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Abstract

Introduction: In the context of sports practices,
nutrology and the oxidation-reduction system impact
the metabolism of athletes. Physical training associated
with adequate nutrition is a clinically proven practice,
being a cost-effective primary intervention that can
delay and prevent the health burdens associated with
metabolic disorders. Objective: It was to carry out a
systematic review to describe the main nutritional and
metabolic approaches to athlete performance, focusing
on mitochondrial and oxidation-reduction activities.
Methods: The PRISMA Platform systematic review
rules were followed. The search was carried out from
March to May 2025 in the Web of Science, Scopus,
Embase, PubMed, Science Direct, Scielo, and Google
Scholar databases. The quality of the studies was based
on the GRADE instrument and the risk of bias was
analyzed according to the Cochrane instrument.
Results and Conclusion: A total of 121 articles were
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found, and 39 articles were evaluated in full and 28 were
included in this systematic review. Considering the
Cochrane tool for risk of bias, the overall assessment
resulted in 10 studies with a high risk of bias and 21
studies that did not meet GRADE. Most studies showed
homogeneity in their results, with X?=81.5%>50%.
Redox processes are increasingly recognized as an
integral part of exercise-associated metabolism and
nutritional triggers. Despite the traditional perception
that reactive species are exclusively harmful molecules,
recent evidence suggests that exercise-induced reactive
species are essential upstream signals for the activation
of redox-sensitive transcription factors and the induction
of exercise-associated gene expression. Redox reactions
are increasingly recognized as a fundamental element of
the cellular signaling mechanism, along with other well-
established types of biochemical reactions that fine-tune
human metabolism, for example, phosphorylation and
ubiquitination. There are many other examples of
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responses and adaptations linked to exercise
metabolism that is controlled, at least in part, by redox
reactions, such as neuroprotection and cognitive
function, mechanotransduction, muscle regeneration,
autophagy, insulin sensitivity and glycemic control, heat

shock proteins metabolism and nerve-muscle
interactions.
Keywords: Nutrology. Metabolism. Mitochondria.

Oxide-reduction. Sports performance.

Introduction

In the context of sports practices, nutrition, and the
oxidative-reduction system in metabolism in athletes,
several important discoveries have been made by the
study of highly trained athletes. Recent advances have
been made in skeletal muscle metabolism and
personalized exercise regimens [1,2].

Regular exercise training offers broad health
benefits by positively affecting nearly every organ
system in the body. The mysteries of human physiology
and the adaptive response to acute and chronic exercise
training have been largely elucidated through the field
of exercise science. Thus, exercise physiologists have
studied the physiological response to physical activity
and sports. Clinical exercise physiologists prescribe
exercise in the prevention and rehabilitation of acute
and chronic diseases [3,4]. Exercise training combined
with adequate nutrition is a clinically proven practice,
being a cost-effective primary intervention that can
delay and prevent the health burdens associated with
metabolic disorders [4,5].

In this sense, exercise training is defined as
planned bouts of physical activity that occur repeatedly
over a period lasting from weeks to years. There is
aerobic training, which consists of weight-bearing and
non-weight-bearing activities, and weight training,
which consists of weight-bearing activities that act
against an external load. Both types of training can be
developed as progressive programs, which are defined
as a planned increase in the duration, frequency, and/or
intensity of activity throughout the training period
[2,5].

In this scenario, despite the value of being able to
fractionate training intensity more precisely, there was
still no general strategy that linked training frequency x
intensity x time to changes in performance in any type
of quantitative model. Beginning in the mid-1970s, Eric
Banister and his colleagues developed the concept of
“training impulse” or TRIMP [6].

This concept recognized that measuring training
intensity as a function of the percentage of Heart Rate
Reserve (% HRR) multiplied by a non-linear factor

(conceptually equivalent to the intensity vs. blood
lactate ratio) multiplied by duration produced a number
(TRIMP) that represented both the fitness gain and the
fatigue gain contributed by that training session. Thus,
if this number is summed over a convenient period (one
week), it is possible to obtain an appreciation of the
product of training volume and intensity [6].

