fabre, “Radical
oxygen species, exercise and aging: an update,” Sports Medi-
cine, vol. 45, no. 9, pp- 1245-1261, 2015.

S. Golbidi, M. Badran, and I. Laher, “Antioxidant and anti-
inflammatory effects of exercise in diabetic patients,” Experi-
mental Diabetes Research, vol. 2012, Article ID 941868, 16
pages, 2012.

S. B. Baltaci, R. Mogulkoc, and A. K. Baltaci, “Resveratrol and
exercise,” Biomedical Reports, vol. 5, no. 5, pp. 525-530, 2016.
J. M. McBride, J. B. Blaak, and T. Triplett-McBride, “Effect of
resistance exercise volume and complexity on EMG, strength,
and regional body composition,” European Journal of Applied
Physiology, vol. 90, no. 5-6, pp. 626-632, 2003.

A. S. Elokda and D. H. Nielsen, “Effects of exercise training
on the glutathione antioxidant system,” European Journal of
Cardiovascular Prevention and Rehabilitation, vol. 14, no. 5,
pp. 630-637, 2007.

R. Szabo, Z. Karacsonyi, D. Borzsei et al., “Role of exercise-
induced cardiac remodeling in ovariectomized female rats,”
Oxidative Medicine and Cellular Longevity, vol. 2018, Article
ID 6709742, 9 pages, 2018.

Y. Hitomi, S. Watanabe, T. Kizaki et al., “Acute exercise
increases expression of extracellular superoxide dismutase

[61]

(62]

(63]

(64]

[65]

[66]

(67]

(68]

[69]

(70]

(71]

(72]

(73]

(74]

[75]

(76]

(77]

in skeletal muscle and the aorta,” Redox Report, vol. 13,
no. 5, pp. 213-216, 2008.

Z. Yan and H. R. Spaulding, “Extracellular superoxide dis-
mutase, a molecular transducer of health benefits of exercise,”
Redox Biology, vol. 32, article 101508, 2020.

U. N. Das, “Anti-inflammatory nature of exercise,” Nutrition,
vol. 20, no. 3, pp. 323-326, 2004.

A. M. Petersen and B. K. Pedersen, “The role of IL-6 in medi-
ating the anti-inflammatory effects of exercise,” Journal of
Physiology and Pharmacology, vol. 57, Suppl 10, pp. 43-51,
2006.

A. Posa, R. Szabo, A. Csonka et al., “Endogenous estrogen-
mediated heme oxygenase regulation in experimental meno-
pause,” Oxidative Medicine and Cellular Longevity, vol. 2015,
Article ID 429713, 7 pages, 2015.

S. C. Moore, I. M. Lee, E. Weiderpass et al., “Association of
leisure-time physical activity with risk of 26 types of cancer
in 1.44 million adults,” JAMA Internal Medicine, vol. 176,
no. 6, pp. 816-825, 2016.

K. A. Ashcraft, R. M. Peace, A. S. Betof, M. W. Dewhirst, and
L. W. Jones, “Efficacy and mechanisms of aerobic exercise on
cancer initiation, progression, and metastasis: a critical sys-
tematic review of in vivo preclinical data,” Cancer Research,
vol. 76, no. 14, pp. 4032-4050, 2016.

L. Pedersen, J. F. Christensen, and P. Hojman, “Effects of
exercise on tumor physiology and metabolism,” Cancer Jour-
nal, vol. 21, no. 2, pp. 111-116, 2015.

A. McTiernan, “Mechanisms linking physical activity with
cancer,” Nature Reviews Cancer, vol. 8, no. 3, pp. 205-211,
2008.

B. K. Pedersen and L. Hoffman-Goetz, “Exercise and the
immune system: regulation, integration, and adaptation,”
Physiological Reviews, vol. 80, no. 3, pp. 1055-1081, 2000.
M. Catoire and S. Kersten, “The search for exercise factors in
humans,” The FASEB Journal, vol. 29, no. 5, pp. 1615-1628,
2015.

L. Pedersen, M. Idorn, G. H. Olofsson et al., “Voluntary run-
ning suppresses tumor growth through epinephrine- and IL-
6-dependent NK cell mobilization and redistribution,” Cell
Metabolism, vol. 23, no. 3, pp. 554-562, 2016.

V. M. Moreira, C. C. da Silva Franco, K. V. Prates et al., “Aer-
obic exercise training attenuates tumor growth and reduces
insulin secretion in Walker 256 tumor-bearing rats,” Fron-
tiers in Physiology, vol. 9, p. 465, 2018.

A. Hagar, Z. Wang, S. Koyama et al., “Endurance training
slows breast tumor growth in mice by suppressing Treg cells
recruitment to tumors,” BMC Cancer, vol. 19, no. 1, p. 536,
2019.

C. de Lima, L. Alves, F. Iagher et al., “Tumor growth reduc-
tion in Walker 256 tumor-bearing rats performing anaerobic
exercise: participation of Bcl-2, Bax, apoptosis, and peroxida-
tion,” Applied Physiology, Nutrition, and Metabolism, vol. 36,
no. 4, pp. 533-538, 2011.

J. C. Brown, K. Winters-Stone, A. Lee, and K. H. Schmitz,
“Cancer, physical activity, and exercise,” Comprehensive
Physiology, vol. 2, no. 4, pp. 2775-2809, 2012.

J. HJ, “Resource book for the design of animal exercise proto-
cols,” American Journal of Veterinary Research, vol. 68, no. 6,
p. 583, 2007.

P. B. Laursen, “Training for intense exercise performance:
high-intensity or high-volume training?,” Scandinavian



10

(78]

(79]

(80]

(81]

(82]

(83]

(84]

(85]

(86]

(87]

(88]

(89]

[90]

[91]

Journal of Medicine ¢ Science in Sports, vol. 20, Suppl 2,
pp- 1-10, 2010.

C. Varga, M. Veszelka, K. Kupai et al., “The effects of exercise
training and high triglyceride diet in an estrogen depleted rat
model: the role of the heme oxygenase system and inflamma-
tory processes in cardiovascular risk,” Journal of Sports Sci-
ence and Medicine, vol. 17, no. 4, pp. 580-588, 2018.

Y. M. Park, J. Padilla, J. A. Kanaley et al., “Voluntary running
attenuates metabolic dysfunction in ovariectomized low-fit
rats,” Medicine and Science in Sports and Exercise, vol. 49,
no. 2, pp. 254-264, 2017.

D. C. Poole, S. W. Copp, T. D. Colburn et al., “Guidelines for
animal exercise and training protocols for cardiovascular
studies,” American Journal of Physiology Heart and Circula-
tory Physiology, vol. 318, no. 5, pp. H1100-H1138, 2020.

A. Posa, R. Szabo, K. Kupai et al., “Cardioprotective effects of
voluntary exercise in a rat model: role of matrix metallopro-
teinase-2,” Oxidative Medicine and Cellular Longevity,
vol. 2015, Article ID 876805, 9 pages, 2015.

L. Hoftman-Goetz, N. Pervaiz, and J. Guan, “Voluntary exer-
cise training in mice increases the expression of antioxidant
enzymes and decreases the expression of TNF-« in intestinal
lymphocytes,” Brain, Behavior, and Immunity, vol. 23, no. 4,
Pp. 498-506, 2009.

M. P. Cunha, D. G. Machado, G. Mancini et al., “The effect of
voluntary wheel running on the antioxidant status is depen-
dent on sociability conditions,” Pharmacology Biochemistry
and Behavior, vol. 198, article 173018, 2020.

H. Ma, S. Torvinen, M. Silvennoinen et al., “Effects of diet-
induced obesity and voluntary wheel running on bone
properties in young male C57BL/6] mice,” Calcified Tissue
International, vol. 86, no. 5, pp. 411-419, 2010.

A. Kurucz, M. Bombicz, R. Kiss et al., “Heme oxygenase-1
activity as a correlate to exercise-mediated amelioration of
cognitive decline and neuropathological alterations in an
aging rat model of dementia,” BioMed Research Interna-
tional, vol. 2018, Article ID 7212861, 13 pages, 2018.

X. Zheng, X. X. Cui, M. T. Huang et al., “Inhibitory effect of
voluntary running wheel exercise on the growth of human
pancreatic Panc-1 and prostate PC-3 xenograft tumors in
immunodeficient mice,” Oncology Reports, vol. 19, no. 6,
pp. 1583-1588, 2008.

P. M. Haram, O. J. Kemi, and U. Wisloff, “Adaptation of
endothelium to exercise training: insights from experimental
studies,” Frontiers in Bioscience, vol. 13, no. 13, pp. 336-346,
2008.

A.D. Hafstad, N. T. Boardman, J. Lund et al., “High intensity
interval training alters substrate utilization and reduces oxy-
gen consumption in the heart,” Journal of Applied Physiology,
vol. 111, no. 5, pp. 1235-1241, 2011.

O. J. Kemi, J. P. Loennechen, U. Wisloff, and O. Ellingsen,
“Intensity-controlled treadmill running in mice: cardiac and
skeletal muscle hypertrophy,” Journal of Applied Physiology,
vol. 93, no. 4, pp- 1301-1309, 2002.

E.J. Kim and Hwang, “Effects of aerobic exercise on antioxi-
dants in rat models with cardiomyopathy,” Physical Therapy
Rehabilitation Science, vol. 4, no. 1, pp. 17-21, 2015.

F. Cechetti, P. V. Worm, V. R. Elsner et al., “Forced treadmill
exercise prevents oxidative stress and memory deficits follow-
ing chronic cerebral hypoperfusion in the rat,” Neurobiology
of Learning and Memory, vol. 97, no. 1, pp. 90-96, 2012.

[92]

(93]

[94]

[95]

[96]

[97]

(98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

Oxidative Medicine and Cellular Longevity

T. Wu, Y. Huang, Y. Gong et al., “Treadmill exercise amelio-
rates depression-like behavior in the rats with prenatal dexa-
methasone exposure: the role of hippocampal mitochondria,”
Frontiers in Neuroscience, vol. 13, p. 264, 2019.

M. Ahmadian, V. Dabidi Roshan, and A. S. Leicht, “Age-
related effect of aerobic exercise training on antioxidant
and oxidative markers in the liver challenged by doxorubi-
cin in rats,” Free Radical Research, vol. 52, no. 7, pp. 775-
782, 2018.

Z. Liu, J. Gao, and H. Gong, “Effects of treadmill with differ-
ent intensities on bone quality and muscle properties in adult
rats,” Biomedical Engineering Online, vol. 18, no. 1, p. 107,
2019.

J. Iwamoto, T. Takeda, and Y. Sato, “Effect of treadmill exer-
cise on bone mass in female rats,” Experimental Animals,
vol. 54, no. 1, pp. 1-6, 2005.

A. M. Cardoso, F. H. Abdalla, M. D. Bagatini et al., “Swim-
ming training prevents alterations in ecto-NTPDase and
adenosine deaminase activities in lymphocytes from No-
nitro-L-arginine methyl ester hydrochloride induced hyper-
tension rats,” Journal of Hypertension, vol. 33, no. 4,
pp. 763-772, 2015.

S.Wang,]. Z. Ma, S. S. Zhu, D. J. Xu, J. G. Zou, and K. J. Cao,
“Swimming training can affect intrinsic calcium current char-
acteristics in rat myocardium,” European Journal of Applied
Physiology, vol. 104, no. 3, pp. 549-555, 2008.

T. W. Oh, F. Ohta, and F. Ohta, “Dose-dependent effect of
capsaicin on endurance capacity in rats,” The British Journal
of Nutrition, vol. 90, no. 3, pp. 515-520, 2003.

A. Olah, B. T. Nemeth, C. Matyas et al.,, “Cardiac effects of
acute exhaustive exercise in a rat model,” International Jour-
nal of Cardiology, vol. 182, pp. 258-266, 2015.

E. S. Evangelista, P. C. Brum, and J. E. Krieger, “Duration-
controlled swimming exercise training induces cardiac
hypertrophy in mice,” Brazilian Journal of Medical and Bio-
logical Research, vol. 36, no. 12, pp. 1751-1759, 2003.

A. Moustafa and A. H. Arisha, “Swim therapy-induced tissue
specific metabolic responses in male rats,” Life Sciences,
vol. 262, article 118516, 2020.

L. Li, D. He, K. Jiang, and Y. Zhao, “Effects of forced swim-
ming stress on expression and phosphorylation of PI3K/Akt
signal pathway in pancreas of type 2 diabetic rats,” Ann
Transl Med, vol. 8, no. 16, p. 1006, 2020.

E. Teixeira de Lemos, R. Pinto, J. Oliveira et al., “Differential
effects of acute (extenuating) and chronic (training) exercise
on inflammation and oxidative stress status in an animal
model of type 2 diabetes mellitus,” Mediators of Inflamma-
tion, vol. 2011, Article ID 253061, 8 pages, 2011.

L. F. Nonato, E. Rocha-Vieira, R. Tossige-Gomes et al.,
“Swimming training attenuates oxidative damage and
increases enzymatic but not non-enzymatic antioxidant
defenses in the rat brain,” Brazilian Journal of Medical and
Biological Research, vol. 49, no. 10, article 5310, 2016.

