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Abstract: The practice of physical activity is an effective non-pharmacological strategy for
preventing and treating chronic diseases. A large body of evidence has contributed to establishing
a positive correlation between a physically active lifestyle and health benefits, including enhanced
vaccination responses, lower numbers of senescent T-cells, increased T-cell proliferative capacity,
lower levels of inflammatory cytokines, and improved neutrophil and macrophage function. While
females are generally thought to exert more robust immune responses than males in response to a
variety of challenges, and both male and female sex hormones have been suggested as mediators of
immune function, research on this topic has not always been designed with a sex-specific lens. We
summarized the available experimental and clinical evidence linking exercise and immune function
in male and female subjects, with an emphasis on sex differences and sex-specific mechanisms.
Overall, the available evidence indicates that moderate exercise and physical activity improves
immune function in both sexes, whereas prolonged and high-intensity exercise temporarily impairs
immune responses at a higher degree in females. Combined, the available literature suggests that
moderate exercise and activity may enhance immune function, regardless of sex, whereas prolonged
and high-intensity exercise temporarily impairs immune responses with effects that are more
predominant in females than males.

Keywords: moderate exercise; vigorous exercise; upper respiratory infection; immunity

1. Introduction

More than 100 years ago, Larrabee (1902) observed a marked leukocytosis after violent exercise,
including many polymorphonuclear neutrophils [1]. Since then, research on exercise-induced effects
on the immune system has advanced tremendously. The practice of physical activity is an efficient
free-drug strategy for preventing and treating several chronic diseases. In addition, a significant body
of scientific evidence has contributed to establishing a positive correlation between a physically active
lifestyle and health benefits [2], although not all studies have considered sex as a biological variable.

Regular physical activity and exercise are associated with numerous physical and mental health
benefits in both men and women. Population studies consistently show that all-cause mortality is
delayed by regularly engaging in physical activity [3,4]. Both middle-aged and older adult patients
who engage in physical activity display reduced risk of chronic metabolic and cardiorespiratory
diseases, enhanced vaccination responses, and longer leukocyte telomere lengths [5,6]. The practice
of regular exercise results in increased natural killer cell cytotoxic activity, lymphocyte proliferation,
and granulocytes counts [7,8], and has been shown to lower numbers of exhausted/senescent T-cells,
elevate circulatory anti-inflammatory markers, and increase neutrophil phagocytic activity [9-13].
Similarly, exercise has been associated with improvements in mitochondrial function and activation
of inflammasome-related signaling pathways [14,15]. Together, this evidence indicates that regular

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202212.0448.v2
http://creativecommons.org/licenses/by/4.0/

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 January 2023 doi:10.20944/preprints202212.0448.v2

exercise practice is capable of modulating the immune system’s function and delaying the onset of
immunosenescence [16].

Immune system function is regulated by many factors in males and females. Due to the presence
of hormone receptors on immune cells, sex hormones are one of the major factors that regulate the
immune system. Generally speaking, females have more robust immune responses than males [17].
In addition, studies suggest that B-cell, T-cell, and other immune cell’s function are affected by sex
hormones [18-21]. Furthermore, sex hormones markedly modulate T-cell medicated delayed-type
hypersensitivity reactions [22]. Female sex hormones such as estrogen, human chorionic
gonadotropin, and progesterone can also affect the activation of dendritic cells and subsequent
development of T-cells [23-26]. Estrogen influences not only the development but also various
functions of T cells, in particular, CD4+ T-cells, including activation, cytokine production,
differentiation, and regulatory functions, as well as B cells activation to produce antibodies [27].
Moreover, female sex hormones can also down-regulate specific cellular immune responses to
prevent an immune attack on the fetus during pregnancy. In contrast, dominant male sex hormones
including testosterone play a critical role in inducing type 1 T-helper cell function, which are critical
players in cellular immune responses [28]. Despite this evidence, very few studies have attempted to
investigate sex differences in exercise-induced changes in immunity or identify sex-specific immune
mechanisms. Therefore, this review aims to provide updated and concise information to understand
exercise-induced immune responses and provide insights into the role of sex hormones on their
regulation.

2. Materials and Methods
2.1. Literature Search
2.1.1. Databases and Key Terms Searched

We performed a literature search on PubMED and Google scholar databases to identify eligible
papers. We used the following search terms and logic: exercise OR physical activity OR physical
exercise AND exercise-induced immune response AND immune response OR sex differences AND
sex hormones OR male OR female. All articles were recovered and selected on the basis of the
presence/absence of the search criteria.

2.1.2. Inclusion Criteria

The search was limited to papers written in English. No limit of year of publication was set, and
the final search is updated to March 2022. Articles were selected if they assessed the effects of
moderate-intensity exercise (30- to 45-min/day) or vigorous exercise (endurance-trained athletes) on
the immune system through the incidence of infection, study population 18-65 years old, both sexes.
The incidence of infection was assessed by self-reporting (using health logs) or physician reporting.
Health symptoms were defined as symptoms of illness that the athletes had experienced in the four
weeks before the measures. An illness was defined as any physical complaint unrelated to an injury
incurred during the same period.