Thus, recognizing that there are distinct influence
curves related to fitness and fatigue, subsequent
performance can be explained by the integration of the
influence curves of fitness and fatigue, making it
necessary to monitor training so that the details of
training can be expressed quantitatively and temporally
linked to performance. The integration of elements
already considered as part of the internal training load
into single constructs appears to be of importance. It is
known that the total training load, the pattern of
distribution of training intensity, and the variation in
training load are independently related to performance
[3,6].

Therefore, the present study developed a
systematic review to describe the main nutrological and
metabolic approaches in the performance of athletes,
focusing on mitochondrial and oxidative-reduction
activities.

Methods
Study Design

This study followed the international systematic
review model, following the PRISMA (preferred
reporting items for systematic reviews and meta-
analysis) rules. Available at: http://www.prisma-
statement.org/?AspxAutoDetectCookieSupport=1.
Accessed on: 04/07/2025. The AMSTAR 2 (Assessing
the methodological quality of systematic reviews)
methodological quality standards were also followed.
Available at: https://amstar.ca/. Accessed on:
04/07/2025.

Search Strategy and Search Sources

The literature search process was carried out from
March to May 2025 and developed based on Web of
Science, Scopus, Embase, PubMed, Lilacs, Ebsco, Scielo,
and Google Scholar, covering scientific articles from
various periods to the present day. The following
descriptors (DeCS/MeSH Terms) were used “Nutrology.
Metabolism. Mitochondria. Oxide-reduction. Sports
performance”, and using the Boolean “and"” between the
MeSH terms and “or” between the historical findings.

Study Quality and Risk of Bias
The quality was classified as high, moderate, low,
or very low regarding the risk of bias, clarity of
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comparisons, precision, and consistency of analyses.
The most evident emphasis was on systematic review
articles or meta-analyses of randomized clinical trials,
followed by randomized clinical trials, prospective
controlled studies, and retrospective observational
studies. Low quality of evidence was attributed to case
reports, editorials, and brief communications, according
to the GRADE instrument. The risk of bias was analyzed
according to the Cochrane instrument by analyzing the
Funnel Plot graph (Sample size versus Effect size), using
Cohen's test (d).

Results and Discussion
Summary of Findings

A total of 121 articles were found that were
submitted to eligibility analysis, and 28 final studies
were selected to compose the results of this systematic
review. The studies listed were of medium to high
quality (Figure 1), considering the level of scientific
evidence of studies such as meta-analysis, consensus,
randomized clinical, prospective, and observational.
Biases did not compromise the scientific basis of the
studies. According to the GRADE instrument, most
studies presented homogeneity in their results, with
X?=81.5%>50%. Considering the Cochrane tool for risk
of bias, the overall assessment resulted in 10 studies
with high risk of bias and 21 studies that did not meet
GRADE.

Figure 1. Screening articles.

Articles in PubMed (n = 91) ‘ | Other Databases (n = 30)

<« Total=121
< Findings after removal of duplicate articles (n=81)
< Did not meet AMSTAR 2 (n=11)

Reviewed (n=70) Excluded articles (did not
- meet GRADE) (n=21)
Selected (n=49) Excluded articles (high risk
of Bias) (n=10)
Qualitative Analysis N Excluded articles (did not
(n=39) meet scope) (n=11)
Articles in Systematic Review (n=28)

Source: Own Authorship.

Figure 2 presents the results of the risk of bias of
the studies using the Funnel Plot, showing the
calculation of the Effect Size (Magnitude of the
difference) using Cohen's Test (d). Precision (sample
size) was determined indirectly by the inverse of the
standard error (1/Standard Error). This graph had a
symmetrical behavior, not suggesting a significant risk
of bias, both among studies with small sample sizes
(lower precision) that are shown at the base of the

graph and in studies with large sample sizes that are
presented at the top.