V. Stone, K. Y. Kudo, T. B. Marcelino, P. M. August, and
C. Matte, “Swimming exercise enhances the hippocampal
antioxidant status of female Wistar rats,” Redox Report,
vol. 20, no. 3, pp. 133-138, 2015.

M. A. Alomari, K. H. Alzoubi, and O. F. Khabour, “Swim-
ming exercise improves short- and long-term memories:

time-course changes,” Physiological Reports, vol. 9, no. 11,
article e14851, 2021.



Oxidative Medicine and Cellular Longevity

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

H. S. Park, T. W. Kim, S. S. Park, and S. J. Lee, “Swimming
exercise ameliorates mood disorder and memory impairment
by enhancing neurogenesis, serotonin expression, and inhi-
biting apoptosis in social isolation rats during adolescence,”
Journal of Exercise Rehabilitation, vol. 16, no. 2, pp. 132—
140, 2020.

K.J. Hart, J. M. Shaw, E. Vajda, M. Hegsted, and S. C. Miller,
“Swim-trained rats have greater bone mass, density, strength,
and dynamics,” Journal of Applied Physiology, vol. 91, no. 4,
pp. 1663-1668, 2001.

R. M. Arida, F. A. Scorza, S. G. da Silva, R. M. Cysneiros, and
E. A. Cavalheiro, “Exercise paradigms to study brain injury
recovery in rodents,” American Journal of Physical Medicine
& Rehabilitation, vol. 90, no. 6, pp. 452-465, 2011.

R. Mounier, H. Cavalie, G. Lac, and E. Clottes, “Molecular
impact of clenbuterol and isometric strength training on rat
EDL muscles,” Pfliigers Archiv-European Journal of Physiol-
0gy, vol. 453, no. 4, pp- 497-507, 2007.

S. Jung, N. Ahn, S. Kim et al., “The effect of ladder-climbing
exercise on atrophy/hypertrophy-related myokine expression
in middle-aged male Wistar rats,” The Journal of Physiologi-
cal Sciences, vol. 65, no. 6, pp. 515-521, 2015.

M. S. Nokia, S. Lensu, J. P. Ahtiainen et al., “Physical exercise
increases adult hippocampal neurogenesis in male rats pro-
vided it is aerobic and sustained,” The Journal of Physiology,
vol. 594, no. 7, pp. 1855-1873, 2016.

D. A. Lowe and S. E. Alway, “Animal models for inducing
muscle hypertrophy: are they relevant for clinical applica-
tions in humans?,” The Journal of Orthopaedic and Sports
Physical Therapy, vol. 32, no. 2, pp. 36-43, 2002.

Y. Song, S. Forsgren, J. Yu, R. Lorentzon, and P. S. Stal,
“Effects on contralateral muscles after unilateral electrical
muscle stimulation and exercise,” PLoS One, vol. 7, no. 12,
article 52230, 2012.

K. Baar and K. Esser, “Phosphorylation of p70S6kcorrelates
with increased skeletal muscle mass following resistance exer-
cise,” The American Journal of Physiology, vol. 276, no. 1,
pp. C120-C127, 1999.

11



Hindawi

Oxidative Medicine and Cellular Longevity
Volume 2021, Article ID 8996482, 17 pages
https://doi.org/10.1155/2021/8996482

Research Article

Hindawi

The Roles of FGF21 and ALCAT]1 in Aerobic Exercise-Induced
Cardioprotection of Postmyocardial Infarction Mice

Wenyan Bo (), Yixuan Ma (), Yue Xi

and Zhenjun Tian

,» Qiaoqin Liang

» Mengxin Cai ("),

Institute of Sports and Exercise Biology, Shaanxi Normal University, Xi’an 710119, China

Correspondence should be addressed to Zhenjun Tian; tianzhj@snnu.edu.cn

Received 21 July 2021; Accepted 16 October 2021; Published 5 November 2021

Academic Editor: Rita de Cassia Marqueti

Copyright © 2021 Wenyan Bo et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Aerobic exercise mitigates oxidative stress and apoptosis caused by myocardial infarction (MI) even though the precise
mechanisms remain completely elusive. In this study, we investigated the potential mechanisms of aerobic exercise in
ameliorating the cardiac function of mice with MI. In vivo, MI was induced by left anterior descending (LAD) coronary
artery ligation in wild-type mice, alcatl knockout, and fgf21 knockout mice. The mice were exercised under a moderate-
intensity protocol for 6 weeks at one week later post-MI. In vitro, HOC2 cells were treated with lentiviral vector carrying
alcatl gene, recombinant human FGF21 (rhFGF21), PI3K inhibitor, and H,O, to explore the potential mechanisms. Our
results showed that aerobic exercise significantly increased the FGF21 expression and decreased the ALCAT1 expression in
the hearts of mice with MI. fgf2] knockout weakened the inhibitory effects of aerobic exercise on oxidative stress,
endoplasmic reticulum (ER) stress, and apoptosis in mice with MI. Both/either alcatl knockout and/or aerobic exercise
improved cardiac function by inhibiting oxidative stress and apoptosis in the MI heart. rhFGF21 inhibited both H,0, and
overexpression of ALCATI1-induced oxidative stress and apoptosis by activating the PI3K/AKT pathway in H9C2 cells. In
conclusion, our results showed that aerobic exercise alleviated oxidative stress and apoptosis by activating the
FGF21/FGFR1/PI3K/AKT pathway or inhibiting the hyperexpression of ALCATI1, which ultimately improved the cardiac

function in MI mice.

1. Introduction

Heart failure (HF) is a major public health problem threat-
ening the health and safety of over 23 million people world-
wide. Myocardial infarction (MI) is one of the important
inducements of HF with a mortality rate close to 5% a year
and the incidence rate and mortality rate younger and rising
[1]. There is a growing clinical consensus that exercise train-
ing after MI can increase the quality of life and prevent
future complications and longevity in infarcted patients
[2]. Therefore, it is very important to find the effective-
targeting molecules of exercise rehabilitation after MI.
Fibroblast growth factor 21 (FGF21), as an endocrine
factor, is a unique member of the FGF superfamily and
belongs to the subgroup of fibroblast growth factor 19. It is
involved in the regulation of metabolic process and has the

effects of antioxidative stress and apoptosis [3-6], anti-
inflammatory, and promotion of angiogenesis [6, 7]. Oxida-
tive stress and endoplasmic reticulum (ER) stress induce
apoptosis as a critical pathophysiological mechanism for
cardiomyocyte injury. Many studies have reported that
FGF21 significantly inhibited oxidative stress and ER
stress-induced apoptosis in damaged myocardium [6, 8, 9].
FGF21 inhibits ER stress-induced cardiomyocyte apoptosis
by activating the FGFR1/PI3K/AKT pathway [4]. Addition-
ally, clinical experiments have shown that the content of
FGF21 in the blood of healthy subjects increased signifi-
cantly after exercise [10, 11]. Animal experiments have
found that the level of serum FGF21 increased significantly
after a single acute exercise in mice [12]. These indicate that
FGF21 might play an organ protective role as “exerkines.”
However, little is known about whether FGF21 mediates
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the cardioprotective effects of aerobic exercise on MI and
whether the mechanisms are involved in the oxidative stress
and ER stress-induced apoptosis.

Cardiolipin (CL) is highly sensitive to oxidative stress
injury and oxidized in the early stage of apoptosis [13-15].
Lysocardiolipinacyltransferase-1 (ALCAT1), located in ER,
is the key enzyme of CL remodeling. Under pathological
conditions, the abnormal increase of ALCAT1 leads to the
massive production of ROS, mitochondrial dysfunction,
and insulin resistance [16-18], which is the core link of obe-
sity [19], Parkinson’s disease [20], diabetes [21], and other
chronic diseases and aging process [22]. Furthermore,
ALCAT1-targeted inactivation prevents diet-induced obesity
and nonalcoholic fatty liver disease (NAFLD) and neuro-
toxinl-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-
(MPTP-) induced neurotoxicity, reduces oxidative stress
injury, improves mitochondrial function, and mitigates apo-
ptosis [19, 20, 23]. Exercise reduces the expression of
ALCAT]1 in the skeletal muscle of mice [24]. Aerobic exer-
cise alleviates oxidative stress-induced apoptosis in the kid-
neys by inhibiting ALCATI in MI mice [25]. However,
whether ALCAT1 is involved in the effect of cardioprotec-
tion of exercise in the post-MI heart has not been elucidated.

In conclusion, we used wild-type (WT) mice, fgf21
knockout mice, and alcatl knockout mice, as well as H,O,,
lentiviral vector carrying alcatl gene, and recombinant
human FGF21 (rhFGF21) in H9C2 cells, to explore these
problems. This study will provide a theoretical basis and
experimental support for the prevention and rehabilitation
of ischemic heart disease by aerobic exercise and further elu-
cidate the potential protective mechanism of aerobic exercise
on ischemic heart.

2. Materials and Methods

2.1. Animals and Exercise Protocols. 30 wild-type (WT) male
C57/B6] mice (20 +5g, 8-weeks old) were purchased from
the Laboratory Animal Centre of Xi’an Jiao Tong University
(Xi’an, China; animal breeding license number: SCXK
(Shaan) 2012-003). alcatl heterozygous mice knocked by
CRISPR/Cas9 were obtained from Cyagen Biological Co.
Ltd (China), propagated to the fourth generation, and
homozygous selected for the experiment. Male alcat]” mice
were screened by the mice tail identification method (Fig.
S1). The Cre/loxP recombination system was used to condi-
tionally knockout the loxP™/" mice of fgf21, (Jackson Labo-
ratory, USA). The genotype of F2 generation after
propagation and expansion was identified; then, the tail vein
was injected with the adeno-associated CRE virus (rAAV-
CMV-EGFP-P2A-CRE-WPRE-bGHpA, AAV2/9, titer:
5.73E+12vg/ml) to the loxP*/" mice of fgf21 (Fig. S2). All
experiment designs and surgical operations were performed
in compliance with the guidelines for the use of experimen-
tal animals and have been approved by the Ethical Commit-
tee of Shaanxi Normal University.

The MI model was established by permanent ligation of
the left anterior descending coronary artery (LAD), the liga-
tion sites were located 2 mm below the junction of the left
atrial appendage and pulmonary conus. Echocardiography
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was performed on all mice undergoing MI surgery on the
third postoperative day to determine modeling success, and
mice with EF values of 40-55% were selected for follow-up
experiments. WT mice were randomly divided into three
groups (n=10): sham surgery group (S), MI myocardial
infarction group (MI), and six-week exercise training with
MI group (ME). The grouping of alcat1”” mice was the same
as that of WT mice (n = 10). fgf21”" mice were divided into
the post-MI six-week exercise training group (fgf21”~ ME).
Exercise-trained animals were subjected to six weeks of
exercise on a motorized rodent treadmill (Model ZH-PT,
Anhui Zhenghua Technology Co., China) from the second
week after induction of MI. The first week was adaptive
training, the mice ran 60min daily from a speed of
5m/min to 10 m/min. Formal training was performed later,
10 min with 8 m/min in speed and 55 min with 10 m/min in
speed each day, 5d/week for six-week. The death of two
mice was caused by this exercise protocol during the entire
study. After the training, the cardiac function of mice was
detected by echocardiography and then decapitated. The
blood and heart were collected quickly and put into formal-
dehyde or liquid nitrogen for subsequent experiments.

2.2. Measurement of Echocardiographic and Histological
Staining. The cardiac physiological functions were evaluated
by the Doppler echocardiography (VINNO 6 VET, VINNO,
China). The transthoracic 2D M-mode echocardiographic
system was used to obtain M-mode tracings. The left ventri-
cle internal dimension systole (LVIDs), left ventricle internal
dimension diastole (LVIDd), ejection fraction (EF), and
fractional shortening (FS, FS = (LVIDd — LVIDs)/LVIDd x
100%) were measured in mice anesthetized with 1.5%
isoflurane.

To determine the infarct volume, the heart samples were
fixed in 4% paraformaldehyde for 48-72h and embedded in
paraffin. 5 um-thick slices sections were stained with Mas-
son’s trichrome. The Image-Pro Plus analysis software was
used to analyze the infarct ratio which was expressed as
the volume fraction of collagen (CVE% = collagen area/
tissue total area x 100%).