2.1.3. Search Process and Study Selection

All articles were recovered and selected based on the presence/absence of the search criteria.
Articles were de-duplicated using the built-in mechanisms of university library services and further
completed manually. Articles were assessed by their titles and abstracts for inclusion. Final selections
were determined after a complete reading of articles.

2.1.4. Data Extraction and Analysis

The following information was extracted from the studies: the first author of the study, the year
of publication, the study design or details of the intervention, data on the sample size, and critical
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outcomes. In addition, articles were categorized and organized in tables according to response to
moderate-intensity or vigorous exercise.

3. Results
3.1. Search Results

The search yielded a total of 984 studies (Figure 1). Of these, 132 studies were found to be
duplicates. Of the remaining 852 studies, 759 were discarded as irrelevant due to irrelevant study
design or setting, not explicitly defined sample size and/or interventions, and language. The full text
of the remaining 93 articles were reviewed, and those that did not comply with the inclusion criteria
were discarded. The final selection included 32 articles that met the selection criteria. These were
subsequently divided into articles studying moderate intensity exercise (10 articles, Table 1) vs.
vigorous exercise (23 articles, Table 2).

Potentially relevant articles
through database searching
(n=984)

Identification

Records after duplicates
removed (N=852)

759 studies

——p :
irrelevant

Records after screened by
title and abstract
(n= 93)

Records included after
full-text review
(n=32)

£
8
=)
i

Moderate-intensity
exercise Vigorous exercise
(n=10) (n=22)

Figure 1. Literature search results and selection of studies for review.

3.2. Effects of Moderate Physical Activity Intensity on Immune Responses in Female and Male Subjects

The literature review identified 10 publications linking moderate-intensity exercise with
immune response and upper respiratory tract infection outcomes (Figure 1). The moderate-intensity
exercise studies consisted of brisk walking, stretching, jogging or mild aerobic exercise, and the main
results, study design, participant information, and study goals are summarized in Table 1.

Our search identified 4 studies including only female participants [29-32], 6 papers that included
both males and female subjects [33-38], and no studies including only males. Overall, enrollment of
subjects ranged from 32 to 1509 for the selected studies. The combined total of participants from all
studies was 5,284 (including 3,442 females and 1,842 males), and the proportion of female participants
ranged from 0.93% (N=32) to 23% (N=791). In all studies enrolling only females, moderate physical
activity was associated with reductions in upper respiratory tract infections. Interestingly, all four
studies included female subjects who were sedentary, overweight, or obese, although one study
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compared the effect in highly conditioned females and found a reduced effect in this group versus
the sedentary group [30].
In studies enrolling participants from both sexes, both male female responses to moderate-

intensity physical activity were characterized by strong reductions in upper respiratory tract
infections, as well as fewer symptomatic days compared to sedentary subjects. Unfortunately,
comparisons between male and female effects were not tested or reported in all studies, except for

only one study that indicated that the effect on upper respiratory tract infection was stronger in males
than females [33].

Table 1. Articles establishing a relationship between moderate exercise and immune responses.

Author, year, Study goal Exercise N subjects Key findings

country protocol [Sex]

[Reference #] [Exercise typel

Nieman, 1990, Randomized A randomly 36 mildly obese The ET group was found

USA controlled trial to controlled 15-wk  sedentary women  to have significantly

[29] investigate the exercise training  (aged 34.4 +/- 1.1 fewer URTI symptom
relationship between (ET) study (five  years) days/incident than the
improvement in 45-min nonexercised group.
cardiorespiratory sessions/wk, Moderate ET was
fitness, changes in brisk walking at associated with elevated
natural killer (NK) 60% heart rate NK cell activity after six
cell number and reserve). but not 15 weeks, and

Nieman, 1993,
USA
[30]

Nieman, 1998,
USA
[31]

activity, and acute
upper respiratory
tract infection
(URTI)
symptomatology.

Randomized
controlled trial to
investigate the
relationship between
cardiorespiratory
exercise, immune
function, and URTI
in elderly women.

Randomized
controlled trial to
investigate the effect
of ET and/or
moderate energy
restriction on innate
and adaptive
immunity, NK cell
activity, and
mitogen-stimulated

Conducted using
2 (exercise and
non-exercise
groups) x 3
(baseline, 6-, and
15-wk testing
sessions).

[brisk walking]
Sedentary
women
randomized to a
12-week
moderate
intensity (30- to
40-min/day x 5
days/week)
walking
program or
stretching (45
min/day x 5
days/week) in
fall season.
[brisk walking
or stretching]
12-week (five 45-
min walking
sessions/wk at
60-75%
maximum heart
rate) and/or
moderate energy
restriction (4.19-
5.44 MJ or 1,200-
1,300 kcal x d(-
1)) randomized

32 sedentary
women (aged 73.4
+/-1.2 years); 12
highly conditioned
women (aged 72.5
+/- 1.8 years)

N =91 obese
women, aged 45.6
+/- 1.1 yr., body
mass index 33.1 +/-
0.6 kg x m(-2)

reduced URTI
symptomatology in
comparison to a
randomized, sedentary
control group.

URTT incidence 8% in
highly conditioned, 21%
in walkers, and 50% in
controls.