Figure 2. The symmetrical funnel plot does not suggest
a risk of bias among the studies with small sample sizes
that are shown at the bottom of the graph. Studies with
high confidence and high recommendation are shown
above the graph (n=28 studies).
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Major Considerations and Clinical Results

Some forms of mitochondrial dysfunction induce
inflammation through the recognition of mitochondrial
DNA by intracellular DNA sensors. Opposite
mitochondrial morphologies have been reported to
induce distinct inflammatory signatures caused by
differential activation of DNA sensors TLR9 or cGAS. In
the context of mitochondrial fragmentation,
mitochondria-endosome contacts mediated by the
endosomal protein Rab5C are required for TLR9
activation in cells. Skeletal muscle mitochondrial
fragmentation promotes TLR9-dependent inflammation,
muscle atrophy, reduced physical performance, and
enhanced IL6 response to exercise, which was improved
by anti-inflammatory treatment. Thus, mitochondrial
dynamics are critical in preventing inflammatory
responses that precede the development of muscle
atrophy and impaired physical performance [7].

Furthermore, the gut-muscle axis is associated with
the inflammatory state, glucose metabolism,
mitochondrial function, and central nervous system
health. All these mechanisms can affect maximal oxygen
consumption, muscle strength, and adaptation to
training. The positive effect of certain bacterial strains
can be potentiated by vitamin D. Thus, a randomized
placebo-controlled clinical study evaluated the level of
selected markers of sports performance of mixed martial
arts (MMA) athletes supplemented with vitamin D3 or
probiotics combined with vitamin D. The time was 4
weeks and with 23 male MMA athletes, assigned to the
vitamin D3 group (Vit D; n = 12) or probiotics + vitamin
D3 group (PRO + VitD; n = 11)). Repeated
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measurements of creatine kinase level, lactate utilization
rate, and anaerobic performance were performed. After
4 weeks of supplementation, lower lactate
concentrations were observed 60 min after the acute
sprint interval in the PRO + Vit D group when compared
to the Vit D group (4.73 £ 1.62 and 5.88 + 1.55 mmol/L;
p < 0.05). Furthermore, the intervention improved total
work (232.00 + 14.06 and 240.72 + 13.38 J kg-1; p <
0.05) and mean power following the anaerobic exercise
protocol (7.73 £ 0.47 and 8.02 + 0.45 W kg-1; p < 0.05)
only in the PRO + Vit D group. Furthermore, there was
an improvement in the lactate utilization rate in the PRO
+ VitD group compared to the Vit D group, as
demonstrated by the percentage of the T60/T3 ratio
(73.6 £ 6.9 and 65.1 £ 9.9%, respectively; p < 0.05)
[8].

In this scenario, mitochondrial function is
fundamental in the regulation of all three classical
physiological factors that limit endurance performance
[9]. Mitochondria have been neglected in the era of
genomic research, but these organelles are undergoing
a renaissance as their importance as signaling
modulators, not just energy producers, becomes clear.
Although exercise physiologists have consistently
studied mitochondria for their ability to metabolize
substrates [10], new data are further elucidating the
mechanism of energy generation and delivery within
skeletal muscle [11].

Subsarcolemmal and intermyofibrillar mitochondria
are heterogeneous subpopulations [12]. This
heterogeneity may be partly due to the regulatory
requirement of subsarcolemmal mitochondria for
sarcolemmal membrane function, whereas mitochondria
are the primary powerhouses of exercise due to their
proximity to contracting sarcomeres [13]. However,
subsarcolemmal and intermyofibrillar mitochondria are
part of a mitochondrial reticulum that provides a conduit
for energy distribution. Within this mitochondrial
reticulum, proteins associated with the proton-
mitochondrial motif and force production are
preferentially located at the cell periphery and proteins
that use the protonmotive force for ATP production are
located inside the cell [11].

Given this recent advance in understanding the
mechanism of mitochondrial energy creation and
delivery, it is prudent to ask what else is unclear about
skeletal muscle metabolism. Several key principles of
skeletal muscle metabolism are the result of
understanding muscle as an integrated network of
energy creation and delivery. This also applies to
thinking about cellular Oz kinetics, peripheral fatigue
from endurance exercise, and the economy of energy
generation and locomotion [9].
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In the future, exercise physiologists may seek to
utilize an increasing number of noninvasive techniques
to study muscle metabolic function, potentially
answering how mitochondrial networks interact with O2
kinetics. How does exercise remodel mitochondrial
networks to increase efficiency? And finally, how does
training affect the interaction between glycogen/lipid
storage sites and mitochondrial networks? [1].