2.3. Cell Culture and Treatment. H9C2 cells (Chinese Acad-
emy of Sciences Cell Bank, Shanghai, China) were cultured
in high glucose DMEM (GIBCO, USA) supplemented with
1% cyan streptomycin double-antibody and 10% (v/v) FB
Sat 37°C under a 5% CO, atmosphere. For the present study,
H9C2 cells were incubated overnight to reach 70-80% con-
fluence at 37°C before experimentation. H9C2 cells were
treated with H,O, at a concentration of 100 uM for 4 hours
to construct an apoptosis model [26]. AMPK was activated
after exercise [27], so AICAR, an AMPK agonist, was used
to simulate the exercise effect of H9C2 cells. Furthermore,
H9C2 cells were treated with recombinant human FGF21
(rhFGF21, 75ng/ml, 15h; Selleck, USA), FGFRI inhibitor
(PD166866, 100 ng/ml, 15h, Selleck Chemicals) [8], PI3K
inhibitor (LY294002, 10 uM, 1h, Selleck Chemicals), AICAR
(1mM, 1h, Selleck Chemicals) [28], and lentiviral vectors
carrying alcatl gene (ALCAT1 OE, MOI =1; Brain VTA,
China).
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2.4. Western Blotting Analysis. Proteins were extracted from
myocardial tissues or cultured HOC2 cells using RIPA buffer
containing protease inhibitors and phosphatase inhibitor
cocktail, and protein concentrations in the lysate were deter-
mined using the BCA protein assay kit (Jiancheng Biotech,
Nanjing, China), resolved by SDS-PAGE (30-50 ug of pro-
tein per sample), and transferred onto polyvinylidene
difluoride (PVDF) membranes. The blots were blocked with
5% BSA for 2h, and the membranes were incubated with
primary antibodies diluted in 5% BSA at 4°C overnight.
The primary antibodies used in the present study were as
follows: FGF21 (1:1000, Abcam), FGFR1 (1:1000, Abcam),
ALCATI (1:1000, Abcam), p-PI3K(1:1000, Cell Signaling),
t-PI3K (1:1000, Cell Signaling), p-AKT (1:1000, Cell Sig-
naling), t-AKT (1:1000, Cell Signaling), t-IREla (1:1000,
Cell Signaling), p-IRE1a(1:1000, Cell Signaling), t-
JNK(1:1000, Cell Signaling), p-JNK(1: 1000, Cell Signaling),
CHOP(1:1000, Cell Signaling), GRP78 (1:1000, Bioworld),
c-caspase3 (1:1000, Cell Signaling), Bcl-2 (1:800, Cell Sig-
naling), Bax (1:500, Bioworld), SOD2 (1:1000, Cell Signal-
ing), and GAPDH (1:5000, Genetex). After the membrane
incubation with corresponding HRP-conjugated secondary
antibodies (1:5000, Jackson), the western blotting bands
were performed by image processing and analysis after being
visualized with enhanced chemiluminescence reagents
under the Gel Imaging System, quantified with the Image]J
software.

2.5. TUNEL Assay. Apoptosis assay was performed using a
One-Step TUNEL apoptosis kit (Beyotime, China) accord-
ing to the manufacturer’s instruction. 20 yg/ml of DNase-
free protease K was added to each sample of paraffin section
of myocardial tissue and incubated in dark for 30 minutes at
37°C temperatures. In the cell experiment, cells were plated
on glass coverslips at a density of 1 x 10° cells/well, which
were fixed in 4% formaldehyde for 30 min and then perme-
abilized in 0.3% Triton X-100 for 10 min. Conventional par-
affin sections and the cell-loaded sections were labeled with
dUTP and TDT enzymes in a humidified box at 37°C for
1h, and the antifluorescence-quenched sealing agent was
used to sealing the film. The red positive particles were
observed by a fluorescence microscope.

2.6. Kit Test of Oxidative Stress. We used the assay kits of
glutathione peroxidase (GSH-Px), catalase (CAT), total
superoxide dismutase (T-SOD), reduced glutathione
(GSH), and malondialdehyde (MDA) (Jiancheng Biotech,
Nanjing, China) to detect the enzyme activities of GSH-Px,
CAT, and T-SOD and the contents of GSH and MDA,
which determine the level of oxidative stress in myocardial
tissue and cells. The specific experimental method is imple-
mented according to the instructions.

2.7. Statistical Analysis. The percentage of myocardial colla-
gen fibers were analyzed by the Image-Pro Plus 6.0 software
(Media Cybernetics, Bethesda, MD, USA), and western blot-
ting results were analyzed and processed by the Image] soft-
ware (Wayne Rasband, National Institutes of Health, USA).
All the experimental data were analyzed and processed by

the SPSS 21.0 software (IBM Company, USA), and the
results were expressed by mean + SD. Histogram was drawn
by GraphPad Prism 8.0 (GraphPad Software, La Jolla, CA,
USA). Statistical differences between the groups were evalu-
ated using the one-way analysis of variance (ANOVA) and
post hoc least significant difference (LSD) multiple-
comparison test. Differences were considered statistically
significant at *p < 0.05 and **p < 0.01.

3. Results

3.1. The Cardioprotective Effect of Exercise in the Heart Was
Significantly Reduced in the Post-MI fgf21”" Mice. In our pre-
vious study, we found that the improvement of myocardial
function by exercise was related to the expression of
FGF21. To further confirm the role of FGF21 on cardiopro-
tection of aerobic exercise in mice with MI, we prepared
fgf21”" mice. We quantified the collagen volume of fraction
(CVF%) in the heart sections with Masson’s trichrome stain-
ing. In WT mice with MI, the myocardial tissue was replaced
by collagen, CVF% was significantly increased compared
with the S group (p <0.01, Figures 1(a) and 1(b)). Aerobic
exercise significantly inhibited the further expansion of the
fibrotic area of the hearts exposed to MI (p<0.01,
Figures 1(a) and 1(b)). However, compared with the ME
group in WT mice, the inhibitory effect of exercise on exces-
sive proliferation of myocardial collagen fibers of ME group
in the fgf21”" mice was weakened (p < 0.01, Figures 1(a) and
1(b)). It indicates that the repression of FGF21 expression
inhibited the alleviating effect of partial aerobic exercise on
the morphological changes after MI.

Echocardiography was used to detect cardiac function
(Figure 1(c)). In WT mice, compared with the S group, we
found and analyzed that the LVIDd and LVIDs were signif-
icantly increased and EF and FS were significantly reduced
in the MI group (p <0.01, Figures 1(c)-1(e)). Compared
with the MI group, aerobic exercise significantly enhanced
EF and FS and decreased LVIDd and LVIDs (p<0.01,
Figures 1(c)-1(e)). However, after inhibiting the expression
of FGF21, the changes of aerobic exercise on EF and FS were
attenuated (p < 0.05, Figure 1(e)). These results showed that
aerobic exercise inhibited MI-induced heart injury at least
partly via the upregulation of the expression of FGF21.

3.2. Aerobic Exercise Activated the FGF21/FGFR1/PI3K/AKT
Pathway and Inhibited Oxidative Stress and ER Stress-
Induced Apoptosis in the Heart of MI Mice. The cardiac is
not only the target of FGF21 but also can autocrine FGF21
[29]. Previous studies have indicated that FGF21 inhibited
oxidative stress and ER stress-induced apoptosis in myocar-
dial ischemia injury [8, 30, 31], which was related to the acti-
vation of the PI3K/AKT pathway [4]. Exercise training
boosts the level of FGF21 in the heart, liver, and circulation
[12, 32, 33]. However, whether and how FGF21 participates
in exercise to protect the heart from MI injury remains
unclear. Firstly, in WT mice, the protein expression of
FGF21, FGFRI, p-PI3K/t-PI3K ratio, and p-AKT/t-AKT
ratio were increased in the MI group compared to the S
group (p <0.05, p <0.01, Figures 2(a) and 2(b)), which was
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FIGURE 1: The protective of aerobic exercise on the MI heart in WT and fgf21”" mice. (a) The myocardial infarct size was measured with
Masson’s trichrome staining. The images show that the fibrosis marker was stained in blue, whereas cardiac muscle fibers in red and
nuclei in dark brown. Above: original magnification x4; middle: original magnification x10; below: original magnification x20. Scale bar:
10 ym. (b) Quantification of collagen volume of fraction (CVF%). (c) Echocardiography. (d) Left ventricular end diastolic diameter
(LVIDd) and left ventricular systolic diameter systole (LVIDs). (e) Left ventricular ejection fraction (EF) and left ventricular short axis
(FS). CVEF: collagen volume fraction; EF: ejection fraction%; FS: fractional shortening%; LVIDd: left ventricular internal diameter
diastole; LVIDs: left ventricular internal diameter systole. S: sham group; ME: MI + aerobic exercise group. Data presented are means +
SD. One-way ANOVA with post hoc LSD multiple-comparison test. *p < 0.05, **p < 0.01.

same as that of the previous research [29]. Compared with
the MI group, these changed more significantly in the ME
group (p < 0.01, Figures 2(a) and 2(b)). It was indicated that
aerobic exercises upregulated the FGF21 protein expression
and activated the FGFR1/PI3K/AKT signaling pathway in
the heart of mice with ML

On the other hand, ALCAT1 protein expression increased
significantly, whereas SOD2 decreased significantly in the MI
group compared to the S group. The six-week aerobic exercise
significantly reversed these changes (p <0.01, Figure 2(b)).
Under the conditions of hypoxia, ER stress may lead to cardio-
myocytes apoptosis [34]. And the IREa/JNK pathway is a clas-
sical ER stress-induced apoptosis [35]. We observed that the
p-IREla/t-REla ratio, p-JNK/t-JNK ratio, GRP78, CHOP,
Bax/Bcl-2 ratio, c-caspase3 protein expression, the number

of TUNEL-positive particles were significantly increased in
the MI group compared to the S group. However, aerobic
exercise significantly inhibited these changes (p < 0.05, p <
0.01, Figures 2(c)-2(e)). Overall, these results showed that aer-
obic exercise upregulated the expression of FGF21, activated
the FGFR1/PI3K/AKT signaling pathway, and inhibited oxi-
dative stress and ER stress-induced apoptosis to protect car-
diac structure and function in mice with ML

3.3. Knockout of fgf21 Reversed the Effect of Aerobic Exercise
on the Inhibition of Oxidative Stress, ER Stress, and Apoptosis
in the Heart of Mice with MI. To confirm the role of FGF21
in the inhibition of MI injury on the heart by aerobic exer-
cise, we observed the oxidative stress, ER stress, and apopto-
sis in the hearts of fgf21” mice. Compared with the ME
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FIGURE 2: Aerobic exercise

group in WT mice, the higher MDA, p-IRE«a/IREw, p-
JNK/JNK, GRP78, CHOP, Bax/Bcl-2 ratio, c-caspase3,
ALCAT]I protein expression and more TUNEL-positive par-
ticles with lower enzyme activity of CAT and SOD2 protein
expressions after post-MI exercise in fgf2I”" mice were
observed (p < 0.05, p < 0.01, Figures 3(a)-3(f)). These results

significantly inhibited oxidative
FGF21/FGFR1/PI3K/AKT pathway. (a—c) Western blotting images and their densitometric quantitative analysis of ALCAT1, SOD2, p-
PI3K/t-PI3K ratio, p-AKT/t-AKT ratio, p-IREla/t-IREl« ratio, p-JNK/t-JNK ratio, GRP78, CHOP, Bax/Bcl-2 ratio, and c-caspase3. (d)
TUNEL staining: TUNEL-positive granules in red and DAPI in blue. Original magnification x10. Scale bar: 200 px. (e¢) TUNEL-positive
cells count. S: sham group; ME: MI + aerobic exercise group. Data presented are means + SD. One-way ANOVA with post hoc LSD
multiple-comparison test. *p < 0.05, **p < 0.01.
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stress and ER stress-induced apoptosis and activated the

indicated that inhibition of FGF21 expression reduced the
inhibition of aerobic exercise on oxidative stress, ER stress,
and apoptosis in the MI heart.

3.4. Aerobic Exercise and/or alcatl Knockout Protected the
Damaged Heart in Mice with MI. Aerobic exercise alleviates



p-IREla 55

t-IREla
GAPDH
p-JNK

t-JNK
GAPDH
GRP78
GAPDH
CHOP
GAPDH
Bax
Bcl-2
GAPDH
SOD2
c-Caspase-3
GAPDH
FGF21

ALCAT1
GAPDH

ME

fgf21’"ME

foe RS s

| 130 KDa

S

|-' .- -| 37KDa

— — — — a— o= 54 KDa
—— — | 46 KDa

| = - - o | 37 kD2

|---.| 78 KDa

| — —— — — — | 37 KDa

W e e D WD W7 KDa

T T JEasd
— e e WP )] KDa
- e = e e

- e

26 KDa

37 KDa

26 KDa
[ = ———— 17 D.
|- | D,

e P73 o
[ o5 SRR <0
| - o . e | 37 KD

()
20 -

— — [ 38} [N
[} v (=} w
L L L J

Arbitratry unites

e
w
L

[
o
L

p-IREler/t-IRElax
p-INK/t-JNK 3

| ME
W fof21" ME

DAPI

iy

I3
w
J

CHOP |2

c-Caspase-3 o

Oxidative Medicine and Cellular Longevity

Bax/BCL-2 1 —t*
ALCATI

= 301
) 2
B 151 £ 30 - =
Z E ER g 8
g2 5= 5 5.20-
= 2 104 § g 251 5 E
2% $E 55
=) 54 = 20 A = 10
= 5 =
= @]
0- 15 - 0.
ME ME ME ME ME ME
faf2r” faf21”" faf21”"
(d) (e) ()

FIGURE 3: Aerobic exercise training significantly inhibited oxidative stress and ER stress-induced apoptosis partly via FGF21. (a, b) Western
blotting images showed the phosphorylation levels of IRE1a and JNK, and the protein levels of IRE1a, JNK, GRP78, CHOP, Bax/Bcl-2 ratio,
c-caspase3, SOD2, and ALCATI. (¢, d) TUNEL staining: TUNEL-positive granules in red and DAPI in blue. Original magnification x10. (e)
MDA content in the myocardium. (f) Enzyme activity of CAT in the myocardium. Scale bar: 200 px. ME: MI + aerobic exercise group. Data

presented are means + SD. One-way ANOVA. *p <0.05, **p <0.01.

oxidative stress-induced apoptosis in kidneys of MI mice by
inhibiting ALCAT1 expression [25]. However, the role of
ALCATI in cardiovascular diseases remains unclear. We
found that aerobic exercise reduced the increased expression
of ALCATI in the hearts of mice with MI (p<0.01,
Figures 2(a) and 4(g)). To further examine the role of
ALCATI on the exercise protection of MI, we used alcatl
knockout (alcatl””) mice. We quantified the collagen vol-
ume of fraction (CVF%) in the heart sections with Masson’s
trichrome staining. In post-MI, the myocardial fibrosis in

alcat]” mice was still increased which was significantly
lower than that in the WT mice (p<0.01, Figure 4(a)).
Our results showed that six weeks of aerobic exercise train-
ing and/or alcatl knockout significantly reduced the fibrotic
area of the hearts in MI mice and that the combined effect
was better than the single effect (p <0.01, Figure 4(a)).
Detection of cardiac function by echocardiography
(Figures 4(b) and 4(c)). In the alcatl” mice, LVIDd and
LVIDs significantly increased, and EF and FS were signifi-
cantly decreased in the MI group compared to the S group
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FIGURE 4: Aerobic exercise and knockout alcat] reduced cardiac oxidative stress and apoptosis in MI mice. (a) Myocardial infarct size was
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myocardium. (j) GSH-Px activity in the myocardium. (k) CAT activity in the myocardium. (I) T-SOD activity in the myocardium. (m)
TUNEL staining: TUNEL-positive granules in red and DAPI in blue. (n) TUNEL-positive cells count. (0) Protein expression levels of the
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means + SD. One-way ANOVA with post hoc LSD multiple-comparison test. *p < 0.05, **p < 0.01.