Days with symptoms of
URTI were reduced in
subjects in the exercise
group, relative to
subjects in the non-
exercise groups. Energy
restriction and weight
loss increased mitogen-
stimulated lymphocyte
proliferation but had no
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Chubak, 2006,
USA
[32]

Barrett, 2012,
USA
[34]

Barrett, 2018,
USA
[35]

lymphocyte
proliferation.

Randomized
controlled trial to
investigate the effect
of a moderate-
intensity, year-long
exercise program on
the risk of colds and
other URTI in
postmenopausal
women.

Randomized
controlled trial to
investigate potential
preventive effects of
meditation or
exercise on
incidence, duration,
and severity of acute
respiratory infection
(ARY) illness

Randomized
controlled trial to
investigate
preventive effects of
meditation and
exercise on ARI
illness.

to one of four
groups: control,
exercise, diet,
exercise + diet.
[brisk walking]

Subjects
randomized to
12 months of
moderate
intensity exercise
(45 min/day x 5
days/week) or
stretching
control (45
min/day x 1
day/week)
[brisk walking
or stretching]
Randomized to 1
of 3 study
groups: 8-week
training in
mindfulness
meditation,
matched 8-week
training in
moderate-
intensity
sustained
exercise, or
observational
control.

[brisk walking
or jogging]
Randomized to
1) 8-week
behavioral
training in
mindfulness-
based stress
reduction
(MBSR); 2)
matched 8-week
training in
moderate
intensity
sustained
exercise; or 3)
observational
waitlist control.
[brisk walking

or jogging]

115 overweight
and obese,
sedentary,
postmenopausal
women (aged 60.7
+/- 6.9 years)

149 (82% female,
94% white, mean
age 59.3+ 6.6
years)

390 male and
female (76%
female) (mean age
49.6 +/- 11.6 years)

doi:10.20944/preprints202212.0448.v2

effect on NK cell
activity.

URTI incidence was 30%
in exercise vs. 48% in
controls.

Both global severity and
total days of illness
(duration) displayed
lower trends the exercise
group.

There were 112 ARI
episodes and 1045 days
of ARI illness, compared
to 120 episodes and 1010
illness days in the
moderate intensity
sustained exercise
group, and 134 episodes
with 1210 days of ARI
illness for controls.
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Fondell, 2011,
Sweeden
[36]

Matthews,
2002, USA
[33]

Zhou, 2018,
China
[37]

Epidemiologic study
to investigate
differences in URTI
risk between
physically inactive
and moderately
active adults.
Population-based
prospective cohort
study with baseline
questionnaire on
physical activity;
illness symptoms
assessed every 3
weeks for a follow-
up period of 4
months.
Epidemiologic study
(observational) to
investigate
differences in URTI
risk between
physically inactive
and moderately
active adults.

Epidemiologic study
(cross-sectional) to
investigate
associations between
the frequency of
leisure-time exercise,
cigarette smoking
status, and
frequency of the
common cold in a
cold area.
Participants
retrospectively
reported frequency
of illness and
physical activity
over the past year

Three 24-h 1509 (725 male, 784
physical activity ~ female) aged 20-60
recalls per yr.

evaluation were
obtained and
averaged to
quantify total
moderate-
vigorous activity
(> or =3.0 MET)

[Several]

Reported URTI 547 healthy adults
events at 90-d (49% female) aged
intervals over 12-  20-70 yr.

month of follow-
up (5
evaluations)
were measured.
Three 24hr
physical activity
recalls per
evaluation were
obtained and
averaged to

quantify total
moderate-
vigorous activity
(>or=3.0
metabolic
equivalent, MET)
[Several]
[Any type of 1413 male and
moderate- female adults
intensity (aged 38.9 +/- 9.04
exercise] years)
44.4% of them
were male

doi:10.20944/preprints202212.0448.v2

High levels of physical
activity were associated
with an 18% reduced
risk of self-reporting
URTI compared with
low levels of physical
activity.

Male and female subjects
reported mean and (SD)
of 1.2 (1.4) and 1.2 (1.2)
URTT events per year,
respectively. This effect
was stronger in males
although at similar
expenditure levels, risk
was reduced by about
20% in both sexes.

A high frequency of
leisure-time exercise (>3
days/week) was
associated with a 26%
reduced risk of having at
least one episode of the
common cold compared
with a low frequency
group (< 4 days/month).
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Nieman, 2011,
USA
[38]

Epidemiologic study
to investigate URTI

symptoms and
severity in a
heterogeneous

group of community
adults with various
physical activity and

fitness levels.

Assessment over
12 weeks during
the winter and
fall seasons
while
monitoring URTI
symptoms and
severity using
the Wisconsin
Upper
Respiratory
Symptom Survey
and reported
frequency of
aerobic activity.
[Aerobic activity

1002 adults (ages
18-85 years, 60%
female, 40% male)

doi:10.20944/preprints202212.0448.v2

The number of days
with URTI during the
12-week period was
significantly reduced by
43% in subjects
reporting > 5 days/week
aerobic exercise
compared to those who
were largely sedentary
(£1 day/week), and by
46% when comparing
subjects in the high
versus low fitness. URTI
severity and
symptomatology were
also reduced in the

(mild)]

ARI: acute respiratory illness; ET: exercise training; MBSR: mindfulness-based stress reduction; MET: metabolic

physical fitness group.

equivalent; NK: natural killer cell; SD: standard deviation; URI: upper respiratory tract infection; USA: United
States of America.