Metabolism and Adequate Nutrition

Table 1 presents the evidence analysis questions
used in this position paper on energy balance and body
composition [14].

Table 1. Evidence analysis questions. Evidence grades:
Grade I: Good, Grade II: Fair, Grade III: Limited, Grade
IV: Expert opinion only; and, Grade V: Not attributable
[14].

EVIDENCE ANALYSIS I DEGREE OF EVIDENCE
ENERGY BALANCE AND BODY COMPOSITION

v In three of six studies of male and female
athletes, negative energy balance (losses of
0.02% to 5.8% of body mass over five 30-day
periods) was not associated with decreased
performance.

v'In the remaining three studies in which
decreases in anaerobic and aerobic
performance were observed, slow rates of
weight loss (0.7% reduction in body mass)
were more beneficial to performance
compared to rapid rates (1.4% reduction in
body mass).

v One study showed that selected energy self-
restriction resulted in decreased hormone
levels.

In adult athletes, what
effect does negative energy
balance have on exercise
performance?

Grade II - Fair

v Over periods of 4-12 weeks, increased protein

intake during hypocaloric conditions maintains
In adult athletes, what are | lean body mass in resistance-trained male and

the time, energy, and female athletes.
macronutrient requirements [v When adequate energy is provided or weight
for gaining lean body mass? | loss is gradual, an increase in lean body mass
may be observed.

Grade III — Limited

v Based on the limited evidence available, there

In adult athletes, what is

the effect of carbohydrate
consumption on specific
carbohydrate and protein
metabolic
responses and/or exercise
performance during
recovery?

were no clear effects of carbohydrate
supplementation during and after resistance
exercise on carbohydrate- and protein-specific
metabolic responses during recovery.

Grade III — Limited

What is the effect of
carbohydrate consumption
on exercise performance
during recovery?

v Based on the limited evidence available, there
were no clear effects of carbohydrate
supplementation during and after resistance
exercise on endurance performance in adult
athletes during recovery.

Grade III — Limited

In adult athletes, what is
the effect of consuming
carbohydrate and protein
together on specific
carbohydrate and protein
metabolic responses during
recovery?

v Compared to carbohydrate ingestion alone,
co-ingestion of carbohydrate and protein
together during the recovery period did not
result in any difference in the rate of muscle
glycogen synthesis.

v Protein-carbohydrate cohesion during the
recovery period resulted in a better protein
balance after exercise. The effect of protein-
carbohydrate cohesion on creatine kinase
levels is inconclusive and shows no impact on
post-exercise muscle soreness.

Grade I — Good
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In adult athletes, what is
the effect of consuming
carbohydrate and protein
together on specific
carbohydrate and protein
metabolic responses during
recovery?

v Co-ingestion of carbohydrates plus proteins
together during the recovery period did not
result in any clear influence on subsequent
strength or sprint power.

Grade II - Fair

v Protein intake during the recovery period
(postexercise) led to accelerated recovery of
static strength and dynamic power output
during the period of delayed onset muscle
soreness and more repetitions performed after
intense resistance training.

Grade II - Fair

v Protein intake (approximately 20 to 30 g total
protein or approximately 10 g essential amino
acids) during exercise or the recovery period
(post-exercise) led to increased body and
muscle protein synthesis, as well as improved
nitrogen balance.

Grade I — Good

v'Based on the limited evidence available,
carbohydrate oxidation was greater in the
carbohydrate (glucose and glucose-fructose)
conditions compared to the placebo in water,
but no differences were observed between the
two carbohydrate mixtures tested in male
cyclists. Exogenous carbohydrate oxidation
was greater in the glucose-fructose condition
versus glucose alone in a single study.

Grade III — Limited

v Training with limited carbohydrate availability
may lead to some metabolic adaptations during
training, but did not lead to improvements in
performance. Based on the evidence reviewed,
while there is insufficient evidence to support a
clear performance effect, training with limited
carbohydrate availability did impair training
intensity and duration.