(p<0.01, Figures 4(c)-4(f)). Furthermore, compared with
the MI group in WT mice, the LVIDs was decreased signif-
icantly, and EF and FS were significantly increased in the
alcatl”™ MI group (p<0.01, p<0.05, Figures 4(c)-4(f)).
Compared with the WT mice in the ME group, we found
that LVIDd and LVIDs significantly decreased, with the
increased EF and FS in the alcat1”~ ME group. It indicated
that both alcatl knockout and/or aerobic exercise could
improve the cardiac function in mice with MI, and the com-
bined effect of both was better.

Furthermore, the contents of MDA and GSH were sig-
nificantly reduced, and the enzyme activity of the CAT,
GSH-Px, and T-SOD was significantly increased in the myo-
cardium after aerobic exercise under conditions of MI in
WT mice (p <0.01, Figures 4(h)-4(1)). The alcatl”™ mice
obtained similar results (p <0.01, Figures 4(h)-4(1)). Fur-
thermore, the lower MDA and the higher GSH, GSH-Px,
CAT, and T-SOD were observed in alcat]”~ mice compared
to WT mice during MI (p <0.05, p<0.01, Figures 4(h)-
4(1)). In exercise after post-MI, MDA was significantly
reduced, and GSH, CAT, GSH-Px, and T-SOD were signifi-
cantly increased in the alcat]”” mice compared to WT mice
(p <0.05, p < 0.01, Figures 4(h)-4(1)). The TUNEL assay and
western blotting analysis of Bax and Bcl-2 protein levels
indicated that both alcat1 knockout and aerobic exercise sig-
nificantly inhibited apoptosis in the hearts of mice with MI
(p<0.01, Figures 4(m)-4(0)). Thus, aerobic exercise
reduced oxidative stress and apoptosis on the MI heart in
mice by inhibiting ALCAT1 hyperexpression. alcatl knock-
out ameliorated MI-induced oxidative stress and apoptosis
and improved the cardiac function in the MI mice. It sug-
gests the potential role of ALCAT1 in cardiovascular disease.

3.5. AICAR or Exogenous rhFGF21 Inhibited H,O,-Induced
Oxidative Stress and ER Stress-Induced Apoptosis in HIC2

Cells. We have found that aerobic exercise upregulated
FGF21 expression, downregulated ALCATI1 expression, and
inhibited oxidative stress and apoptosis in the hearts of mice
with MI. To explore the possible mechanisms, we treated
H9C2 cells with AICAR, rhFGF21, and H,O, for mimicking
exercise and hypoxia separately. Compared with the control
group, MDA content and ALCAT1 protein expression were
increased significantly, and T-SOD activity was significantly
decreased in the H,0O, group (p <0.01, Figures 5(a)-5(c)).
All of these results were reversed by AICAR or exogenous
rhFGF21 intervened. Western blotting results exhibited that
the p-PI3K/t-PI3K ratio, p-IREla/t-IREla ratio, p-JNK/t-
JNK ratio, GRP78, CHOP, Bax/Bcl-2 ratio, c-caspase3 protein
expression, and number of TUNEL-positive particles
increased significantly and p-AKT/t-AKT, FGF21, and FGFR1
protein expression decreased significantly in H,O, group
compared to the control group (p < 0.01, Figures 5(d)-5(h)).
The rhFGF21 and/or AICAR significantly reversed these
changes, the expression of p-PI3K/t-PI3K protein was further
significantly increased. These data showed that exogenous
rhFGF21 or AICAR activated PI3K/AKT signaling and inhib-
ited oxidative stress and ER stress-induced apoptosis in HOC2
cells.

3.6. FGF21 Attenuated Oxidative Stress and ER Stress-
Induced Apoptosis of H9C2 Cells by Activating the
FGFR1/PI3K/AKT Pathway. Our animal experiments have
shown that aerobic exercise training activated the
FGF21/FGFR1/PI3K/AKT pathway and inhibited oxidative
stress and apoptosis on heart in post-MI mice. To further
determine the underlying mechanism, we used PD166866
(an inhibitor of FGFR1) and LY294002 (a PI3K inhibitor)
to treat with H9C2 cells. Exogenous rhFGF21 protected
H9C2 from oxidative stress and ER stress-induced apoptosis
under the H,O, condition, but PD166866 inhibited the
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FiGUre 5: AICAR or rhFGF21 reduced the oxidative stress and ER stress-induced apoptosis by H,0, in HIC2 cells. (a) T-SOD activity in
HI9C2 cells. (b) MDA in HIC2 cells. (c-f) Western blotting images and their densitometric quantitative analysis of ALCAT1, p-PI3K/t-PI3K
ratio, p-AKT/t-AKT ratio, p-IREla/t-IREl« ratio, p-JNK/t-JNK ratio, GRP78, CHOP, Bax/Bcl-2 ratio, and c-caspase3. (g) TUNEL staining:
TUNEL-positive granules in red and DAPI in blue. (h) TUNEL-positive cells count. Data presented are means + SD. One-way ANOVA with
post hoc LSD multiple-comparison test. *p < 0.05, **p < 0.01.

protective effect of rhFGF21 (p < 0.05, p < 0.01, Fig. S3). On  ulation of SOD2 and p-AKT/t-AKT expression (p < 0.05, p
the other hand, under the H,0O, condition, LY294002 inter- <0.01, Figures 6(a)-6(c)). All the above data revealed that
vention attenuated FGF21-mediated downregulation of p-  FGF21 inhibited oxidative stress and ER stress-induced apo-
IREla/t-REle, p-JNK/t-JNK, GRP78, CHOP, Bax/Bcl-2, ptosis by stimulating the FGFR1/PI3K/AKT signaling
and c-caspase3 expression, meanwhile inhibiting the upreg-  pathway.
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FiGure 6: PI3K inhibitor inhibited the FGF21 overexpression-mediated oxidative stress and antiapoptotic effect on ER stress injury. (a—c)
Western blotting images and their densitometric quantitative analysis of SOD2, p-AKT/t-AKT ratio, p-IREla/t-IREl« ratio, p-JNK/t-JNK
ratio, GRP78, CHOP, Bax/Bcl-2 ratio, and c-caspase3. Data presented are means + SD. One-way ANOVA with post hoc LSD multiple-

comparison test. *p < 0.05, **p < 0.01.

3.7. FGF21 Activated the PI3K/AKT Pathway to Ameliorate
ALCATI-Induced Oxidative Stress and Apoptosis. ALCAT1
has been proved to be involved in oxidative stress and apo-
ptosis. We speculated FGF21 might inhibit oxidative stress
and apoptosis by regulating ALCAT1 expression. HIC2 cells
were transfected with lentivirus containing alcatl gene for
overexpressing ALCAT1 protein (p <0.01, Fig. S4A-B).
Compared with the control group, Bax/Bcl-2 ratio and c-
caspase3 protein expressions were significantly increased, and
the expression of SOD2 protein reduced significantly in the
transfected HOC2 cells. All of these results were reversed by
rhFGF21 (p < 0.05, p < 0.01, Figures 7(a) and 7(b)). It was indi-
cated that FGF21 inhibited the hyperexpression of ALCAT1-
induced oxidative stress and apoptosis in H9C2 cells.

Then, we examined whether FGF21 inhibited oxidative
stress and apoptosis induced by ALCAT1 overexpression
through the PI3K/AKT pathway. Compared with the control
group, we found p-PI3K and p-AKT/t-AKT ratio protein
expression increased significantly after rhFGF21 intervention

in H9C2 cells transfected with lentivirus containing alcatl
gene. The opposite results were observed in LY294002 and
rhFGF21 cointervention group in HOC2 cells with lentivirus
transfection (p < 0.01, Figures 7(a) and 7(b)). Therefore, exog-
enous rhFGF21 inhibited ALCAT1-induced oxidative stress
and apoptosis by activating the PI3K/AKT signaling pathway
in HIC2 cells.

4. Discussion

The post-MI heart undergoes extensive oxidative stress, cardio-
myocytes loss, accumulation of fibrous tissue, and ultimately
ventricular systolic dysfunction. Exercise-based cardiac rehabil-
itation is an effective treatment in attenuating post-MI apopto-
sis. Growing clinical consensus believes that exercise training
improves myocardial oxygenation and ventricular function in
patients with MI and confers sustained improvement in quality
of life and reduction in cardiomyocyte apoptosis [2, 36]. In this
context, our present study showed that aerobic exercise
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Ficure 7: FGF21 inhibited oxidative stress and apoptosis induced by ALCAT1 overexpression through the PI3K-AKT pathway. SOD2, p-
PI3K, p-AKT/t-AKT ratio, Bax/Bcl-2 ratio, and c-caspase3 protein levels after rhFGF21 or/and LY294002 intervention in H9C2 cells
transfected with lentivirus containing alcatl gene. Data presented are means+ SD. One-way ANOVA with post hoc LSD multiple-

comparison test. “p < 0.05, **p < 0.01.

improved the cardiac structure and function through inhibiting
oxidative stress and ER stress-induced apoptosis by activating
the FGF21/FGFR1/PI3K/AKT pathway in post-MI heart, but
fgf21 knockout partially weakened the cardioprotective effect
of aerobic exercise in mice with MI. Additionally, aerobic exer-
cise alleviated oxidative stress and apoptosis and improved the
cardiac structure and function by inhibiting the hyperexpres-
sion of ALCATI in the post-MI mice heart. Knockout alcatl
alleviated oxidative stress, apoptosis, and cardiac fibrosis and
improved left ventricular function in mice heart with ML Fur-
thermore, exogenous rhFGF21 intervention activated the

PI3K/AKT pathway and significantly inhibited H,O, or
ALCAT1-induced oxidative stress and apoptosis. These results
suggested that aerobic exercise can alleviate oxidative stress
and apoptosis by activating the FGF21/FGFRI1/PI3K/AKT
pathway or inhibiting the hyperexpression of ALCAT1 and ulti-
mately improve the cardiac structure and function of mice with
MIL

FGF21 was initially found to play a role in glucose and
lipid metabolism and insulin secretion (Nishimura T et al.,
2000; Kharitonenkov et al., 2011; Zhang J et al.,, 2014). A
series of subsequent clinical studies have shown that
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FGF21 binds to FGFRI in the form of autocrine or paracrine
in the heart [9, 37], which can be used as a predictor of car-
diovascular diseases such as acute myocardial infarction and
coronary heart disease and play a potential role in preven-
tion and rehabilitation of cardiovascular diseases [38-41].
Deficiency of FGF21 leads to cardiac hypertrophy and
adversely affects the ischemic heart. Studies have shown that
the secretion of FGF21 in liver tissue increased during myo-
cardial ischemia, and it played a cardioprotective effect
through blood circulation [4, 42]. Further studies have found
that the intervention of exogenous FGF21 significantly
improved the survival of cardiomyocytes under ischemia
and decreased the areas of myocardial infarction [29],
whereas it inhibited the expression of FGFRI increased the
infarct area of ischemic myocardium [43]. Animal experi-
ments have shown that both one-time acute exercise and
exhaustive exercise significantly increased FGF21 expression
in serum and skeletal muscle [12, 32, 44]. Clinical studies
found that exercise promoted a significant increase in serum
FGF21 levels in healthy adults [11, 32]. It suggested that
FGF21 may play an organ protection role as an “exerkines.”
However, it is not clear whether FGF21 is related to the car-
dioprotective effect of exercise on MI. First of all, in the WT
mice, we found that after 6 weeks of aerobic exercise, the
expressions of FGF21 and FGFR1 in the heart of the mice
with MI were significantly increased, and the cardiac func-
tion was significantly improved. Therefore, it was believed
that the improvement of cardiac function in MI hearts by
exercise was related to FGF21. Then, we performed the same
experiment on fgf21 knockout mice and found that the
improvement effect of exercise on the function of hearts in
mice with MI was reduced. Considering this, it seems that
the improvement of cardiac structure and function in mice
with MI by exercise was at least partly mediated by FGF21.
But its underlying mechanism remains to be further
confirmed.