3.3. Effects of Vigorous Physical Activity Intensity on Immune Responses in Females and Males

Our literature review identified 22 publications linking vigorous exercise and immune-related
outcomes (Table 2) [39-60]. Across all studies, vigorous exercise consisted of long distance running,
endurance training, swimming, triathlon, track and field, athletics, cross-country skiing, and both
winter and summer Olympic sports. Of the 22 studies selected, 5 did not report the sex of the
participants enrolled [39-43], whereas 17 enrolled both male and female subjects [44-60]. Studies
ranged from 20 to 11,274 total participants, and the proportion of female participants ranged from
0.12% (N=23) to 26% (N=5,089).

In general, participants engaging in vigorous exercise displayed an increased incidence of illness
compared to controls. For instance, marathon runners had increased odds for infectious episodes
during heavy training or following a marathon race. Female sex was identified as a risk factor, as
illness incidence was higher in female athletes in nine studies comparing both sexes [49,52-59].

Table 2. Relationship between vigorous exercise and immune responses in studies enrolling male and
female subjects.

Author, year,  Study goal Exercise protocol N subjects Key findings

country [Exercise typel [Sex]

[Reference #]

Peters, 1983, Prospective study of  Participants 41 ultramarathon  Illness incidence was
South Africa the incidence of reported 2-week runners and 124 2-times higher in

[39] symptoms of upper  recall of illness controls runners (after race) vs.

respiratory tract controls.
infections (URTI) in
150 randomly
selected runners
taking part of the
1982 Two Oceans
Marathon in Cape
Town, and
compared incidence
in individually
matched controls
who did not run.

symptoms after (aged 18-65 years)

56km race [No sex reported]

[Ultramarathon]
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Nieman, 1993,
USA
[45]

Raysmith,
2016, multiple
countries

[43]

Heath, 1991,
USA
[46]

Konig, 2000,
Germany
[40]

Alonso, 2012,
Korea
[50]

Timpka, 2017,
China
[59]

Epidemiologic study
of Los Angeles
Marathon applicants
to investigate the
relationship between
self-reported
infectious episodes
and training.
Retrospective cohort
to investigate the
impact of training
modification on
achieving
performance goals
and illness.

Prospective cohort
study. To investigate
illness patterns in a
cohort of 530 male
and female runners
who completed a
monthly log for 12
months.

Epidemiological
study to investigate
the association
between incidence
of illness and
exercise, stress and
sleep deprivation.
Epidemiological
study to investigate
the incidence and
characteristics of
newly incurred
injuries and illnesses
the 13th
International
Association of
Athletics
Federations World
Championships in
Athletics 2011 in
Daegu, Korea.
Cohort study to
investigate pre-
participation
predictors of injury
and illness during
the 15th
International
Association of
Athletics
Federations World

Participants were
asked to report
illness symptoms 2
months before and
1 week after March
42.2-km race.
[Marathon]

Participants
reported illness
symptoms during 6
months across five
international
competition
seasons.

[Track and Field]
Participants
reported training
log and illness
symptoms every
month for 1 year.
[Running]

Participants
retrospectively
reported illness
episodes over the
past 12 months.
[Athletics]

Medical staff
reported illness
symptoms during
competition event
(<4 weeks)
[Athletics]

Athletes answered
pre-participation
health
questionnaire
including
individual pre-
participation
information
(personal
characteristics and

2311 marathon
runners (aged
36.9 + 0.2 years)
[male: 1941 and
female: 370]

33 international
track and field
athletes.

[No sex reported]

530 runners
(average age 39.4
years)

[male: 447 and
female: 83]

852 German
athletes (aged
23.6 + 9.5 years)
[No sex reported]

1,851 registered
athletes (1,063
males and 964
females).

307 athletes
(Female 135 and
male 172)

doi:10.20944/preprints202212.0448.v2

Runners experienced
increased odds for
infectious episodes
during heavy training
or following a
marathon race.

Illness incidence was
23%; one-half of
illnesses occurred 2
months before
competition.

Participants running >
485 miles/year (780
km/year) displayed an
increased risk of
illness. The average
number of events per
person per year was
1.2, and slightly
higher in females than
males (1.2 for males
vs. 1.3 for females).
Illness incidence was 2
times higher in
participants
conducting endurance
sports.

No differences in
illness and time-loss
illness incidence were
reported between
male and female
athletes.

No sex difference
found in athletes
reporting an illness
symptom.
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Alonso, 2010,
Germany
[51]

Gleeson, 2013,
UK
[44]

Rama, 2013,
Portugal
[41]

Hellard, 2015,
France
[42]

Prien, 2017,
Russia
[60]

Athletics
Championships in
Beijing (22-30
August 2015).

Epidemiological
study to investigate
the frequency and
characteristics of
sports injuries and
illnesses incurred
during the 12th
International
Association of
Athletics
Federations World
Championships in
Athletics 2009 in
Berlin, Germany.
Prospective cohort
to investigate the
effect of training
load on URTI
incidence in men
and women engaged
in endurance-based
physical activity
during the winter.