Grade II — Fair

v In most studies examined, neither glycemic
index nor glycemic load affected endurance
performance nor metabolic responses when
conditions were compared for carbohydrate
and energy.

Grade I — Good

In adult athletes, what is
the effect of consuming
carbohydrate and protein
together on exercise
performance during
recovery?

In adult athletes, what is
the effect of consuming
protein together on specific
carbohydrate and protein
metabolic responses during
recovery?

In adult athletes, what is
the best combination of
carbohydrates for maximal
carbohydrate oxidation
during exercise?

In adult athletes, what
effect does training with
limited carbohydrate
availability have on
metabolic adaptations that
lead to improvements in
performance?

In adult athletes, what
effect does consuming high-
or low-glycemic meals or
foods have
on training-related
metabolic responses and
exercise performance?

Source: Own authorship.

Table 2 serves as a general guide to describe the
ergogenic and physiological effects of potentially
beneficial supplements and sports foods [15-24]. This
guide is not intended to advocate specific supplement
use by athletes and should be considered only in well-
defined situations.

Table 2. Dietary supplements and sports foods with
evidence-based uses in sports nutrition. These
supplements may work as claimed, but inclusion does
not imply endorsement by this position.

Category [Examples Usage Concerns @
2
5
<
- Sports drinks | Practical choice to
meet sports I
nutrition goals, >
- Electrolyte especially when | Costis higher | <
supplements access to food, |than whole foods. g
opportunities to May be used
Sports Food - Protein consume nutrients, | unnecessarily or f‘éu
supplements or gastrointestinal | in inappropriate g
concerns make it protocols. 5
difficult to consume o
- Liquid traditional foods L]
supplements and beverages —
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Iron
supplements o
. Prevention or 3
Calcium treatment of May be seif- | =
supplements nutrient deficiency prescribed =
Medical |yitamin D under the unnecessarily g
Supplements s pplements supervision of an | without proper | £
. appropriate supervision or I
Multivitamin/ medical/nutritional | monitoring. =
sﬂgs{:;wents specialist o
©
L)
n-3 fatty acids =
o)
o
@/
Specific A 2
Peﬁ%rmance - Ergogenic Physiological effects ¢ corng with | S
Supplements [effects / mechanism of use 2
pp ergogenic effect ) ©
£
3
o
o
bad
Associated with
Imrp;roves ) acute weight gain
erformance in -
rpepeated bouts | Increases creatine wgﬁci :nla(g)llae -
of highintensity and probIemat?c in E
exercise with phosphocreatine | oiont censitive | &
short recove concentrations >
Creatine |periods i May also have other M:p(z::z.se %
effects, such as Y - Q
. . ) gastrointestinal | ©
Direct effect on  |improving glycogen| =~ .. "~ c =
competitive storage and direct | o o pro duéts -
performance effect on muscle may not contain o
protein synthesis Y iat -
Improved app{oprlaf €
ltraining capaci amounts or forms
raining capacity of creatine.
Causes side
effects (e.g.,
tremor, anxiety,
increased heart
rate) when
consumed
in high doses
Adenosine Toxic when
Reduces antagonist with corllsumegl In very
perception of effects on many arge doses.
fatigue body targets, National =
: includiny the-czJ cer’1tral Collegiate Athletic
Caffeine [Allows exercise 9 Association

to be maintained
at optimal
intensity/output
for longer

nervous system
Promotes Ca2p
release from the
sarcoplasmic
reticulum

competition rules
prohibit ingestion
of large doses
that produce
urinary caffeine
levels greater
than 15 mg/mL.
Some products
do not disclose
the caffeine dose
or may contain
other stimulants.