Oxidative stress and ER stress are highly correlated bio-
logical processes, and apoptosis induced by both of them is
an important pathophysiological mechanism for cardiomyo-
cyte injury. ER is highly sensitive to intracellular homeosta-
sis and external stimulation. Hypoxia, DNA damage, and
calcium depletion induce ER stress and eventually lead to
cardiomyocytes apoptosis [36]. UPR is the initial step of
ER stress, which helps to maintain ER homeostasis in an
early stage. However, when UPR cannot cope with long-
term or severe ER stress, the apoptosis pathway mediated
by CHOP, caspase-12, and JNK is activated [35, 45]. During
ER stress, JNK is phosphorylated by IREw, which activates
proteins from the B-cell lymphoma-2 (Bcl-2) family and cas-
pases, which induces cell death [31, 46]. Cardiomyocytes
show severe ischemia and hypoxia after myocardial infarc-
tion, which results in cellular oxidative stress, ER stress,
and apoptosis [47]. Previous studies have shown that
FGF21 has inhibited atherosclerosis [48], vascular calcifica-
tion [49], and cardiomyocyte apoptosis by reducing ER
stress [4, 8]. It was reported that overexpression of FGF21
significantly reversed the apoptosis of HIC2 cells induced
by TM via inhibiting the IRE1a/JNK pathway [8]. There is
a growing consensus that the mechanism of FGF21 in the
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prevention and treatment of cardiovascular diseases is
related to ER stress and oxidative stress. Cardiac tissue anti-
oxidant genes (UCP3 and Sod2) are upregulated in humans
with failing hearts which may have a relation that FGF21
mRNA is upregulated [29]. In addition, FGF21 prevents
type-2 diabetic lip toxicity-induced cardiomyopathy through
activation of the antioxidant pathway effect in the hearts of
mice [50]. FGF21 inhibits hypoxia and ER stress-induced
apoptosis by activating the PI3K/AKT pathway [29, 51].
Our animal experimental study found that the
FGF21/FGFR1/PI3K/AKT pathway was activated, and the
oxidative stress and the expression of ER stress-related apo-
ptosis proteins such as IRE«, JNK, GRP78, CHOP, c-cas-
pase3, Bax/Bcl-2 were significantly increased in the heart of
post-MI mice, whereas the phenomenon was reversed by
aerobic exercise. However, the inhibitory effect of exercise
on oxidative stress and ER stress-induced apoptosis were
weakened after the fgf21 gene was knocked out. To investi-
gate its mechanisms, HOC2 cells were treated with H,0,,
AICAR (AMPK agonist), FGFR1 inhibitor (PD166866),
PI3K inhibitor (LY294002), and exogenous rhFGF21. We
observed that AICAR and rhFGF21 promoted the secretion
of FGF21 and FGFRI, activated the PI3K/AKT pathway,
and inhibited oxidative stress and ER stress-induced apopto-
sis in H9C2 cells under the H,O,. Furthermore, the
rhFGF21 intervention-mediated effect of cardioprotective
was reversed by PD166866 and 1Y294002. Collectively,
these results indicated that the protective effect of aerobic
exercise on inhibiting oxidative stress and ER stress-
induced apoptosis via elevating FGF21 expression in the
post-MI heart was mediated, at least in part, by the
FGFR1-PI3K/AKT signaling pathways.

Cardiolipin (CL) is the only phospholipid in mitochondria
and rich in linoleic acid and is concentrated near the reactive
oxygen production site of the mitochondrial inner membrane.
CL is highly sensitive to oxidative damage, participates in the
regulation of mitochondrial function and oxidative stress,
and is oxidized in the early process of apoptosis [13-15].
ALCAT1, as a membrane protein with 414 amino acids, is
located in the endoplasmic reticulum and mitochondrial
membrane, which is very important in the process of CL
remodeling. ALCAT]1 catalyzes CL pathological remodeling,
which leads to ROS generation, mitochondrial dysfunction,
and insulin resistance under the pathological conditions of
diabetes, obesity, and cardiomyopathy [16, 18, 19]. ALCAT1
overexpression results in mitochondrial division and fusion
disorders, accompanied by mtDNA deletions, while the qual-
ity of mitochondria in alcat1 knockout mice improves signifi-
cantly, which is not affected by oxidative stress-induced
mitochondrial swelling and fragmentation [52]. In addition,
ALCAT1-targeted inactivation prevents diet-induced obesity,
NAFLD, MPTP-induced neurotoxicity, improves motor defi-
ciency, and inhibits apoptosis [19, 20, 23]. Therefore, ALCAT1
plays an important role in the process of oxidative stress-
related diseases, but the role of ALCAT1 in cardiovascular dis-
eases has not been clarified. Exercise inhibits the expression of
ALCAT]1 in the skeletal muscle of mice [24] and also inhibits
the expression of ALCAT1 in the kidney of mice with MI and
reduces renal oxidative stress and apoptosis [25]. Aerobic
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cardiac function in myocardial infarction mice.

exercise significantly inhibits the level of oxidative stress in the
ischemic myocardium [53], but ALCAT1 whether involved in
its mechanism has not been fully elucidated. Our study
showed that in WT mice, the expression of ALCAT1 was sig-
nificantly increased in the hearts of mice with MI, and aerobic
exercise mitigated oxidative stress and apoptosis induced by
MI through inhibiting the hyperexpression of ALCAT1. To
further determine the role of ALCAT1, we prepared alcatl
knockout mice and found that alcat] knockout significantly
improved cardiac structure function by alleviating oxidative
stress and apoptosis in mice with ML In cell experiments,
HOC2 cells were transfected with lentivirus containing the
alcatl gene. Exogenous rhFGF21 intervention inhibited the
oxidative stress and apoptosis induced by ALCAT1 overex-
pression, while PI3K inhibitor (LY294002) attenuated the
inhibitory effect of FGF21. These results indicated that aerobic
exercise improved cardiac structure and function of mice with
MI through inhibiting oxidative stress and apoptosis by sup-
pressing the expression of ALCAT1. Meanwhile, exogenous
FGF21 inhibited oxidative stress and apoptosis of HIC2 cells
induced by ALCATI overexpression by activating the
PI3K/AKT pathway.

5. Conclusion

In conclusion, aerobic exercise alleviated oxidative stress and
apoptosis by activating the FGF21/FGFR1/PI3K/AKT path-
way or inhibiting the hyperexpression of ALCAT1, which
improved the cardiac structure and function of the heart in
mice with MI (Figure 8). This study further elucidates the
protective mechanism of exercise on the ischemic heart
and suggests that FGF21 and ALCAT1 may be important
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molecular targets for clinical treatment or prevention of
myocardial infarction.

Data Availability
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study are included within the article.

Additional Points

(1) Aerobic exercise inhibited oxidative stress and ER stress-
induced apoptosis of cardiomyocytes by activating the
FGF21/FGFR1/PI3K/AKT pathway in post-MI heart, and
fgf21 knockout partially weakened the protective effect of
aerobic exercise on the myocardial injury in MI mice. (2)
Aerobic exercise alleviated oxidative stress and apoptosis,
improved cardiac function by inhibiting the hyperexpression
of ALCAT1 in the heart of post-MI mice. Knockout alcatl
alleviated oxidative stress, apoptosis, and cardiac fibrosis
and improved left ventricular function in mice heart with
MI. (3) Exogenous rthFGF21 activated the PI3K/AKT path-
way and significantly inhibited H,O, or ALCAT1-induced
oxidative stress and apoptosis in HIC2 cells.
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Aerobic training (AT) promotes several health benefits that may attenuate the progression of obesity associated diabetes. Since AT
is an important nitric oxide (NO’) inducer mediating kidney-healthy phenotype, the present study is aimed at investigating the
effects of AT on metabolic parameters, morphological, redox balance, inflammatory profile, and vasoactive peptides in the
kidney of obese-diabetic Zucker rats receiving L-NAME (N(omega)-nitro-L-arginine methyl ester). Forty male Zucker rats
(6 wk old) were assigned into four groups (n =10, each): sedentary lean rats (CTL-Lean), sedentary obese rats (CTL-Obese),
AT trained obese rats without blocking nitric oxide synthase (NOS) (Obese+AT), and obese-trained with NOS block (Obese
+AT+L-NAME). AT groups ran 60min in the maximal lactate steady state (MLSS), five days/wk/8 wk. Obese+AT rats
improved glycemic homeostasis, SBP, aerobic capacity, renal mitochondria integrity, redox balance, inflammatory profile (e.g.,
TNF-a, CRP, IL-10, IL-4, and IL-17a), and molecules related to renal NO™ metabolism (klotho/FGF23 axis, vasoactive peptides,
renal histology, and reduced proteinuria). However, none of these positive outcomes were observed in CTL-Obese and Obese
+AT+L-NAME (p <0.0001) groups. Although Obese+AT+L-NAME lowered BP (compared with CTL-Obese; p < 0.0001),
renal damage was observed after AT intervention. Furthermore, AT training under conditions of low NO™ concentration
increased signaling pathways associated with ACE-2/ANG1-7/MASr. We conclude that AT represents an important
nonpharmacological intervention to improve kidney function in obese Zucker rats. However, these renal and metabolic
benefits promoted by AT are dependent on NO™ bioavailability and its underlying regulatory mechanisms.
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1. Introduction

The gaseous signaling molecule nitric oxide (NO") plays a key
role in the body, including renal hemodynamics regulation.
NO’ bioavailability is regulated by an increase of NO™ produc-
tion via NO synthase (NOS) activity, using L-arginine as a
substrate, and/or lower NO™ degradation [1, 2]. In obesity-
related disorders, such as type 2 diabetes (T2DM), the renal
NO’ bioavailability is impaired, which increases renin secre-
tion, intraglomerular pressure, tubuloglomerular feedback,
and renal sodium reabsorption, while renal blood flow perfu-
sion is reduced [3-5]. These effects induce kidney damage
leading to the development of diabetic nephropathy, chronic
kidney disease (CKD), and cardiovascular disease associated
with the pathogenesis of systemic hypertension [2, 6, 7].

Physical activity and/or exercise training is the corner-
stone nonpharmacological adjunct for treating and prevent-
ing several medical conditions, including obesity-related
disorders [8, 9]. It is already established that exercise
improves glucose homeostasis by reducing chronic inflam-
mation and oxidative stress [3, 9, 10]. For instance, Ito
et al. showed that regular running exercise upregulated
NOS expression, while suppressing NADPH oxidase and
a-oxoaldehydes in the kidneys, which at least in part
improved renal protection in the early progression of dia-
betic nephropathy in Zucker diabetic fatty rats [11]. Similar
results were also observed by other authors, where aerobic
exercise during 4 weeks promoted protective effects in a dia-
betic kidney by reducing renal oxidative stress and inflam-
mation in female Wistar rats [12]. Exercise also decreases
mitochondrial oxidative stress by reducing the mitochon-
drial permeability transition pore (MPTP) [13, 14]. Interest-
ingly, this effect regulates the action of vasoactive peptides,
such as angiotensin 1-7, bradykinin, and vasopressin, which
are associated with improvements in NO™ bioavailability.
Restoring NO™ bioavailability has been considered a key
mechanism to improve endothelial dysfunction in obesity-
related disorders [15-19].

In endothelial dysfunction, the elevated vascular oxida-
tive stress decreases NOS expression, especially the endothe-
lial NOS isoform (eNOS), thus reducing NO™ bioavailability
[20, 21]. Notably, exercise training decreased renal oxidative
stress and systemic blood pressure even when chronic inhi-
bition of eNOS was experimentally induced by N(omega)-
nitro-L-arginine methyl ester (L-NAME) [22, 23]. L-
NAME has been widely applied for several decades in basic
and clinical research as an antagonist of NOS [24-29],
reducing NO™ bioavailability in tissues such as the kidney
[30, 31]. However, some studies have shown that while exer-
cise improves systemic blood pressure under reduced eNOS
activity, it may increase renal injury in animal models [23,
32]. Thus, exercise has clear health benefits; however, the
renal effects of aerobic exercise training (AT) and biological
action of NO' in obesity-related conditions, such as T2DM,
require further elucidations.

Renoprotection is a complex phenomenon involving the
cross-talk between multiple mechanisms and NO™ signaling
pathways. Functional assessments, morphological, biochem-
ical, and molecular approaches might aid understanding of
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the complete picture of cellular adaptation in response to
AT in a kidney structure. A mechanistic framework of these
responses could provide valuable insights for therapeutic
approach development and treatment guidance to attenuate
kidney diseases and disorders, besides mapping of key bio-
markers in physiological responses inherent to obesity con-
ditions. Since exercise is an important NO-inducer
mediating kidney function, the present study is aimed at
investigating the effects of 8 weeks of AT on metabolic
parameters, morphological parameter, redox balance,
inflammatory profile, and vasoactive peptides in the kidney
of obese-diabetic Zucker rats receiving L-NAME. We
hypothesized that Zucker rats exposed to L-NAME display
no improvements in glucose homeostasis, blood pressure,
kidney structure, redox balance, and inflammatory state.