Prospective cohort
study to investigate
the occurrence of
episodes of upper
respiratory
symptoms (URS),
over a winter
swimming season.
Prospective cohort
study to investigate
the relationship
between sport
training and the risk
of common illnesses:
URTI and
pulmonary
infections, muscular
affections, and all-
type pathologies in
highly trained
swimmers.
Comparative study
to investigate the
frequency and
characteristics of
injuries/illnesses in

health status during

the month
preceding the
championship).
[Athletics]
Medical staff
reported illness
symptoms during
competition event
(<4 weeks)
[Athletics]

Participants
followed for 4
months in winter;
reported weekly
illness symptoms
and training.
Exercised 3-6
h/week (low), 7-10
h/week (medium)
or > 11 h/week
(high).
[Endurance
training]
Participants
followed for 7
months in winter;
reported daily
illness symptoms.
[Swimming]

Participants
followed for 4
years; monitored
weekly for illness.
[Swimming]

Athletes answered
a retrospective
questionnaire, and
medical staff
reported

2,378 athletes
(1,301 males and
1,077 females)

75 endurance
trained university
students (aged
18-35 years)

[male and female
number not
reported]

19 elite swimmers
vs. 11 nonathlete
controls (aged
17.6 + 1.0 years)
[No sex reported]

28 elite swimmers
(aged 1630 years)
[No sex reported]

2413 athletes who
competed at the
FINA World
Championships
2015 in one of the

A total of 382 injury
and illness report
forms were returned.
More illnesses were
reported for female
than for male athletes.

The high and medium
intensity groups
reported higher rates
of URTI episodes than
the low intensity

group.

67% of URS episodes
occurred during high
volume training in
swimmers vs. no
illness in control at
same time points.

Illness increased 1.08
times for every 10%
increase in resistance
training and 1.10 times
for every 10% increase
in high-load training.

Around a quarter
(26.1%) of athletes
reported health
complaints in the 4
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Spence, 2007,
Australia
[47]

Svendsen,
2015, multitple
countries

[48]

Drew, 2018,
Brazil
[49]

the 4 weeks prior to,
and during the
Fédération
Internationale de
Natation (FINA)
World
Championships in
2015.

Prospective cohort
to investigate the
incidence,
pathogenic etiology,
and
symptomatology of
acute URTI during a
5-month training
and competition
period.

Prospective cohort
study to investigate
whether
participating in a
cross-country skiing
stage race (Tour de
Ski) affects
subsequent illness
incidence, training,
and race
performance.
Retrospective
Cohort. To
investigate the
prevalence of illness
symptoms, poor
sleep quality, poor
mental health
symptoms, low
energy availability
and stress-recovery
state in an Olympic
cohort late in the 3
months prior to the
Summer Olympic
Games.

injuries/illnesses
prospectively.
[Swimming]

Participants
followed for 5
months in
summer/autumn;
reported daily
illness symptoms.
[Triathlon and
cycling]

Participants
followed for 8
years; reported
illness symptoms
daily for 10 days
after the Tour de
Ski race.
[Cross-country
skiing]

3 months before
competition,
participants
reported illness
symptoms during a
1-month time
period.

[Summer Olympic
sports]

six aquatic
disciplines. Both
female (n=1262)
and male athletes
(n=1151)
participated; age
ranged from 10-
40 years with an
average of 22.1
years (SD=4.5)

17 elite male and
female triathletes
and cyclists (age
18-34 yr.), 30
male and female
recreationally
competitive
triathletes and
cyclists (age 19-34
yr.), and 18 male
and female
untrained
sedentary
controls who did
less than 60 min
walk (age 19-29
yr.)

42 male and
female elite cross-
country skiers
(aged 24 +4
years)

132 elite athletes
preparing for the
Olympics (male,
n=47, age 25.8+4.1
years; female,
n=85, age 24.3+3.9
years)

doi:10.20944/preprints202212.0448.v2

10

weeks prior to the
championships.

Elite athletes had
higher rates of illness
than recreationally
competitive athletes
and sedentary
controls.

Illness incidence was 3
times higher in skiers
who raced the Tour de
Ski vs. non-competing
skiers.

Illness symptoms
were found in 100%
athletes. Risk factors
were female sex, low
energy availability,
and a combination of
anxiety and stress-
recovery states.
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Mountjoy,
2015, Spain
[52]

Mountjoy,
2010, Italy
(53]

Engebretsen,
2010, Canada
[58]

Soligard, 2015,
Russia
[55]

Palmer-Green,
2015, Russia
[56]

Engebretsen,
2013, UK
[57]

Epidemiological
study to investigate
injuries among
athletes of aquatic
disciplines in the 4
weeks prior to and
during the 2013
FINA World
Championships.
Epidemiological
study to investigate
the frequency and
characteristics of
injuries and illnesses
occurring during the
13th FINA World
Championships 2009
Epidemiological
study to investigate
the frequencies and
characteristics of
injuries and illnesses
during the XXI
Winter Olympic
Games in Vancouver
(2010)
Epidemiological
study to investigate
injuries and illnesses
that occurred during
the XXII Olympic
Winter Games, held
in Sochi in 2014
Observational
prospective cohort
study to investigate
the prevalence,
severity, nature, and
causes of athlete
injuries and illnesses
in the Great Britain
Olympic Team
during the Sochi
2014 Winter
Olympic Games
Epidemiological
study to investigate
injuries and illnesses
that occurred during
the Games of the
XXX Olympiad, held
in London in 2012