[20] Astorino and Roberson (2010), [19] Tarnopolsky (2010), [21] Burke and colleagues (2013)

Page 5 of 9




International Journal of Nutrology, Sao Paulo, Vol 18, Suppl 3, e25S304, 2025

ABRAN

Improves
performance in
events that
would otherwise
be limited by
lacid-base
disturbances
associated with

high rates of When taken as an

acute dose pre- May cause

Sodium  fanaerobic € do _ €
bicarbonate [glycolysis exercise, increases gastromtestlnal
High-intensity extracellular side effects that
levents of 1-7 buffering capacity impair
min Repeated performance
highintensity rather than

benefit.

[22] Carr and colleagues (2011)

sprints Ability to
sprint at high
intensity during
lendurance
exercise

Source: Own authorship.

Subjective well-being responded consistently to
training stress, deteriorating with increased and chronic
training and improving with reduced training. There was
negligible evidence for an association between
subjective and objective measures. This was likely due
to the superior responsiveness of subjective measures
over objective measures. Given that subjective
measures reflect changes in athlete well-being and
provide a practical method for monitoring, coaches and
athlete support staff can employ self-report measures
with confidence [20,21]. Subjective measures respond
to changes induced by athlete well-being. Thus,
subjective well-being typically worsened with an
increase in training load and with a chronic training load;
and improved with an acute decrease in training load.
There was no consistent association between subjective
factors and objective measures. Subjective measures
are useful for monitoring athletes and practitioners can
employ them with confidence [21,22]. Subscales
assessing non-training stress, fatigue, physical recovery,
general health/well-being, and fitness are responsive to
acute and chronic training. It is recommended that
athletes report their subjective attitudes to well-being
regularly and alongside other athlete monitoring
practices [22].

Athletes need to consume adequate energy in the
quantity and timing of intake during periods of high-
intensity and/or long-duration training to maintain
health and maximize training outcomes. Low energy
availability can result in undesirable loss of muscle mass,
menstrual  dysfunction, hormonal disturbances,
suboptimal bone density, an increased risk of fatigue,
injury and illness, impaired adaptation, and a prolonged
recovery process [1,2].

In this regard, the primary goal of a training diet is
to provide nutritional support to enable an athlete to
remain healthy and injury-free while maximizing
functional and metabolic adaptations to a periodized
exercise program that prepares them to best meet the

performance demands of the event. While some
nutrition strategies allow athletes to train hard and
recover quickly, others may target an enhanced training
stimulus or adaptation [20-22].

Training can cause stress to an athlete, altering
their physical and psychological well-being, and
progressing from acute to chronic fatigue (overtraining)
[22]. Although overreaching can be carefully
incorporated into a periodized training plan, progression
to overtraining syndrome is undesirable. Athletes should
be closely monitored to ensure training is delivering the
desired effects on athlete well-being and performance
[23-28].

In this regard, physiological, biochemical,
metabolic, and subjective measures of performance are
all options for athlete monitoring, including prioritizing
the relationship between metabolism and functional
nutrition [24]. Performance is the ultimate indicator of
physical and psychological well-being and athlete
readiness to compete, but it is impractical to test
athletes daily through performance testing [28]. The
potential physiological mechanisms underlying the
progression to overtraining syndrome can be observed.
Hormonal, immunological, inflammatory, and
hematological parameters, together with responses
have been proposed as markers of these mechanisms,
however, the results have been inconsistent. This has
been attributed to factors such as intra-assay and
interassay variability, intra-individual and inter-
individual variability, the influence of circadian and
pulsatile rhythms, nutritional and hydration status,
climate, psychosocial factors, and particular
characteristics of the exercise [25-28].

Whether markers are elevated or depressed also
depends on the athlete’s position along the well-being
continuum, with proposed physiological mechanisms
involving an initial increase in response that later peters
out. Although there is debate about the specific
physiological mechanisms underlying progression to
overtraining syndrome, progression is associated with
psychological signs such as mood disturbances and
symptoms resembling clinical depression [21,22].

Signs and symptoms can be self-reported by
athletes as perceived physical and psychological well-
being, collectively termed subjective measures.
Subjective measures for routine athlete monitoring are
also relatively inexpensive and simple to implement
compared with objective measures. However, it is
unknown whether subjective measures accurately
reflect changes in athlete well-being and how they can
be effectively integrated into applied practice [29,30].
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