2. Materials and Methods

2.1. Animals. Forty 6-wk-old male homozygous obese
(fa'/fa’) and lean (Fa®/fa’) Zucker rats obtained from the
Animal House were used in this research and maintained
under a 12h light/dark cycle (lights on at 07:00) at room
temperature of 22 + 2°C and relative humidity of 55 + 10%.
After one week of acclimation, the animals were distributed
into four groups (n =10, each): sedentary lean rats (CTL-
Lean), sedentary obese rats (CTL-Obese), AT-trained obese
rats without blocking the NOS (Obese+AT), and AT-
trained obese rats with NOS blocked (Obese+AT+L-
NAME). During the study, animals were maintained in sep-
arate cages (4-3 animals per cage according to their pheno-
type), fed a standard chow (NUVILAB CRI, Nuvital®
Nutrients, Curitiba, Brazil), and received water ad libitum.
All procedures followed the NIH Guide for the Care and
Use of Laboratory Animals (U.S. National Research Council,
Washington D.C., USA) [33, 34] and international princi-
ples for research involving animals (ARRIVE 2.0) [35]. The
present study was approved by the Animal Research Ethics
Committee (protocol number: 007/19).

2.2. Determination of the Exercising Lactate. Lactate thresh-
old (LT) was assessed 48 h after the first insulin tolerance test
(ITT) [36]. All animals running at 6 m/min speed for 10 min
three times per week for two weeks to familiarize the rats
with the AT training ergometer (treadmill developed for rats
customized model, AVS Projects, Brazil).

The electric shock (5mV) was conducted according to
the NIH Guide for Care and Use of Laboratory Animals
[33, 34]. Stimulus was used in familiarization, physical
examinations, and exercise training. This familiarization
protocol was intended to reduce the animals’ stress when
performing the required exercise tasks. Intensity started at
6m-min"' and was increased by 2m-min”' for each 3 min
stage until exhaustion. In addition to lactate evaluation, the
investigators also determined maximum running velocity
(Vmax) achieved during the last stage in the graded exercise
test. Vmax was obtained in the incremental test, as the veloc-
ity of the last complete stage was supported by the ani-
mal [37].
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Blood (5 puL) obtained from the tail was collected at the
beginning of the test (rest) and the end of each complete
stage using a portable lactometer (Accutrend® PLUS-Roche,
USA) to quantify lactate concentration. After local antisepsis
with 70% alcohol, 25 uL of blood was collected from a small
incision in the distal tail portion using a calibrated capillary
tube. The blood sample was rapidly deposited in Eppendorf®
microtubes (0.6 mL), containing 50 4L of 1% sodium fluo-
ride (NaF), and stored at —80°C for further biochemical
analysis [38].

To determine LT by the visual inspection method, lactate
levels were plotted on individual graphs (lactate versus exer-
cise intensity). The evaluators determined the lactate curve’s
tipping point as the moment when lactate exponentially
increased relative to the exercise intensity. These incremen-
tal tests were previously described by Rosa et al. applied in
all rats pre- and posttraining [38].

These incremental tests were also used to evaluate the
intensity closest to the maximal lactate steady state (MLSS)
and reduce the number of sessions required to determine
the MLSS. The criterion used to identify MLSS was a blood
lactate range of up to 0.5mmol'min" during the last
10 min of exercise proposed for rats [38].

2.3. Aerobic Training. The study began with treadmill run-
ning familiarization, according to a protocol adapted from
Copp et al. [39]. Rats ran at 6 m/min, 10 min per day, 5 days
a week, during 2 weeks on a treadmill with individual lanes
and electrical stimulation at the rear (customized model,
AVS Projects, Brazil). 48 h after the last MLSS assessment,
rats in the AT groups started the exercise protocol in the
same treadmill of the MLSS: 60 min at the measured 100%
MLSS and 0% grade. Training occurred five days per week
for eight weeks as described by Rosa et al. [38].

2.4. Inhibition of Nitric Oxide Synthases by L-NAME. Ani-
mals assigned to the Obese+AT+L-NAME group were orally
supplemented with L-NAME administered in the drinking
water at a 5mg/100 mL concentration for 8 weeks following
the protocol published by Bayls et al. [40] L-NAME is a non-
selective inhibitor of NOS, but at this concentration, it is a
selective inhibitor of eNOS. L-NAME was administered at
the beginning of AT and maintained until the end of the
protocol.

2.5. Glucose and Insulin Tolerance Tests. Glucose and insulin
tolerance tests were conducted in all animals two days after
[36] the beginning of the 8 weeks of L-NAME supplementa-
tion and exercise. The glucose tolerance test (GTT) was per-
formed using an intraperitoneal glucose solution (2 g/kg
body weight) at baseline and at posttraining (48 h after iso-
lated cage time). Glycaemia was determined at 0, 15, 30,
60, and 120 min after the glucose injection. ITT was also per-
formed at baseline and posttraining (48 h after GTT). The
ITT required an injection of 0.1 U/kg of recombinant regular
insulin Humulin® intraperitoneally. Glycaemia was mea-
sured at 0, 5, 10, 15, 20, and 30min. Glycaemia in both
GTT and ITT tests was measured using an AccuCheck Per-
forma Roche®. Fasting plasma insulin (FPI) was measured a

rat-sensitive enzyme-linked immunosorbent assay (ELISA)
kit (Millipore Corporation, Billerica, MA). Homeostasis
model assessment (HOMA) for insulin resistance (HOMA -
IR) and HOMA for f-cell function (HOMA-f3) were calcu-
lated, as previously described by Ito et al. [11]: HOMA-IR
: [fasting insulin (ng/mL) X fasting glucose (mg/dL)]/405 ;
HOMA-S : [fasting insulin (ng/mL) x 20]/[fasting glucose (
mg/dL) - 3.5].

2.6. Blood Pressure Measurement. Systolic blood pressure
(SBP) was measured for all animals before and after the
AT intervention. Blood pressure measurement was per-
formed according to Neves et al. [41]. Briefly, the SBP was
measured using the tail-cuff method with the rats under
the conscious condition with the PowerLab system (ADIn-
struments, Inc., Sydney, Australia). This tail-cuff method is
a sensitive and accurate approach for the noninvasive mea-
surement of BP in conscious SHR [41]. SBP was measured
once a week at the same time each day (between 6:00 and
8:00 p.m.) to allow the animals to become adapted to the
procedure.

2.7. Euthanasia and Tissue Harvest. One at a time, after 48 h
of the MLSS, the animals were euthanized as described by
Neves et al. [42], and the kidneys were harvested. The right
kidney was weighed and separated for histology, and the left
kidney was utilized for molecular and biochemical analyses.
Samples obtained from the left kidney were also frozen at
-80°C and used for mRNA and protein determination. The
kidney was weighted and corrected by the tibial length [43].

2.8. Renal Gene Expression of eNOS, iNOS, and
Inflammatory Profile. The total RNA was extracted accord-
ing to the TRIzol method described by Chomczynski and
Sacchi [44]. A NanoDrop® spectrophotometer (ND-1000;
NanoDrop Technologies Inc., Wilmington, DE, USA) was
used to quantify the RNA concentrations and determining
the absorbance rate of 260-280nm. To assess the eNOS
and iNOS gene expression in the kidney, a total of 100-
350 ng of RNA extracted from each sample was converted
to ¢cDNA (final volume 20 uL) using GoTaq® Probe RT-
qPCR (Promega-Cat. A6120X) based on the manufacturer’s
protocol. The standard cycling conditions to perform reverse
transcription and amplification of samples were as follows:
(a) reverse transcription (1 cycle)—45°C for 15 minutes;
(b) reverse transcriptase inactivation and GoTaq® DNA
Polymerase activation (1 cycle)—95°C for 2 minutes; (c)
denaturation (40 cycles)—95°C for 15 seconds; and (d)
annealing and extension (40 cycles)—60°C for 1 minute.
The following TagMan probes were used for the determina-
tion of A-actin (Rn00667869m1), eNOS (Rn02132634s1),
and iNOS (Rn00561646m1).

Inflammatory profile was measured in kidney samples
following homogenization. Total proteins were extracted
from tissues using phosphate-buffered saline (PBS 1%,
pH7.4) supplemented with a protease inhibitor cocktail
(Roche, Germany). Tumor necrosis factor-alpha (TNF-«),
c-reactive protein (CRP), interleukin 10 (IL-10), and inter-
leukin 4 (IL-4) were assessed by commercial ELISA Kkits



manufactured by R&D Systems (USA). Interleukin 17a (IL-
17a) was measured by a rat-sensitive IL-17a ELISA kit man-
ufactured by Invitrogen (Thermo Fischer Scientific, MA,
USA). For this kit, sensitivity was established at 1.0 pg/mL,
and the reproducibility intra-assay and interassay were
8.5% and 7.6% CVs, respectively. Interleukin 18 (IL-18)
was measured using a rat IL-18 ELISA kit manufactured by
Abcam (Sdo Paulo, Brazil), the sensitivity was <1 pg/mL,
and the reproducibility intra- and interassays were lower
than 6.2% and 7.2% CVs. The kidney protein content was
analyzed by the Bradford method [45]. Standard curves for
each cytokine were generated using serial dilutions of the
mediators supplied, with each sample titrated by linear
interpolation. All samples were determined in duplicate to
guarantee reliability.

2.9. Histological Analyses. The right kidney was weighted
and sectioned in the frontal plane (5 um); then, it was fixed
with 10% formaldehyde (10 mM phosphate bufter, pH7.4)
and embedded into paraffin. The blades were stained with
hematoxylin-eosin (HE) for the evaluation of structural
changes. Sections were visualized at a magnification of
200x (Leica DM1000, Wetzlar, Germany, 20 X objective
and 10 x oculars). Approximately 50 glomeruli and renal
tubule sections were evaluated. Each photomicrograph was
delimited near the outer edges; individual glomeruli were
surrounded to determine the glomerular area using AxioVi-
sion Rel, 4.8 software (Carl Zeiss, IL, USA). The tubular
diameter was measured at the widest cross-sectional point
of the captured images using the same software [46].

2.10. Biochemical Analyses. Renal tissue was defrosted, sec-
tioned, and transferred to ice-cold 0.9% NaCl containers
and homogenized in 0.1 mol/L Tris-HCI buffer (pH?7.4).
The levels of thiobarbituric acid-reactive substances
(TBARS), glutathione (GSH), glutathione disulfide (GSSG),
superoxide dismutase (SOD), catalase (CAT), NO', and tro-
lox equivalent (TE; total antioxidant capacity) were analyzed
following the manufacturer’s specifications. Protein car-
bonyls, 3-nitrotyrosine (3-NT), klotho, angiotensin 1 con-
verting enzyme (ACE-1), angiotensin 2 converting enzyme
(ACE-2), angiotensin II type-1 receptor (AT,R), bradykinin
(BK), and FGF23 were determined using rat protein car-
bonyl, rat 3-NT, rat klotho, rat ACE-1, rat ACE-2, rat
AT\R, rat BK, and rat FGF23 ELISA kits, respectively. The
overall intra- and interassays CVs for markers were in a
range of 2 to 15% (MyBioSource, Inc., San Diego, USA).
Asymmetric dimethylarginine (ADMA) and angiotensin II
(ANGII) concentrations were determined in duplicate using
the rat ADMA (CVs: intra- and interassays were <15%) and
rat ANGII (CVs: intra- and interassays were <8% and <10%,
respectively) ELISA kits (Cusabio Technology LLC, MD).
Angiotensin II type-2 receptor (AT,R), angiotensin 1-7
[ANG-(1-7)], and vasopressin dosages were performed
using the rat AT,R (CVs: intra- and interassays were <10%
and <12%, respectively) ELISA kit (LifeSpan BioSciences,
Inc., Seattle, USA), rat ANG-(1-7) ELISA kit, and rat vaso-
pressin ELISA kit; the overall intra- and interassays CVs
for ANG-(1-7) and vasopressin were in a range of 5 to

Oxidative Medicine and Cellular Longevity

16% (Biocompare, Inc., South San Francisco, USA). Two
days after the last AT session, each animal was relocated to
an individual cage, food and water were offered ad libitum,
and 24h urine samples were collected. Urinary creatinine
levels were evaluated in duplicate (CVs: intra- and
interassays < than 5%) by the colorimetric method using a
kit (LABTEST Diagnostics, Sdo Paulo, Brazil). Urinary 8-
isoprostane was analyzed in duplicate by ELISA; the overall
intra- and interassays CVs were 11.7 and 16.4, respectively
(Cayman Chemical, Ann Arbor, MI). Urinary protein excre-
tion (UPE) was assessed in duplicate by colorimetric assay
using a Sensiprot Labtest kit with CVs: intra- and
interassays < 10% (Centerlab Ltda, Sdo Paulo, Brazil). Uri-
nary excretion of 8-hydroxydeoxyguanosine (8-OHdG) was
measured in duplicate (CVs: intra- and interassays < 12%)
using an ELISA kit (Northwest Life Science Specialties,
LLC; Vancouver, WA).