Medical staff
reported illness
symptoms during
competition event
(<4 weeks)

[Water sports]

Medical staff
reported illness
symptoms during
competition event
(<4 weeks)

[Water sports]

Medical staff
reported illness
symptoms during
the competition
event (<4 weeks)
[Winter Olympic
sports]

Medical staff
reported illness
symptoms during
competition event
(<4 weeks)
[Winter Olympic
sports]

Medical staff
reported illness
symptoms during
competition event
(<4 weeks)
[Winter Olympic
sports]

Medical staff
reported illness
symptoms during
the competition
event (<4 weeks)
[Summer Olympic
sports]

1,110 (500 males
and 610
females)

Mean age: 22.5
(4.35)

2,592 athletes
(1,293 females
and 1,299 males)

2,567 athletes
(1,045 females
and 1,522 males)

2,780 athletes
(1,121 females
and 1,659 males)

56 Athletes (33
males and 23
females)
members of the
Great Britain
Olympic Team
(13 sports
represented).

10,568 athletes
(4,676 females
and 5,892 males)
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Significantly more
females than males
reported physical
complaint prior to the
Championships.

Female athletes had a
higher risk of injury
than male athletes.

There was a
significantly higher
proportion of illness in
female athletes
compared to male
athletes.

Female athletes were
at significantly higher
risk of contracting an
illness than male
athletes.

There were more
illnesses sustained by
female athletes
compared to male
athletes.

Overall, female
athletes suffered
higher rates of
illnesses than males.
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Soligard, 2017,
Brazil
[54]

Epidemiological Medical staff
study to investigate  reported illness
the recorded daily symptoms during

incidence of athlete ~ competition event

injuries and illnesses (<4 weeks)
through the [Summer Olympic
reporting of all sports]

National Olympic

Committee medical
teams, and in the
polyclinic and
medical venues in
Rio de Janeiro 2016.

12
11,274 athletes Women were at
(5,089 female, significantly higher
6,185 male) risk of contracting an

participating in illness than men.
the Games of the
XXXI Olympiad,
hosted in Rio de

Janeiro.

FINA: Fédération Internationale de Natation; SD: standard deviation; URS: upper respiratory symptoms ; URTI:

upper respiratory tract infection; USA: United States of America, UK: United Kingdom.

3.4. Effects of Exercise in Immune Cell Function

As mentioned earlier, several studies have demonstrated that exercise affects immune cell

function, mitochondrial activity, and the inflammasome. Therefore, we first summarized the
evidence available indicating changes in immune cell counts and function and their association with
exercise and physical activity (Table 3). These studies, however, did not account for the sex variable
when analyzing the results.

Table 3. Studies investigating the effects of exercise on immune cells.

Author, year
[Reference #]

Study goal

Key findings

Kraemer,
1996
[14]

Potteiger,
2001
[15]

Dohi, 2001
[16]

Miles, 2003
[17]

Ramel, 2003
[18]

Examine the impact of heavy-resistance
exercise-induced elevations of plasma
cortisol on circulating leukocyte counts.

Examine white blood cell counts (WBC),
immunoglobulin (IgA, IgG, IgM) levels,
and T-cell proliferation following acute
resistance training.

Examine the influence of physical
strength on lymphocyte proliferation after
an acute bout of heavy resistance exercise

Examine whether the immune response to
resistance exercise was associated with
changes in workload or anaerobic exercise
intensity

Examine the acute effects of submaximal
resistance exercise on immunological and
hormonal parameters

Significant acute increases in total
leukocyte counts (but no differential
counts) in response to heavy-resistance
exercise that does not significantly elevate
plasma cortisol.
WBCs were significantly elevated in
subjects 1.5 and 3 hours post exercise
compared with pre- and immediately
post-exercise.
T-cell proliferation was significantly
decreased at 3 hours post-exercise
Squat exercise was associated with a
decrease in lymphocyte responsiveness in
the high strength but not in the low
strength

Exercise induced increases in NK, CD4+,
CD8+ and B lymphocyte concentrations.

Total leukocytes, neutrophils,
lymphocytes, and monocytes increased
during exercise. T-helper cells returned to
resting values after exercise, NK and T-
suppressor cells decreased below resting
values. The CD4/CDS8 ratio decreased
during exercise but increased during
recovery. Resistance-trained participants
tended to have lower T-helper cell counts
before, during and immediately after
exercise and a lower CD4/CD8 ratio

doi:10.20944/preprints202212.0448.v2
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Simonson,
2004
[19]

Natale, 2003
[20]

Ramel, 2004
[21]

Mayhew,
2005
[22]

Peake, 2006
[23]

Ghanbari-
Niaki, 2010
[24]

Mooren, 2012
[25]

Thalainen,
2014
[27]
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Examine the effects of a single bout of
resistance exercise on immune cell
numbers.