2.11. Renal Mitochondrial Swelling and ROS Production. To
isolate mitochondria from the renal tissue, we used the dif-
ferential centrifugation protocol described by Pedersen
et al. [47]. Subsequently, internal mitochondrial membrane
permeability studies were performed by the mitochondrial
osmotic swelling estimated by the decrease of the absorbance
at 540 nm with the aid of a Hitachi U-2000 spectrophotom-
eter (Hitachi, Tokyo, Japan), in the presence of CaCl, at a
concentration of 50 yuM. These assays were adapted from
Kowaltowski et al. [48]. The amount of mitochondrial pro-
tein was determined by the Biuret method [49]. Changes of
2’,7'-dichlorodihydroﬂuorescin diacetate fluorescence were
used to assess the production of ROS by mitochondria. 2’
,7' -Dichlorofluorescein (DCF) fluorescence was accompa-
nied at 503/529 nm excitation/emission wavelength pair in
a Fluorescence Spectrophotometer Hitachi F-2500 (Hitachi,
Tokyo, Japan). As previously described by Mello et al,
ROS production was represented by relative fluorescence
units (RFU) [50]. The experimental design of this study is
presented in Figure 1.

2.12. Statistical Analysis. For F tests, the sample power was
calculated from an alpha of 5% (p < 0.05) and the power of
95% for large effect size. Results of the a priori power analy-
sis (p <0.05 and 95% power) were conducted using GPo-
wer® indicating the need of at least 8 rats per group. All
data were presented as the mean+SD. Normality and
homoscedasticity were evaluated using the Shapiro-Wilk
and Levene tests, respectively. A 2 x 2 (group X time interac-
tion) ANOVA followed by Tukey’s Honestly Significant Dif-
ference (Tukey HSD) post hoc test was used to identify
group x time differences (p <.05) for the following variables
BW, SBP FBG, FPI, GTT, ITT, HOMA-IR, HOMA-f§,
MLSS, and Vmax. One-way ANOVA with Tukey HSD post
hoc test were used to identify differences (p < 0.05) between
the groups for mitochondrial swelling and ROS production
by mitochondria, renal and urinary parameters, inflamma-
tory and redox profiles, klotho, FGF23, renin-angiotensin
system, BK, vasopressin, and renal morphology. Analyses
were performed using GraphPad Prism 6.0 software (Graph-
Pad Software, Inc., CA, USA).
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FiGure 1: Experimental design. CTL-Lean: sedentary lean rats; CTL-Obese: sedentary obese rats; Obese+AT: obese rats who underwent
aerobic training without blocking of nitric oxide synthases; Obese+AT+L-NAME: obese rats who underwent aerobic training with
blocking of nitric oxide synthases; L-NAME: N(w)-nitro-L-arginine methyl ester; GTT: glucose tolerance test; ITT: insulin tolerance test;
IT: incremental test; MLSS: maximal lactate steady state; BP: blood pressure; AT: aerobic training; eNOS: endothelial nitric oxide
synthases; iNOS: inducible nitric oxide synthases. Male Zucker rats were selected at six weeks old. Rats belonging to the Obese+AT+L-
NAME group received L-NAME 8 weeks prior to the beginning of the glycemic homeostasis tests and throughout the experimental
design. All rats were analyzed GTT, ITT, IT, MLSS, and BP pre- and posttraining. All these analyses were performed with an interval of
two days between them. After two days of the initial physical tests, the animals of trained groups were submitted to AT groups ran for
60 min at an intensity equivalent to 100% of MLSS, with 0% grade, 5 days/wk/8 wk. Afterward, 48h of the last training session, each rat
was isolated in a cage for 24 h urine collection. Euthanasia was performed after two days of the last physical fitness tests. The tibia length
was measured (renal weight was corrected for tibial length). The kidney was collected for the biomolecular analyses in the mitochondria,
redox and inflammatory profiles in the renal homogenate, and weighed. In addition, evaluations were performed on molecules related to

the metabolism of renal nitric oxide, as well as biomarkers of renal health klotho/FGF axis23 and vasoactive peptides.

3. Results

At the baseline, body weight (BW) was higher in the obese
groups when compared to the lean group. All groups gained
weight from baseline to posttest. As expected, the SBP was
higher in the obese groups before and after training than
in the CTL-Lean group. Baseline SBP was lower in the
CTL-Obese and Obese+AT groups when compared to the
Obese+AT+L-NAME group. Post hoc analyses indicated
that the Obese+AT and Obese+AT+L-NAME groups had
lower SBP than the CTL-Obese group posttraining. The
CTL-Obese group was the only group in this study that
increased SBP when compared to baseline. Pretraining
FBG was higher in the Obese+AT+L-NAME group than in
the CTL-Obese and Obese+AT groups, which reinforces
the impact of the decrease in the action of NO™ on the
increase in blood glucose. Both CTL-Obese and Obese+AT
had higher levels of FBG than CTL-Lean. Following the
analysis of group versus time interaction, it was observed

that AT decreased FBG in obese rats when compared to
CTL-Obese. However, the sum of lower levels of NO™ plus
AT aggravated the increase in FBG. Furthermore, AT
decreased hyperinsulinemia (FPI), glucose intolerance
(GTT), and insulin resistance (ITT and HOMA-IR) and
improved the pancreatic beta function marker (HOMA-f3)
compared to CTL-Obese. The reduced levels of NO™ levels
promoted by L-NAME are associated with AT appears to
increase glucose intolerance (GTT), insulin resistance (ITT
and HOMA-IR), and reduction in pancreatic beta function
(HOMA-p) caused by obesity and T2DM. AT increases aer-
obic endurance (MLSS) and maximal running speed (Vmax)
in obese Zucker rats. However, the obesity and T2DM
observed in Zucker rat cause a decrease in MLSS and Vmax
verified in the pretraining period and after the end of the
experimental protocol. Data are shown in Table 1.

Kidney mitochondrial swelling at the concentration of
CaCl, 50 uM was higher in the obese groups when compared
to the CTL-Lean group. However, the Obese+AT group
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TaBLE 1: Responses of body weight, blood pressure, metabolic parameters and physical fitness pre- and posttraining.
Variables CTL-Lean CTL-Obese Obese+AT Obese+AT+L-NAME Two-way ANOVA
N=10 N=10 N=10 N=10 p group p time p interaction

Pre 384 + 12 534 +9* 533+ 11 536+ 13

BW (g) S o . s <0.0001  <0.0001 0.0005
Post 403 +11 569 + 6> 571+ 11 564 + 10
Pre 117+7 141 + 8* 143 + 4 155+ 6"F

SBP (mmHg) <0.0001  <0.0001 <0.0001
Post 12149 173 + 5% 148 + 87 152+ 7"
Pre 98 +11 141 + 15* 137+ 14 158 +9™#

FBG (mg/dL) <0.0001  <0.0001 <0.0001
Post 105+ 11 211 +16%* 104 + 1157 285 + 45%7F
Pre 1.35+022  9.58+0.30" 9.49+0.19 9.81+0.12"*

FPI (ng/mL) . <0.0001  <0.0001 0.0002
Post 1.37+0.12  9.67+0.11 9.13+0.11%7 9.90 +0.06™*
Pre 900 + 95 1626 + 216" 1618 + 145 1798 + 677*

GTT (AUC) . <0.0001  <0.0001 <0.0001
Post 912+79 1673 + 94 1380 + 505" 1964 + 73>
Pre 612 +51 759 + 47* 755 + 41 935 + 24™*

ITT (AUC) <0.0001  <0.0001 <0.0001
Post 641 + 31 837 + 46> 698 + 34>7 995 + 40%"*
Pre 0.32+0.06  2.70 +0.86" 2.98+0.25 3.82+0.21%*

HOMA-IR <0.0001  <0.0001 <0.0001
Post 0.35+0.05 3.02+0.19%*  2.40+0.22% 4.26 +0.19%7*
Pre 0.29+0.06 1.91+0.64" 1.60+0.17 1.28 +0.07™*

HOMA-f <0.0001  <0.0001 <0.0001
Post 027+0.04 1.58+0.10%  1.78 +0.16> 1.16 +0.04%7%8

Parameters related to aerobic fitness (m/min)
Pre 16+2 12 +4* 12+3 11+5

MLSS <0.0001  0.2491 0.0308
Post 15+7 11+2* 15 + 457 10 + 2%
Pre 23+3 14 + 4* 16+3 14 + 27

Vmax <0.0001  0.3613 <0.0001
Post 20+6 14+ 6* 26 + 5% 11+ 3%

Data are presented as the mean + SD. CTL-Lean: sedentary lean rats; CTL-Obese: sedentary obese rats; Obese+AT: obese rats who underwent aerobic training
without blocking the nitric oxide synthases; Obese+AT+L-NAME: obese rats who underwent aerobic training with blocking the nitric oxide synthases; BW:
body weight; SBP: systolic blood pressure; FBG: fasting blood glucose; FPI: fasting plasma insulin; GTT: glucose tolerance test; ITT: insulin tolerance test;
AUC: area under the curve; HOMA-IR: homeostasis model assessment for insulin resistance; HOMA-f: homeostasis model assessment for S-cell function;
MLSS: maximal lactate steady state; Vmax: maximum running velocity. Two-way ANOVA, including within and between groups analysis followed by
Tukey’s post hoc test, was adopted to compare the responses of variables pre- and postexperimental period. § vs. Pre; * vs. CTL-Lean; T vs. CTL-Obese; ¥

vs. Obese+AT.

attenuated the mitochondrial swelling when compared to
the CTL-Obese and Obese+AT+L-NAME groups
(Figures 2(a) and 2(b); p <0.0001). Production of ROS by
renal mitochondria (i.e., evaluated by an indicator of oxida-
tive stress DCFH-DA) was lower in the CTL-Lean and
Obese+AT groups when compared to the CTL-Obese and
Obese+AT+L-NAME groups (Figure 2(c); p < 0.0001).

The obesity of the Zucker rat causes oxidative stress in
different cellular structures, as observed by the increase in
lipid peroxidation markers (TBARS and urinary 8-isopros-
tane), protein (3-NT) and mitochondrial DNA (urinary 8-
OHdG) oxidation, and dysregulation in antioxidant
enzymes more present in the cytoplasm (CAT), in the mito-
chondria (SOD), and in the general antioxidant balance
(GSH/GSSG ratio and TE-Trolox equivalent) (CTL-Obese,
Obese+AT, and Obese+AT+L-NAME compared to CTL-
Lean; p <0.0001). AT reduces these oxidative damages in
these different subcellular structures (Obese+AT compared
to CTL-Obese and Obese+AT+L-NAME; p <0.0001), but
in the absence of NO", AT exacerbates these damages

(Obese+AT+L-NAME compared to CTL-Obese; p < 0.0001
). Values are shown in Figure 3.

AT increases Klotho and decreases FGF23 in Zucker rats
(Obese+AT compared to CTL-Obese and Obese+AT+L-
NAME; p <0.0001), thus combating the imbalance in the
Klotho/FGF23 axis caused by obesity (CTL-Obese, Obese
+AT, and Obese+AT+L-NAME compared to CTL-Lean; p
<0.0001), but under a low concentration of NO’, AT
amplifies this lack of control (Obese+AT+L-NAME com-
pared to CTL-Obese; p<0.0001). Data are shown in
Figure 4.

In the obese Zucker rat, ACE-1/ANGII/AT,R pathway
hyperactivation and ACE-2/ANG-(1-7)/AT,R reduction
were observed, which are important to induce glomerular
and tubulointerstitial lesions (CTL-Obese, Obese+AT, and
Obese+AT+L-NAME compared to CTL-Lean; p <0.0001).
However, AT decreases ACE-1, ATIR, and vasopressin
and increased ACE-2, ANG-(1-7), and AT2R in obese
Zucker rats, which culminated in a decrease in kidney dam-
age (Obese+AT compared to CTL-Obese and Obese+AT+L-
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NAME; p <0.0001). Additionally, AT concomitant with a
decrease in NO™ worsens these pathways of the renin-
angiotensin system in the kidney (Obese+AT+L-NAME
compared to CTL-Obese; p < 0.0001). All these results are
presented in Figure 5.

In obese Zucker rats, an increase in proteinuria was
observed (CTL-Obese, Obese+AT, and Obese+AT+L-
NAME when compared to CTL-Lean), which was reduced
by the action of AT (Obese+AT compared to CTL-Obese
and Obese+AT+L-NAME). However, the addition of AT
with NO™ deficiency to proteinuria has been extended
(Obese+AT+L-NAME compared to CTL-Obese). Zucker
rats with obesity displayed a renal decrease of NO’, gene
expression of eNOS, and anti-inflammatory cytokines, such
as IL-10 and IL-4. In turn, they presented an increase in
the concentration of ADMA, gene expression of iNOS, and

proinflammatory cytokines, including TNF-a, CRP, IL-17a,
and IL-18 (CTL-Obese, Obese+AT, and Obese+AT+L-
NAME compared to CTL-Lean). Nonetheless, AT reverses
these molecular adverse scenarios (Obese+AT compared to
CTL-Obese and Obese+AT+L-NAME). Again, these mecha-
nistic dysfunctions are aggravated when AT and NO™ defi-
ciency are combined (Obese+AT+L-NAME compared to
CTL-Obese). Data are shown in Table 2.