Examine the effects of three different
exercise protocols on blood leukocyte
count during and following exercise

Examine noradrenaline concentrations,

neutrophil counts, plasma antioxidants,
and lipid oxidation products before and
after acute resistance exercise.

Examine the effect of varying rest intervals
on leukocyte levels during heavy
resistance exercise

Examined changes in markers of muscle
damage and systemic inflammation after
submaximal and maximal lengthening
muscle contractions of the elbow flexors

Examined effects of circuit resistance
exercise (CRE) on peripheral blood
lymphocyte (PBL) AgRP mRNA
expression and its concentrations in
lymphocytes and plasma

Examined the influence of a long-distance
exercise on neutrophil apoptosis

Examine the acute immune response
(circulating levels of leukocytes, cytokines
and adipocytokines) to maximal resistance
and hypertrophic resistance exercise bouts.
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during recovery than the non-resistance-
trained.

Resistance exercise induced leukocytosis
was due to an increase in circulating LY
(natural killer cells increased most,
CD4+/CD8+ ratio unchanged) and
monocytes (MO). The transient,
inconsequential immune cell population
responses to resistance exercise are similar
to those during aerobic activity

The peak aerobic and prolonged
submaximal exercise induced similar
alterations in cell counts. Both resistance
and peak aerobic exercise resulted in a
significantly longer-lasting decrease in the
CD4+/CD8+ ratio than the submaximal
exercise bout.

Neutrophils, noradrenaline, fat soluble
antioxidants, and lipid oxidation products
increased after exercise. Neutrophil counts
were related to higher concentrations of
conjugated dienes.

Greater lymphocytosis and monocytosis
following exercise. Serum creatine kinase
(CK) activity was increased and correlated
to lymphocytosis.

Total leukocyte and neutrophil numbers,
and serum TNFal receptor were elevated
after both trials. Serum IL-6 was elevated
3h after submaximal contractions. Plasma
myoglobin concentration and creatine
kinase activity increased after both trials
but were not significantly different
between trials.

CRE increased AgRP mRNA lymphocyte
expression at all intensities. A higher and
significant increase was found in the
resistance exercise group. The CRE-
induced lymphocyte AgRP expression
was accompanied by elevations in plasma
AgRP, glucose and GH levels as well as
higher WBCs, lymphocytes and
neutrophil counts. Lymphocyte AgRP and
GH concentrations were significantly
reduced

After both marathon run and intensive
laboratory exercise tests, neutrophil
apoptosis was delayed. Neutrophils
mitochondrial membrane potential and
death receptor/ligand expression were not
affected by exercise. Apoptosis delay was
accompanied by enhanced intracellular
calcium transients and decreased
glutathione levels.

Leukocytes (WBC) significantly increased
immediately after exercise. Monocyte
chemoattractant protein-1 (MCP-1)
decreased and interleukin-1 receptor
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antagonist (IL-1ra) increased after
exercise.

Jamurtas, Examine the effects of HIIT on WBC increased after both exercise

2018 hematological profile and redox status protocols immediately post-exercise. Both

[29] compared with those following traditional =~ HIIT and CET increased uric acid after
continuous aerobic exercise (CET) exercise. There were no significant

changes for TBARS and catalase following
either exercise protocol.

4. Discussion

An extensive volume of peer-reviewed studies in the field of exercise immunology has
established links between immune function and exercise [61-64]. High levels of physical activity have
sometimes been associated with a decrease in circulating sex hormones in pre-and-postmenopausal
women, and alterations in susceptibility to infection and disease [65,66]. Hence, it is evident that
biological sex plays an important role as an essential modulator of the immune response. Sex
hormones including estrogens can act as enhancers of humoral immunity, and androgens and
progesterone (and glucocorticoids) can act as natural immunosuppressors [67]. Equally important is
to remark that sex steroids—estrogens, progesterone, and testosterone—differ between sex and
within different reproductive stages. In this context, several aspects of the immune response have
been reported to display marked sex differences under both exercising and non-exercising conditions
[68-73].

Both innate and adaptive immune system key cellular players bear receptors for sex hormones
and respond to hormonal cues, suggesting that the effects of exercise on the immune system may also
be sex-dependent [19,74,75]. Similarly, the female reproductive cycle can affect inflammatory gene
expression changes triggered by exercise in a variety of conditions [76]. In the current study, we
sought to identify sex differences in the effects of different exercise modalities on immune responses
and associated outcomes, by reviewing the available literature. Overall, we confirmed that multiple
studies conducted in the field are not designed or powered to test for sex as a biological variable, nor
attempted to evaluate the contributions of sex hormones to measured outcomes. However, our
literature search identified many effects of exercise on immune function that appear to correlate with
the intensity of the bouts of exercise and modulated by sex.

When reviewing the available work relating moderate exercise modalities to immune function
(determined by either incidence of respiratory tract infection, duration of infection or illness, and
natural killer cell activity) we noticed that in most cases, individuals who sparkled in moderate-
intensity exercise had significantly fewer upper respiratory tract infections (URTI), and fewer days
with symptoms relative to sedentary individuals, regardless of sex. While most studies did not
account for sex in the data reporting and analysis, one study reported that the URTI effect was slightly
higher in male than female subjects [33]. In addition, moderate-intensity exercise was associated with
improved immune cell function in previously non-sedentary individuals. Together, the available
literature supports the notion that moderate exercise is beneficial to prevent infection and improve
immunity in both male and female individuals.