Figure 6 shows that obese Zucker rats have an increase in
a glomerular area and tubular diameter (CTL-Obese, Obese
+AT, and Obese+AT+L-NAME compared to CTL-Lean; p
<0.0001). AT minimizes such structural damage to glomer-
uli and renal tubules (Obese+AT compared to CTL-Obese
and Obese+AT+L-NAME). However, given the low concen-
tration of NO’, a glomerular disorganization is observed,
with an expressive increase in its area and tubulointerstitial
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Obese; *p < 0.0001 vs. Obese+AT.

disarrangement (Obese+AT+L-NAME compared to CTL-
Obese). Representative photomicrograph of renal histology
is shown in Figure 6.

4. Discussion

The present study was conducted to investigate AT’s effects
in obese Zucker rats with low levels of NO™ induced by L-

NAME. Our results support the initial hypothesis, showing
that chronic effects of AT upon the kidney are dependent
on renal NO™ bioavailability. Although exercise is a well-
known NO™ inducer associated with several health-related
benefits, we have demonstrated that AT increased kidney
injury in obese Zucker rats receiving L-NAME. Further-
more, we observed that these animals exhibited no improve-
ments in well-known health parameters associated with
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TaBLE 2: Renal morphology, nitric oxide metabolism, and inflammation.

Variables CTL-Lean CTL-Obese Obese+AT Obese+AT+L-NAME p value

N=10 N=10 N=10 N=10

Renal morphology and protein excretion

Kidney weight (g) 1.67 £0.12 2.12+0.18" 2.14+0.25 2.17+0.24 <0.0001

KW/TL (mg/cm) 307 +22 389 + 34" 392 +53 398 + 50 <0.0001

UPE (mg/24 h) 25+8 153 + 52* 72+ 31" 192 + 49* <0.0001

Molecules related to the metabolism of renal nitric oxide

NO (umol/mg protein) 14.6+2.2 6.8+1.6" 10.8+1.1" 3.7+1.3M <0.0001

ADMA (ng/mg protein) 1.0+0.3 2.1+0.3"* 14+0.1" 2.6+02"F <0.0001

eNOS (2744CT) 1.12+0.23 0.40 +0.31* 1.35+0.20" 0.13 +0.05" <0.0001

iNOS (2744¢T) 1.46 £0.19 2.17+£0.19* 1.00 +0.23" 2.35+0.09* <0.0001

Renal inflammatory profile (pg/mg protein)

TNF-a 217 +21 538 + 33 390 + 36" 611 +47"* <0.0001

CRP 108 + 12 223+ 19 164 + 24" 275 +250% <0.0001

IL-17a 18+5 62+7" 33+ 10" 81+130M* <0.0001

IL-18 180 + 56 665+ 111" 379 + 139" 862 + 897 <0.0001

IL-10 29+8 8§+4" 215 3+2F <0.0001

IL-4 32+8 15+6 36+ 10" 6+3" <0.0001

Data are presented as the mean + SD. CTL-Lean: sedentary lean rats; CTL-Obese: sedentary obese rats; Obese+AT: obese rats who underwent aerobic training
without blocking of nitric oxide synthases; Obese+AT+L-NAME: obese rats who underwent aerobic training with blocking of nitric oxide synthases; KW:
kidney weight; KW/TL: kidney weight corrected for the tibial length; UPE: urinary protein excretion; NO™ nitric oxide; ADMA: asymmetric
dimethylarginine; eNOS: renal gene expression endothelial nitric oxide synthase; iNOS: renal gene expression inducible nitric oxide synthase; TNF-a:
tumor necrosis factor-alpha; CRP: c-reactive protein; IL-17a: interleukin-17a; IL-18: interleukin-18; IL-10: interleukin-10; IL-4: interleukin-4. One-way
ANOVA followed by Tukey’s post hoc test was adopted to verify the difference between the groups. * vs. CTL-Lean; t vs. CTL-Obese; # vs. Obese+AT.

chronic response to exercise, such as glucose homeostasis,
blood pressure decreases, inflammatory, and redox balance
control. On the other hand, obese rats not treated with L-
NAME have shown a reduction in kidney injury, mitochon-
drial dysfunction, blood pressure, fasting glucose, and pro-
teinuria, as well as improves oxidative stress, inflammatory
profile, Klotho/FGF23 axis, and renin-angiotensin system.
Obesity and associated chronic diseases, such as T2DM,
are well-known leading causes of renal injury and CKD. For
instance, chronic hyperglycemia is considered a central
mechanism in the pathogenesis promoting metabolic
changes such as redox imbalance, which increases the intrar-
enal inflammation [51] and mitochondrial osmotic changes
leading to CKD [52, 53]. Moreover, hyperglycemia induce
an increase in the flow of electrons in the transport chain,
increasing the production of mitochondrial ROS [51]. Thus,
elevated ROS production activates cell death downstream
pathways, causing kidney damage and inflammation [53].
Dada and Sznajder reported that high levels of proinflam-
matory cytokines are associated with mitochondrial swell-
ing, which alters permeability transition pore [54]. On the
other hand, AT modulates mitochondrial membrane perme-
ability linked to a reduction of oxidative stress and inflam-
mation, hence attenuating the effects of renal damage
associated to obesity. Interestingly, Rosa et al. observed an
increase in aerobic capacity and maximum speed in obese
Zucker rats after eight weeks of AT [38]. In the present
study, the lack of NO™ bioavailability in the Obese+AT+L-

NAME group reduced aerobic capacity improvements. This
is possibly due to the fact that NO™ plays an important role
in controlling several physiological mechanisms that influ-
ence the delivery of oxygen to the cells, such as regulating
muscle blood flow, mitochondrial biogenesis and respira-
tion, relaxation/contraction cycle, and glucose uptake [55].

Aerobic exercise training has been broadly used as a
nonpharmacological antihypertensive therapy decreasing
the risk of metabolic and cardiovascular disease [56]. In
most research papers, these positive outcomes are associated
with improvements in endothelial dysfunction and a
decreased eNOS activity [57]. In the present study, trained
obese rats not treated with L-NAME have shown less vulner-
able nephrons to damage and more capable of coping with
oxidative stress due to increased antioxidant enzymes
involved in the protection process while reducing prooxi-
dant agents (Figure 3). Several animal and human studies
have shown that AT promotes protection via redox balance
[11, 17, 19, 58, 59]. Indeed, NO" is an essential contributor
to reduce artery stiffness, vascular tone control, and sympa-
thetic activity in response to flow-mediated shear stress [60].
Thus, NO™ is a critical determinant of the magnitude of the
exercise-induced blood pressure response [19]. Additionally,
NO' is also known to have beneficial effects on active myo-
cardial relaxation through diastolic volume maintenance at
high heart rates during exercise training [57].

In the present study, AT modulated the Klotho-FGF23
axis, which is considered a key mechanism for renal integrity
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FIGURE 6: Representative photomicrographs of the kidney. Hematoxylin-eosin staining. (a) CTL-Lean; (b) CTL-Obese; (c) Obese+AT; (d)
Obese+AT+L-NAME. Black arrows indicate glomerulus, and white arrows indicate renal tubules. Magnification, 200x. *p < 0.0001 vs.

CTL-Lean; "p < 0.0001 vs. CTL-Obese; *p < 0.0001 vs. Obese+AT.

maintenance [61, 62]. Physiologically, proteins filtered in
glomerular capillaries are captured in the proximal tubule
and then transferred to the systemic circulation [63]. Distur-
bances in this process result in glomerular damage, inducing
proteinuria and FGF23 upregulation [61]. It has been shown
that in patients with T2DM, the use of losartan, a blocker of
the binding of angiotensin II (ANGII) to its AT R receptor
reduced proteinuria and increased Klotho levels, demon-
strating the inverse association between these two factors
[64]. Additionally, increased Klotho protein expression is
beneficial for regenerative tissue response, besides attenua-
tion of proteinuria, secondary hyperparathyroidism, vascu-
lar calcification, and ROS damage, improving health span
in the kidney disease context. Furthermore, blocking
angiotensin-converting enzyme 1 (ACE-1) with ramipril
also decreased proteinuria and concomitantly reduced
FGF23 levels [62]. The cross-talk between FG23, Kloto,
and ACE-2 may explain the AT,R and AT,R receptor
responses in this study. Therefore, the increase in Klotho

levels accompanied by a decrease in FGF23 induced by AT
seems to be an important therapeutic target for renal dam-
age attenuation inherent to obesity conditions.

Obese Zucker animals submitted to AT have shown a
reduction in asymmetric dimethylarginine (ADMA) and
bradykinin (BK) levels, when compared to the CTL-obese
group and animals receiving L-NAME (Table 2), which
reflect an altered response to blood pressure. Since ADMA
is a potent endogenous inhibitor of eNOS and its concentra-
tion is inversely correlated with NO™ levels [55], a reduction
in ADMA can contribute to increase NO™ levels in AT obese
animals. Gamboa et al. showed that ACE-1 inhibitor (rami-
pril) increased ADMA levels in patients with kidney disease
and appears to have been modulated by bradykinin (BK)
during ACE-1 inhibition [65]. Here, we have shown that
AT decreased BK and ADMA levels in the kidney, and such
adjustments were important to increase NO™ and, conse-
quently, renal morphological integrity maintenance. These
molecular pathways collectively highlight the importance
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of NO on kidney cytoprotection and suggest AT as a pre-
requisite for the protection of cells from oxidative stress
and the support of an elongated life span.

The results of the present study agree with a prior inves-
tigation that reported that iNOS inhibition reduced proin-
flammatory markers and prooxidant agents while
improving glycemic homeostasis and kidney integrity in a
model of obesity-induced kidney disease [66]. Interestingly,
we observed an increase in iNOS mRNA levels in the injured
kidneys of obese rats, possibly induced by an increase in pro-
inflammatory cytokines (Table 2). We observed that L-
NAME administration can induce a downregulation of
eNOS mRNA levels and high expression of iNOS mRNA
in the kidney. This condition is associated with increased
oxidative stress, promoting a vicious cycle and, conse-
quently, exacerbating tissue damage [27-29, 67, 68].

AT reduced the expression of proteins from the renin-
angiotensin system (RAS) in the kidney, representing prom-
ising candidates to transduce exercise-induced kidney health
benefits (Figure 5). The ANGII increases ADMA levels by
stimulating AT, R receptors and increasing oxidative stress,

which is an important promoter of ADMA synthesis [69].
Angiotensin I (ANGI) is cleaved by ACE-1 forming ANGII,
which interacts with AT,R receptors and increases of vaso-
deleterious pathway activity. Additionally, this condition
induces ROS formation, inflammation, and insulin resis-
tance [69-71]. On the other hand, glucose metabolism
impairments may be restored by exercise via several mecha-
nisms including improvements in insulin secretion and
action [72, 73]. These adaptations are essential to maintain
enzymatic activity in kidneys, possibly preventing impair-
ments in mitochondrial oxidative capacity.

AT decreased the expression of ACE-1 and AT R, while
there was an increase in ACE-2. This is particularly impor-
tant as ACE-2 converts ANGII to ANG-(1-7), which inter-
acts with MasR. ANGII also acts on AT,R receptors that
have a critical vasodilator and antifibrotic, anti-inflamma-
tory, and antioxidant effects [74]. Moreover, it has been
established that ACE-2 deficiency in mice induces lower
physical fitness, suggesting that this enzyme is crucial to
mediate improvements in aerobic capacity [75]. Thus, the
lower ANGII content and the higher renal ANG-(1-7)
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promoted by AT partly explain renal injury attenuation,
blood pressure adjustments, and aerobic performance.
Figure 7 demonstrates the possible mechanisms involved in
the results of the present study.

Furthermore, the decrease in oxidative stress and mito-
chondrial structure maintenance induced by AT contributed
to eNOS regulation (Figure 2 and Table 2) which is an
important factor in preventing the progression of kidney
injury [67, 76]. We also observed a downregulation in iNOS
mRNA levels after AT. This possibly due to a lower proin-
flammatory cytokine level, such as TNF-a, C-reactive pro-
tein, IL-17a, and IL-18, which are potent stimulators of
iNOS activity [77-80]. Furthermore, there was also an
increase in key anti-inflammatory cytokine levels, such as
IL-10 and IL-4 after AT, which is also essential to reduce
kidney damage. Collectively, these results may have impor-
tant clinical implications for human studies, as AT is key
to control the inflammatory response. However, AT effects
upon the kidney seems to be, at least in part dependent on
NO™ downstream pathways and the mutual crosstalk
between oxidative stress and inflammatory responses. More
studies, especially in humans, are necessary to improve our
understanding of the clinical implications of AT upon the
kidney in obesity related disorders, such as T2DM.

5. Conclusion

In obese Zucker rats, the renal and metabolic benefits pro-
moted by AT are dependent on NO™ bioavailability and its
underlying regulatory mechanisms, including the structure
and production of mitochondrial ROS, redox balance,
inflammation, the Klotho/FGF23 axis, ACE-1/ANGII/AT R,
and ACE-2/ANGII/AT,R-MasR. Under conditions of low
NO’ bioavailability, AT can increase the kidney damage by
promoting oxidative stress and inflammation, which con-
tributes to the loss of glucose homeostasis already observed
in obesity associated T2DM.
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