In contrast, when reviewing the literature on the effects of vigorous exercise on immune function
and infection incidence, we repetitively found that different forms of intense and vigorous exercise
were reported to exert a negative effect on the immune system’s phenotypic makeup and functional
capacity. In most cases, it was found that both URTIs and symptomatic days were higher in
individuals involved in vigorous exercise, as shown in Table 2. Interestingly, studies incorporating
both male and female individuals reported that females displayed higher incidence of illness in the
majority of studies, indicating that female sex represents an additional risk factor for the negative
effect of intense exercise. Despite these findings, we found that most studies were not designed to
detect sex-specific effects or disaggregated all data by sex. Thus, it is important to emphasize that
future work should follow the Sex and Gender Equity in Research (SAGER) guidelines in reporting
findings [77].
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Over the past few decades, a number of studies have indicated that, after a prolonged heavy
endurance exercise, several immune system components display a suppressed function for several
hours [62,78-81] This down-regulation of immunity after intense exercise has been described as a
protective response to limit inflammation following periods of heavy and prolonged training. While
in most studies, the overall cytokine response to exercise has not been found to be markedly different
between the sexes in non-exercising conditions [82,83], extensive research has compared innate and
adaptive immune responses to exercise between sexes, and found that females of reproductive age
have a more active immune system than age-matched males in non-exercising conditions [72,73,84-
86]. For example, Nieman et al. found no difference in serum IL-10, IL1ra, IL-6, and IL-8 between
male and female subjects either immediately or 1.5 hours after completing a marathon [87]. However,
it is important to remark that the female cyclic phase must be considered when investigating female
responses in exercise and immunity.

Regarding the roles of female reproductive cycles in these effects, Northoff et al. found a sex and
menstrual phase difference in mRNA inflammatory gene expression in response to a 60 min run at
93% of the individual’s anaerobic threshold. In this context, women in the luteal phase demonstrated
higher pro-inflammatory markers than women in the follicular phase or men immediately after
exercise. Compelling, post-exercise IL-6 mRNA was down-regulated in the luteal phase while up-
regulated in the follicular phase after exercise [76] (Figure 2). Similarly, studies including women
taking different types of oral contraceptives have reported cycle-specific exercise-induced changes
[83], and premenopausal women have shown menstrual function disfunction and delay in the onset
of menarche with regular, vigorous-intensity exercise [88-90]. Taken together, the available literature
indicates that the intensity and duration of exercise, fitness level, and circulating sex hormone levels
can all affect the immune system’s response to exercise. This body of work suggests a modulatory
crosstalk of female sex hormones and exercise-induced physiological responses. However, many of
these studies have significant limitations because sex differences and the role of sex hormones was
not elaborated on or investigated.

Follicular phase 3 Luteal phase
Post-exercise IL-6 mRNA up-regulated & Post-exercise IL-6 mRNA down-regulated

Pro-inflammatory response - Pro-inflammatory response = I *
[ ] [ ] \

07 21

* FSH

e LH —

+ Estrogen/Estradiol —
* Progesterone -

* IL-6 is a soluble mediator with a pleiotropic effect on inflammation, immune response, and hematopoiesis.

Figure 2. Variation of IL-6 mRNA gene expression throughout the female menstrual cycle and
hormonal variations in response to exercise, and comparison of the response with males.
Physiological fluctuation of hormone levels in the follicular and luteal phases are shown. Modified
from [76].

Athletes, which are often considered healthier than the average population, are in fact more
prone to infection due to alterations in the immune system that occur during and after periods of
heavy training. Our literature review not only confirms this, but also indicates that female sex
represents a risk factor in multiple exercise modalities and populations. Hence, medical personnel,
coaches, and athletes must be aware of the increased risk of illness during vigorous exercise,
particularly in females. That said, while the current study provides a comprehensive assessment of
the relationship between exercise and immunity, it has several limitations. First, while the reports
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reviewed were conducted in different countries, most of the studies investigating moderate exercise
effects on immune function were conducted in the United States, whereas studies investigating
vigorous exercise were conducted in multiple countries. Second, our study focuses on studies
addressing effects on upper respiratory infections in professional athletes, which may limit its
generalizability to other populations. Finally, information about body mass index, medication use,
and other medical conditions of participants was not consistently available in the studies consulted,
limiting our ability to collectively assess their impact on the effects reported in males and females.

Overall, the body of literature summarized in the current study suggests that promoting training
programs with increasing low- to moderate-intensity training volumes and ensuring sufficient rest
and recovery may help maintain immune health and decrease the incidence of infection. More
research must be done to fully elucidate the contributions of sex-specific factors to these outcomes,
as well as the mechanisms underlying sex-specific immune response to exercise.

5. Conclusions

Combined, the available literature suggests that moderate exercise and activity may enhance
immune function, regardless of sex, whereas prolonged and high-intensity exercise temporarily
impairs immune responses with effects that are more predominant in female than male subject.
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